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ABSTRACT

Introduction: The five-year survival rate for metastatic lung cancer is 18.6%. In Eastern
medicine, mushrooms have been used as a treatment for various cancer types. Among these are
Ganoderma lucidum and Trametes versicolour, which contain bioactive molecules with
proposed anticancer and immunomodulatory properties. In this study, commercially available
mushroom products were evaluated for their potential cytotoxic effects against the A549 lung

cancer cell line and the results were compared to a normal cell line (HEK293).

Methods: The mushroom products underwent dual extraction using methanol and
dichloromethane which was evaporated. The final dried extracts were redissolved in sterile
distilled water (1. obliquus) or a DMSO:ethanol mixture (7. versicolour and G. lucidum).A549
cells were maintained aseptically in culture. The MTT cell viability assay was used to
determine the cytotoxic effect and the 50% inhibitory concentrations (ICso) of the mushroom
extracts. Doxorubicin was used as a positive control. Cell morphology was evaluated using
fluorescent probes, Hoechst 33342, propidium iodide, and acridine orange, to assess the mode
of cell death when cells were exposed to concentrations equivalent to ICgp values of the
mushroom extracts and doxorubicin. The expression of phosphatidylserine on cell membranes
was detected with FITC-labelled annexin-V, caspase-3/7 expression was assessed using the
CellEvent™ Caspase-3/7 Green Detection Reagent, and reactive oxygen species formation was
measured using the CellROX™ Deep Red Reagent. P-glycoprotein expression levels were

determined using immunofluorescence techniques.

Results: G. lucidum was the most active mushroom extract in A549 and HEK293 cells at 24 h
(ICso value = 0.255 mg/mL and 0.591 mg/mL, respectively). When combined with doxorubicin
in A549 cells, both G. lucidum and T. versicolour decreased the efficacy of doxorubicin. In
HEK293 cells, the mushroom extracts increased the efficacy of doxorubicin. According to
FTIR analysis, extracts were most stable when stored at 4°C. Morphological evaluation showed
apoptosis in A549 cells treated with 7. versicolour at 0.5 mg/ml, whereas G. lucidum caused
concentration dependent necrosis. Annexin-V staining confirmed apoptosis in G. lucidum and
T. versicolour treated cells, along with an increase in caspase-3/7 activity in A549 cells.
HEK293 cells underwent necrosis when treated with the extracts for 24 h. Reactive oxygen
species production was also elevated in both A549 and HEK293 treated cells.

Immunofluorescence analysis showed no significant changes in P-glycoprotein expression.



Conclusion: The cytotoxic effects of G. lucidum and T. versicolour on both cancerous and non-
cancerous cells highlight their lack of selectivity, raising significant safety concerns regarding
their use. Given their potential to harm normal tissues, further research is necessary to establish
safe exposure limits and regulatory guidelines are needed to protect consumers from unverified

or misleading health claims.
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CHAPTER 1: INTRODUCTION

1.1 Lung Cancer

Lung cancer is one of the most prevalent cancers worldwide and is associated with high
morbidity and mortality. Tobacco exposure is the primary risk factor, responsible for
approximately 70% of cases. The remaining 30% occur in individuals with no smoking history,
with a higher incidence observed in Asian populations, where driver gene alterations,
particularly mutations in the epidermal growth factor receptor (EGFR), are common (Meyer et
al., 2024). Additionally, air pollution has been identified as a significant contributing factor
(Meyer et al., 2024). Despite advances in cancer diagnostics and treatment, lung cancer remains

a leading cause of cancer-related deaths globally.

According to Globocan 2020 data, lung cancer was the second most diagnosed cancer
worldwide, with an incidence rate of 11.4% (Sung et al., 2021). It was also the leading cause
of cancer-related deaths, contributing to 18% of cancer mortality in the same year (Sung ef al.,
2021). In South Africa, lung cancer was the fourth most diagnosed cancer in 2020, accounting
for 8.3% of cases, but it ranked first in cancer-related mortality at 13.6% (Sung ef al., 2021).
Among males, it was the second most common cancer (12%), following prostate cancer
(25.8%). Among females, lung cancer ranked fourth (4.9%), with breast (27.1%), cervical
(28.7%), and colorectal (6.3%) cancers taking the top three positions (Sung et al., 2021).

The 5-year overall survival rate for lung cancer patients across all stages (I-IV) 1s 19%, with
survival rates declining as the disease progresses. For patients with stage [A lung cancer, the
5-year survival rate exceeds 75%, whereas it drops to less than 10% for stage IV patients (Li

etal., 2022).

Lung cancer often remains asymptomatic until advanced stages, making early detection critical
for improving outcomes (Li et al., 2022). Advanced-stage lung cancer is associated with
tumour invasion of surrounding tissues, metastasis, and complications such as paraneoplastic
syndromes, which contribute to its poor prognosis (Li et al., 2022). Additionally, higher tumour
mutation burdens and genetic instability in advanced disease stages promote cancer
progression. Cancer cells may also evade the immune system by creating an
immunosuppressive tumour microenvironment, which accelerates tumour growth and reduces

the efficacy of treatment (Li et al., 2022).

1.1.1 Lung Cancer Classification



Lung cancers are typically diagnosed through histopathological examination, involving
microscopic evaluation of biopsy samples (Lemjabbar-Alaoui et al., 2015). They are classified
as small-cell lung carcinoma (SCLC) or non-small-cell lung carcinoma (NSCLC), with SCLC
accounting for 15% and NSCLC comprising 85% of cases (Rodrigues-Canales et al., 2016).
Molecular profiling is now routinely performed alongside histopathology to further classify
lung cancers and guide treatment decisions (Rodrigues-Canales et al., 2016). NSCLCs are
further subdivided into three main histopathological types: adenocarcinoma, squamous cell

carcinoma, and large cell carcinoma (Watanabe et al., 2010).
1.1.1.1 Adenocarcinoma

Adenocarcinoma is the most common type of lung cancer in non-smoking patients and
accounts for ~50% of all lung cancer cases (Myers and Wallen, 2023). It usually occurs in
peripheral regions of the lung and can often be found at sites of chronic inflammation and in
scar tissue (Myers and Wallen, 2023). Adenocarcinoma can present with diverse histological
patterns, sometimes intermixed within the same tumour. These histological patterns are acinar,
papillary, micropapillary, lepidic and solid patterns (Inamura, 2017). Solid pattern
adenocarcinoma can be difficult to distinguish from large cell and squamous cell carcinomas
based on histology alone. To aid in diagnosis, pneumocyte markers are evaluated, including
mucin production and immunohistochemical expression of napsin A or thyroid transcription
factor 1, which are specific to solid pattern adenocarcinoma (Rodrigues-Canales et al., 2016).
Additionally, adenocarcinoma is a malignant tumour characterized by glandular differentiation

of epithelial cells (Rodrigues-Canales et al., 2016).
1.1.1.2 Squamous cell carcinoma

Squamous cell carcinoma is the second most common lung cancer subtype and accounts for
approximately 30% of all lung cancer cases (Sabbula ef al., 2024). Squamous cell carcinoma
is more strongly associated with smoking than adenocarcinoma and large cell carcinoma types

of NSCLCs (Sabbula et al., 2024).

Squamous cell carcinoma affects squamous cells which make up the lining of airways as well
as other organs in the human body. Squamous cell carcinomas usually occur in main airways
or central parts of the lung, such as the bronchus (Sabbula et al., 2024). This subtype is
characterized by the expression of p40/p63, intercellular bridges and cytokeratin 5/6 which
may result in keratinization (Villalobos and Wistuba, 2017). Although keratinization is a

hallmark of squamous cell carcinoma, it does not always present with the morphological

2



features of keratinization. There are three histological variants of squamous cell carcinoma:

basaloid, keratinizing, and non-keratinizing (Sabbula et al., 2024).
1.1.1.3 Large cell carcinoma

Large cell carcinoma is uncommon, and accounts for a minute percentage of all lung cancers
(approximately 2%) (Rodriques-Canales et al., 2016). This cancer type is defined as an
undifferentiated NSCLC and does not show immunohistochemical evidence of small cell,
glandular or squamous cell differentiation (Rodriques-Canales et al., 2016). Diagnosing large
cell carcinomas cannot be done on cytology samples and core needle biopsies, instead
extensive sampling of a surgically resected specimen is required after ruling out

adenocarcinoma, squamous cell carcinoma and SCLCs (Rodriques-Canales ef al., 2016).

Distinguishing between large cell carcinoma, adenocarcinoma, squamous cell carcinoma and
SCLCs is aided by the diagnostic markers mentioned previously (Section 1.1.1.1 and 1.1.1.2).
Large cell carcinoma may be positive for cytokeratin but will be negative for p40 which
distinguishes it from squamous cell carcinoma. Large cell carcinoma further is negative for

TTF-1 which distinguishes it from adenocarcinoma (Rodriques-Canales et al., 2016).

1.1.2 Lung Cancer Treatment

Treatment for lung cancer is determined by several factors, including tumour stage, size,
location, the patient’s overall health, and the cancer type (NSCLC or SCLC) (Lemjabbar-
Alaoui et al., 2015). Surgery is the preferred and most effective treatment option for early-
stage, resectable lung cancer (Lemjabbar-Alaoui et al., 2015). Resectable tumours are those
that can be surgically removed with clear margins and without causing significant damage to
surrounding vital structures. These tumours are typically localized, have not spread extensively
to lymph nodes or distant organs, and are often found in patients with adequate lung function

and general health to tolerate surgery (Goldstraw et al., 2011).

In contrast, non-resectable tumours are those that cannot be safely or completely removed due
to factors such as large tumour size, invasion into nearby critical structures (e.g., major blood
vessels or the heart), extensive lymph node involvement, or distant metastasis. These tumours
are commonly found in more advanced stages of lung cancer and often require non-surgical

treatments (Goldstraw et al., 2011).

For patients with non-resectable tumours, chemotherapy and radiation are commonly used,

either sequentially or concurrently, depending on the clinical scenario. Radiotherapy,



chemotherapy, and surgery remain the primary treatment modalities, often used in combination
based on the cancer type and stage (Lemjabbar-Alaoui et al., 2015). Approximately 40% of
lung cancer cases are diagnosed at advanced stages, with most patients presenting with non-
resectable disease, excluding surgery as a treatment option (Provencio ef al., 2011). Advances
in molecular profiling have enabled the identification of key biomarkers, such as anaplastic
lymphoma kinase (ALK) translocations, epidermal growth factor receptor (EGFR) mutations,
and overexpression of Programmed death 1 (PD-1) or Programmed death ligand 1 (PD-L1)
immune checkpoints, leading to the development of targeted therapies (Villalobos and

Wistuba, 2017).
1.1.2.1 Radiotherapy

Radiotherapy is often used in combination with surgery or chemotherapy. Nonetheless, for
advanced stages of NSCLC (stage III) the survival rates are poor, and radiotherapy is not

effective in treating the late stages of lung cancer (Provencio et al., 2011).
1.1.2.2 Chemotherapy

Chemotherapy is a systemic cancer treatment that involves administering drugs, either
intravenously or orally, to target and kill cancer cells. In the case of NSCLC, chemotherapy
plays a vital role in several stages of treatment depending on tumour size, stage, spread, and
patient health status. Its primary goal is to shrink tumours, control the disease, or eliminate

microscopic cancer cells that may not be visible on imaging tests (Araujo et al., 2020).

Chemotherapy may be recommended for NSCLC in several clinical situations. Neoadjuvant
chemotherapy is administered before surgery, often in combination with radiation therapy, to
shrink the tumour and improve the chances of successful surgical removal (Chiang et al., 2019).
This approach may also allow for less extensive surgery or make previously inoperable tumours
eligible for resection (Chiang et al., 2019). Adjuvant chemotherapy is given after surgery to
eliminate any remaining cancer cells and reduce the risk of recurrence (Chiang ef al., 2019).
Even if there is no visible evidence of cancer post-surgery, it is often recommended due to the
possibility of microscopic cancer cells remaining (Chiang et al., 2019). For patients with
locally advanced NSCLC, where tumours have invaded nearby structures or surgery is not an
option, chemotherapy is typically combined with radiation as the main treatment. In metastatic
NSCLC (Stage 1V), where the cancer has spread to distant organs, chemotherapy is frequently
used as the primary treatment to control disease progression and relieve symptoms (National

Comprehensive Cancer Network, 2024). This can be done alone or in combination with
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targeted therapies or immunotherapies, depending on the tumour’s molecular profile. Several

drugs are commonly used to treat NSCLC, either alone or in combination (National Cancer

Institute, 2024):

Table 1.1 Common Chemotherapeutic drugs used to treat NSCLC

Common
Chemotherapeutic
Drugs for NSCLC

Description

Structures

PubChem
CID

Cisplatin

A platinum-based
chemotherapy agent that
interferes with
deoxyribonucleic  acid
(DNA) replication,
leading to cancer cell
death.

546003

Carboplatin

Another platinum-based
drug, often used as an
alternative to cisplatin,
especially for patients
who may not tolerate
cisplatin’s side effects.

426756

Paclitaxel

A taxane
prevents
from
stabilizing
microtubules.

drug that
cancer cells
dividing by
their

36314

Docetaxel

Another taxane that
works  similarly  to
paclitaxel by inhibiting
cell division.

148124




Gemcitabine An antimetabolite that 60750
disrupts DNA synthesis,

leading to cell death.

Vinorelbine A vinca alkaloid that 5311497
blocks the formation of
microtubules, preventing
cell division.

Etoposide A topoisomerase o 36462
inhibitor that prevents 0N
DNA unwinding, leading o
to DNA damage and cell
death.

Pemetrexed An antimetabolite that 135410875
disrupts folate-dependent
processes critical for

DNA synthesis, often e
used in combination with —(\j\g\/\Q\( :
cisplatin or carboplatin. ’ I ﬂ

1.1.2.2.1 Combination Chemotherapy

Combination chemotherapy refers to using two or more drugs simultaneously to target cancer
cells through different mechanisms, enhancing the overall effectiveness (Araujo et al., 2020).
The most common combinations for NSCLC typically include a platinum-based drug (cisplatin
or carboplatin) plus another agent, such as: (i) Cisplatin + Pemetrexed: A preferred
combination for adenocarcinoma or large-cell NSCLC. (ii) Cisplatin or Carboplatin +

Paclitaxel: Commonly used for squamous cell carcinoma. (iii) Carboplatin + Docetaxel or



Gemcitabine: Alternatives for patients who may not tolerate cisplatin (Araujo et al., 2020;

National Comprehensive Cancer Network, 2024).

Combination treatments are often chosen to improve outcomes, but they can also increase the
risk of side effects, which must be carefully managed (National Cancer Institute, 2024;
National Comprehensive Cancer Network, 2024). Chemotherapy remains an essential
component of lung cancer management, particularly for patients with unresectable or advanced
disease. With ongoing advancements in supportive care and treatment combinations, the side
effects of chemotherapy can be managed more effectively to enhance patients' quality of life
during treatment (National Cancer Institute, 2024; National Comprehensive Cancer Network,

2024).
1.1.2.3 Targeted molecular therapies.
1.1.2.3.1 Epidermal growth factor receptor mutations

Epidermal growth factor receptor (EGFR) is a protein found on cell surfaces that helps control
signals for cell survival, growth, and division (Iyer et al., 2024). In many NSCLCs, EGFR
undergoes mutations that drive cancer growth (Iyer et al., 2024). Tyrosine kinase inhibitors
(eg. Erlotinib and gefitinib) are drugs used to block these abnormal signals, effectively
targeting mutated EGFR. However, over time, cancer cells often develop resistance to tyrosine

kinase inhibitors, which reduces the treatment’s effectiveness (Lyer et al., 2024).

The most common EGFR mutations, known as "classic mutations," are exon 19 deletions and
exon 21 L858R substitutions, accounting for about 90% of EGFR mutations (Zhang et al.,
2019). An L858R substitution is a specific mutation where the amino acid leucine (L) is
replaced by arginine (R) at position 858 in exon 21. This leads to excessive signalling for cell
growth and survival. Patients with these mutations generally respond well to tyrosine kinase
inhibitors and often have longer progression-free survival compared to patients treated with
traditional chemotherapy. Second-generation tyrosine kinase inhibitors, such as afatinib and
dacomitinib, have shown better outcomes when used as first-line treatments for patients with

classic EGFR mutations (Zhang ef al., 2019).

Uncommon EGFR mutations, which include G719X, L861Q, S7681, complex mutations, and
exon 20 insertions, vary in their response to EGFR-targeted therapies. G719X is a mutation on

exon 18 in which glycine (G) at position 719 is replaced by another amino acid, L861Q is a



substitution of leucine (L) at position 861 with glutamine (Q) in exon 21, S768I is a mutation

in exon 20 where serine (S) at position 768 is replaced by isoleucine (I) (Zhang et al., 2019).

The effectiveness of treatment depends on the specific mutation within exons 18-21, though
the reasons for these differences are not fully understood (Zhang et al., 2019). First-generation
tyrosine kinase inhibitors, like gefitinib and erlotinib, can benefit patients with some
uncommon mutations, and second-generation tyrosine kinase inhibitors have shown improved
outcomes for mutations such as G719X, L861Q, and S7681. However, exon 20 insertion
mutations are generally resistant to EGFR-targeted drugs. In 2021, the Food and Drug
Administration (FDA) granted accelerated approval for mobocertinib to treat NSCLC patients
with exon 20 insertion mutations (Duke ef al., 2023). Currently, there is no universally accepted

treatment strategy for patients with uncommon EGFR mutations (Zhang et al., 2019).
1.1.2.3.2 Anaplastic lymphoma kinase mutations

ALK is a member of the tyrosine kinase receptor superfamily, which plays a critical role in the
cell signalling processes that regulate cell survival, growth, and division (Du et al., 2018).
Under normal conditions, ALK helps control these cellular functions, but genetic alterations

can lead to its abnormal activation, driving cancer cell proliferation.

There are three primary types of ALK gene mutations: amplifications, rearrangements, and
point mutations (Du et al., 2018). ALK amplification (ALK-A) mutations result in multiple
extra copies of the ALK gene, leading to constitutive activation of the ALK receptor. This
activation selectively triggers downstream signalling pathways, including the activation of Sec
homology 2 domain-containing transforming protein C, a substrate of the ALK receptor, which
promotes uncontrolled cell proliferation. ALK amplifications have been observed in various
cancers, such as NSCLC, pulmonary sarcomatoid carcinomas, and anaplastic large-cell
lymphoma (Du et al., 2018). ALK rearrangements (ALK-R) occur when parts of the ALK gene
are fused with another gene, creating an oncogenic fusion protein (Du et al., 2018). This fusion
leads to abnormal ALK activation, driving cancer cell survival and proliferation. ALK
rearrangements are commonly observed in a subset of NSCLCs (Du et al., 2018). Point
mutations are single nucleotide changes in the ALK gene that lead to the substitution of one
amino acid for another in the ALK protein. These mutations are often associated with acquired
resistance to ALK inhibitors (Du et al., 2018). For example, specific point mutations such as
V1180L (Valine (V) is replaced by leucine (L) at position 1180), D1203N (Aspartic acid (D)
is replaced by asparagine (N) at position 1203), S1206Y (Serine (S) is replaced by tyrosine (Y)



at position 1206), 11171T (Isoleucine (I) is replaced by threonine (T) at position 1171),
G1269A (Glycine (G) is replaced by alanine (A) at position 1269), F1174L (Phenylalanine (F)
is replaced by leucine (L) at position 1174), and C1156Y (Cysteine (C) is replaced by tyrosine
(Y) at position 1156) have been identified in NSCLC patients who develop resistance to ALK-
targeted therapies (Du et al., 2018). Point mutations are clinically significant because they
influence the effectiveness of ALK inhibitors and necessitate adjustments in treatment strategy

(Du et al., 2018).

Several ALK inhibitors have been developed to target abnormal ALK signalling in NSCLC
and other cancers. These include first-generation ALK inhibitors: crizotinib, which effectively
blocks ALK but may lead to drug resistance over time. Second-generation ALK inhibitors:
alectinib and ceritinib, which are more potent and can target some resistance mutations. Third-
generation ALK inhibitors: Designed to overcome resistance from certain point mutations,
offering options for patients whose cancers have progressed on earlier treatments (Du et al.,

2018).
1.1.2.3.3 Immune checkpoint inhibitors

Programmed death-1 (PD-1) is a T-cell inhibitory checkpoint molecule. The role of PD-1 was
better understood when its ligands, PD-L1 and PD-L2, were discovered. PD-1 binds to these
ligands to maintain immune tolerance, preventing T-cells from attacking normal tissue (Sharma
et al., 2022). When PD-1 engages with its ligand, it inhibits T-cell activation by blocking
signals from the T-cell receptor. This is done through the recruitment of proteins called SHP-
1 and SHP-2, which deactivate key molecules involved in T-cell receptor signalling, such as

CD3 epsilon chain and zeta-chain-associated protein kinase 70 (Sharma et al., 2022).

In cancer, PD-1 is often overexpressed on tumour infiltrating T-cells, especially “exhausted”
T-cells that are less effective at fighting tumours (Sharma et al., 2022). Tumour cells and other
cells in the tumour microenvironment, such as endothelial and myeloid cells, frequently
express PD-L1. PD-L2 is mostly found on antigen-presenting cells. When PD-1 binds to PD-
L1 in the tumour microenvironment, it supresses the T-cells’ ability to mount an anti-tumour

response (Sharma et al., 2022).

Blocking the interaction between PD-1 and PD-L1 using anti-PD-1 or anti-PD-L1 antibodies
has been shown in animal studies to improve T-cell responses and shrink tumours. Clinical
trials later confirmed the effectiveness of these antibodies in patients with various cancers,

including melanoma, renal cell carcinoma, and NSCLC. The FDA first approved monoclonal
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anti-PD-1 antibodies for metastatic melanoma in 2014, followed by approval of multiple PD-

1/PD-L1 inhibitors for other cancers (Sharma ef al., 2022).

PD-1 and PD-L1 therapies work by blocking signals that reduce T-cell activity, helping the
immune system better attack tumours. PD-1 works after T-cells have already recognized and
targeted a tumour (Sharma et al., 2022). It acts during the effector phase of the T-cell response,
mainly affecting exhausted CD8 T-cells, which are less effective in fighting cancer. Blocking
PD-1 or PD-L1 helps these exhausted T-cells regain their ability to attack tumour cells (Sharma
etal., 2022).

Hence, based on the molecular markers expressed in the cancer, different chemotherapeutic
drugs are used as presented in Table 1.2.
Table 1.2: NSCLC treatments by individual molecular marker types. Table adapted from

Goodman & Gillman’s: The Pharmacological Basis of Therapeutics, Chapter 69: General
Principles in the Pharmacotherapy of Cancer (Chabner and Barnes, 2018).

Cancer Individual molecular TARGET: drugs

indication marker (DNA, mRNA,
protein)

Lung NSCLC ALK translocation ALK: alectinib, ceritinib, crizotinib

Lung NSCLC EGFR deletion of exon 19 EGFR: afatinib, dacomitinib, erlotinib, gef
or L858R mutation itinib

Lung NSCLC EGFR T790M mutation EGFR: osimertinib

Lung NSCLC PD-L1* expression PD-1%*, PD-L1: pembrolizumab

*PD-L1 — Programmed death ligand 1, PD-1 — programmed death-1

Tailoring treatments based on the molecular profile of NSCLC has significantly improved
patient outcomes by targeting specific drivers of cancer growth and overcoming mechanisms

of drug resistance (Du et al., 2018).
1.2 Drug Resistance

Cancer drug resistance is a complex and multifactorial process that can be either intrinsic or
acquired during treatment (Mansoori et al., 2017). While many cancers initially respond to
therapy, resistance often develops over time, leading to treatment failure. This phenomenon is
driven by various mechanisms, including increased drug efflux, alterations in drug targets,

enhanced DNA repair, and activation of survival pathways (Mansoori ef al., 2017).

One of the most well-characterized resistance mechanisms is the active efflux of xenobiotics
from a cell, primarily mediated by adenosine triphosphate (ATP)-binding cassette (ABC)

transporters. These transmembrane proteins actively expel chemotherapeutic agents from
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cancer cells, thereby reducing intracellular drug accumulation and limiting cytotoxic efficacy
(Bukowski et al., 2020). The ABC transporter superfamily in humans consists of 49 members,
including key transporters such as multidrug resistance protein 1 (MDR1/P-glycoprotein),
multidrug resistance-associated protein 1 (MRP1), and breast cancer resistance protein
(Housman et al., 2014). These transporters perform essential physiological functions, such as
maintaining the integrity of the blood-brain barrier, and protecting cells against toxic effects of
xenobiotics making them important in the development of drug resistance (Housman et al.,

2014).

The overexpression of ABC transporters in tumours is frequently associated with poor clinical
outcomes due to decreased intracellular drug retention and efficacy. Strategies to overcome
efflux-mediated resistance include the use of transporter inhibitors, such as gefitinib, which
targets breast cancer resistance protein to enhance drug sensitivity (Housman et al., 2014;
Bukowski et al., 2020). Furthermore, oncogenic signalling pathways, including the mitogen-
activated protein kinase cascade, regulate the expression of ABC transporters, with kinase
overactivation further promoting resistance (Housman et al., 2014; Bukowski et al., 2020).
Targeting these signalling pathways presents a potential therapeutic strategy to counteract drug

efflux and improve chemotherapy outcomes (Housman ef al., 2014; Bukowski ef al., 2020).
1.2.1 P-Glycoprotein

P-glycoprotein is a major contributor to drug efflux-mediated resistance and belongs to the
ABC transporter superfamily, the largest class of membrane transporters responsible for the
translocation of diverse substrates, including sugars, peptides, amino acids, proteins, and

metabolites, across intra- and extracellular membranes (Pasquier ef al., 2013).

P-glycoprotein is capable of recognizing and exporting a broad spectrum of chemotherapeutic
agents with varying chemical structures and molecular weights (250—-1202 Da) (Pasquier et al.,
2013). By actively pumping these compounds out of cells, P-glycoprotein serves as a critical
mediator of multidrug resistance and is widely recognized as a biomarker for treatment failure
in cancer therapy. Consequently, targeting P-glycoprotein function has been a major focus in

efforts to enhance drug retention and restore chemotherapy sensitivity.

Given that the current study investigates the effects of selected medicinal mushrooms on lung
cancer cells, evaluating their potential to modulate P-glycoprotein expression or function is

particularly relevant. If certain mushroom-derived compounds are able to inhibit or suppress
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the expression P-glycoprotein, they may help reverse drug resistance and improve the efficacy

of chemotherapeutic agents.

1.3 Cell death

Cell death is a fundamental biological process essential for maintaining tissue homeostasis,
eliminating damaged or harmful cells, and shaping immune responses. It can occur through
various mechanisms, including apoptosis, a highly regulated process of programmed cell death;
necroptosis, a form of inflammatory cell death that shares features with necrosis but is
genetically controlled; pyroptosis, which is triggered by infections and involves the activation
of inflammatory caspases; and ferroptosis, a form of iron-dependent cell death driven by lipid
peroxidation (Strasser and Vaux, 2020). Understanding these distinct pathways is crucial, as
dysregulation in cell death contribute to diseases such as cancer, neurodegeneration, and
autoimmune disorders. The following sections will explore specific forms of cell death,

highlighting their unique characteristics and significance in cancer (Strasser and Vaux, 2020).
1.3.1 Apoptosis

Apoptosis, first described by Kerr, Wyllie, and Currie (1972), is a distinct form of programmed
cell death that plays a fundamental role in development, tissue homeostasis, and disease. Unlike
necrosis, which is characterized by uncontrolled cell lysis and inflammation, apoptosis is a
tightly regulated process that facilitates the systematic elimination of cells without eliciting an

immune response (Kerr ef al., 1972; Festjens et al., 2006).

Cells undergoing apoptosis experience morphological and biochemical changes that occur in
two distinct phases. The first phase is characterized by nuclear and cytoplasmic condensation,
followed by the formation of membrane-bound apoptotic bodies. These apoptotic bodies
contain cellular fragments that maintain structural integrity (Kerr ef al., 1972). In the second
phase, phagocytic cells such as macrophages recognize and engulf these apoptotic bodies,
facilitating their degradation via lysosomal enzymes (Kerr et al., 1972; Silva, 2010). The
absence of inflammatory responses in apoptosis highlights its physiological importance in
regulating cell numbers and eliminating damaged or potentially harmful cells (Festjens et al.,

2006).

Apoptotic cell clearance is mediated by apoptotic cell-associated molecular patterns, which
signal phagocytes to recognize and engulf dying cells (Silva, 2010). One of the most well-

characterized apoptotic cell-associated molecular patterns is phosphatidylserine, which is
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translocated from the inner to the outer leaflet of the plasma membrane early in apoptosis,

serving as an “eat me” signal for macrophages (Silva, 2010).

Apoptosis is primarily regulated by two distinct but interconnected pathways: the intrinsic
(mitochondrial) pathway and the extrinsic (death receptor) pathway (Elmore, 2007) (Figure
1.1). The intrinsic pathway is governed by the B-cell lymphoma 2 (Bcl-2) family of proteins,
which regulate mitochondrial outer membrane permeabilization. In response to stimuli such as
DNA damage, oxidative stress, or growth factor deprivation, pro-apoptotic proteins (e.g., Bcl-
2-Associated X Protein (Bax), Bcl-2 Antagonist/Killer (Bak)) induce mitochondrial
permeability, leading to the release of cytochrome ¢ and other apoptogenic factors (Elmore,
2007). Cytochrome c associates with apoptotic protease-activating factor-1 to form the
apoptosome, which activates caspase-9 and subsequently caspase-3, initiating the execution

phase of apoptosis (Elmore, 2007).

The extrinsic pathway is initiated by the activation of death receptors belonging to the tumour
necrosis factor (TNF) receptor superfamily, including Fas (CD95) and TNF-related apoptosis-
inducing ligand (TRAIL) receptors (Elmore, 2007). Upon ligand binding, these receptors
recruit adaptor proteins such as Fas-associated death domain (FADD) and TNF receptor-
associated death domain, leading to the activation of caspase-8 (Elmore, 2007). Caspase-8 can
directly activate executioner caspases or engage the intrinsic pathway by cleaving BH3
interacting-domain death agonist, a pro-apoptotic Bcl-2 family member, thereby amplifying

the apoptotic response (Elmore, 2007).

Apoptosis plays a critical role in preventing tumorigenesis, as the loss of apoptotic regulation
is a hallmark of cancer (Pfeffer and Singh, 2018). Cancer cells evade apoptosis through various
mechanisms, including overexpression of anti-apoptotic Bcl-2 proteins, and the overexpression
of apoptotic inhibitor proteins like cIAP-1/2 and XIAP which inhibit caspase, in addition a loss
of pro-apoptotic factors such as Bax and Bak is common (Pfeffer and Singh, 2018).
Understanding apoptotic signalling pathways is therefore essential for developing targeted

cancer therapies aimed at restoring apoptotic sensitivity in malignant cells.

Research suggests that apoptosis is not the only form of programmed cell death, as necroptosis
and other caspase-independent mechanisms have been identified (Festjens et al., 2006). Unlike
apoptosis, necroptosis is a regulated form of necrosis that involves receptor-interacting protein
kinases (RIPK1 and RIPK3), leading to membrane rupture and inflammation (Festjens et al.,

2006). The interplay between apoptotic and non-apoptotic cell death pathways underscores the
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complexity of cellular homeostasis and the need for further investigation into their regulatory

mechanisms.

In summary, apoptosis is a highly conserved and tightly regulated process that ensures cellular
turnover, maintains tissue integrity, and prevents disease. Its dysregulation contributes to a
range of pathologies, from cancer to neurodegenerative disorders, making it a crucial focus of

biomedical research.

Extrinsic Pathway Intrinsic Pathway Perforin/Granzyme
radiation, toxins, hypoxia, etc. Pathway
* Cytotoxic T cells
death ligand *
death receptor —a_
l perforin
4 /\
adaptors mitochondrial changes (MPT)
granzyme B granzyme A
disc formation apoptosome forms
caspase 8 activation caspase 9 activation caspase 10 SET complex
/ activation
caspase 3 activation
(Execution Pathway) DNA cleavage
}

endonuclease activation — degradation of chromosomal DNA
protease activation — degradation of nuclear and cytoskeletal proteins — cytoskeletal reorganization

cytomorphological changes:
chromatin and cytoplasmic condensation, nuclear fragmentation, etc.

formation of apoptotic bodies

Figure 1.1 Schematic representation of apoptotic events. Adapted from Elmore S. Apoptosis:
A review of programmed cell death. Toxicologic Pathology. 2007;35(4):495-516. © 2007 SAGE
Publications. Used with permission.

1.3.2 Necrosis

The term “necrosis” is derived from a Greek word, “nekros” which means corpse. Necrosis is
a form of pathological cell death which has been described as an unprogrammed cell death, as
a result of physio-chemical stress (Zong and Thompson, 2006). Necrosis being thought of as
“unprogrammed” is a concept which is reinforced by the fact that the exposure of cells to
supraphysiological conditions would lead to necrotic cell death (Zong and Thompson, 2006).
More recently, it has been shown that the response to a death stimulus is often a continuum of
apoptosis and necrosis (Zong and Thompson, 2006). Many substances cause apoptosis at lower
doses while causing necrosis at higher doses (Zong and Thompson, 2006). In vivo, if a cell is
not engulfed by a phagocyte or in-vitro, where phagocytosis does not happen, dead cells in a
late stage of apoptosis may present with features of necrosis (Zong and Thompson, 2006). This
is due to the loss of plasma membrane integrity and the loss of cellular energy. The process by
which this occurs is called “secondary necrosis” or “apoptotic necrosis” (Zong and Thompson,

2006).
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The morphological features of necrosis include irreversible plasma membrane damage,
cytoplasmic and nuclear swelling both of which leads to an increase in cell volume,
karyorrhexis (nuclear fragmentation), karyolysis (nuclear dissolution), nuclear pyknosis,
cytoplasmic vacuoles and organelle breakdown (Kroemer et al., 2009; Khalid and Azimpouran,
2023). As aresult of all the morphological changes, necrotic cells appear to be more vacuolated
and eosinophilic (Khalid and Azimpouran, 2023). There are three phases during necrosis: (i)
initiation, (ii) propagation, and (iii) execution. The phases cannot be easily distinguished,
especially propagation and execution. This is because many cellular events are initiated and

occur simultaneously (Khalid and Azimpouran, 2023).

Necrotic cell death is regulated by a set of catabolic mechanisms and signal transduction
pathways. Toll-like receptors (TLR3 and TLR4) and death domain receptors (tumour necrosis
factor receptor 1 (TNFR1), (TNF-related apoptosis-inducing ligand receptor)TRAIL-R and
Fas/CD95) have been shown to elicit necrosis in the presence of caspase inhibitors (Degterev
etal.,2008). TLR3, TRAILR, Fas/CD95 and TNFR 1-mediated cell death depend on the kinase
called RIP1. This has been shown in studies using necrostatin-1 to knockout and chemically
inhibit RIP1 (Degterev et al., 2008). This can be used to discriminate between programmed
necrosis (necroptosis) and accidental necrosis, since necroptosis is avoided by inhibiting RIP1

(Kroemer et al., 2009).

FADD is a crucial adaptor molecule at the crossroads of apoptotic and necrotic cell death.
FADD contains both a death effector domain for initiating apoptotic signalling and a death
domain for initiating necrotic signalling. Hindering caspase activation switches cell death from
apoptosis to necrosis (Festjens et al., 2006). Necrotic cell death is not due to one signalling
cascade but rather a result of the interplay between several signalling pathways. The RIP1
kinase is a central initiator of necrosis and has a role in the TNFa-induced necrosis as well as
for TRAIL-R, TF-R1, and Fas-induced necrosis. The identification of RIP1 substrates will give
more insight into the downstream signalling pathways which contribute to death receptor-

induced necrotic cell death (Festjens et al., 2006).
1.3.3 Autophagy

Autophagy is a lysosome-dependent catabolic process characterized by the formation of
double-membrane autophagosomes that sequester and degrade cytoplasmic components (Jung
et al., 2020). It occurs at a basal level for cellular homeostasis and under stress conditions as a

survival mechanism by recycling cellular components for energy and metabolism (Jung et al.,

15



2020). However, excessive autophagy can lead to autophagic cell death (ACD) (Shimizu et al.,
2014).

Autophagy is regulated by extracellular signals, including cytokines and hormones. Thl
cytokines (interleukin-2 (IL-2), interferon-y, TNF-a, TGF-B) induce autophagy, while Th2
cytokines (IL-4, IL-10, IL-13), insulin, and insulin-like growth factor-1 inhibit it (Jung et al.,
2020). Morphologically, ACD involves extensive autophagic vacuolization without chromatin

condensation and lacks phagocytic clearance (Kroemer et al., 2009).

Over 30 autophagy-related proteins (Atgs) regulate autophagy. Atgl initiates the process, while
Beclinl (Atg6) and phosphatidylinositol 3-kinase facilitate membrane invagination (Shimizu
et al., 2014). The Atg5-Atgl2 and microtubule-associated protein 1A/1B-light chain 3-
phosphatidylethanolamine conjugation pathways drive autophagosome formation, with

microtubule-associated protein 1A/1B-light chain 3 translocation serving as an autophagy

marker (Shimizu et al., 2014).

ACD requires both autophagy activation and specific death signals. Jun N-terminal kinase
(JNK) phosphorylation is crucial, as Bax or Bak deficient cells exposed to apoptotic stimuli
undergo ACD only when JNK is activated (Shimizu ef al., 2014). Nutrient-starved cells with
autophagic structures do not undergo ACD in the absence of JNK activation, highlighting its

essential role (Shimizu et al., 2014).

1.4 Complementary and Alternative Medicine

The South African Health Products Regulatory Authority (SAHPRA) defines “complementary
medicine” as any substance or mixture of substances derived from natural sources such as
algae, fungi, plants, lichens, seaweed, minerals, and animals, which are used outside the
framework of conventional pharmaceutical drugs. Further, the substance must be used,
manufactured or sold for the use in complementing or assisting the mental or physical state
(SAHPRA, 2020). Whereas “alternative medicine” refers to treatments that are used as a

replacement for conventional therapies.

Complementary and Alternative Medicines (CAMs) are classified into five subcategories, (i)
alternative whole medicine systems, (ii) mind-body interventions, (iii) biologically based
therapies, (iv) energy therapies, and (v) manipulative and body-based methods (Ventola, 2010).
Health supplements fall into the “biologically based therapies” subcategory (Table 1.3).
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Table 1.3 The five subcategories of CAMs and a description of each subcategory. CAM
subcategories and descriptions obtained from Ventola, 2010.

CAM subcategory Description

Alternative Whole Medicine Systems Ayuverdic, Chinese, naturopathic and
homeopathic medicines

Mind-Body Interventions Prayer, mental healing, dance therapy, music
and meditation

Biologically Based Therapies Food, herbs, vitamins and health
supplements

Energy Therapies Reiki, electromagnetic field exposure and
therapeutic touch

Manipulative and Body-Based Methods Osteopathic and chiropractic manipulation

and massage

1.4.1 Health Supplement Market and Regulation

In 2020, the global health supplement market size accounted for $191.1 billion (United States
Dollar) and is expected to grow to $307.8 billion by 2028 at a compound annual growth rate
(CAGR) of 5.9% between 2021 and 2028 (Zion Market Research, 2021). In South Africa, the
Vitamins and Minerals segment of the health supplement industry accounts for $231.5 million
(United States Dollar) and is expected to grow annually by 4.3% (CAGR 2023-2027) (Statista,
2023).

A large amount of the South African population consumes some type of health supplement
daily (Modhia, 2022). Vitamins and minerals are utilized most often and is followed by
traditional medicine and speciality supplements such as probiotics and omega-3s (Modhia,
2022). Online sales in web retailers and supplement websites have expanded substantially over
the years (Dunn et al., 2005). The emergence of popularity surrounding health supplements has
identified a gap in both knowledge and communication for health professionals with regards to
being able to provide patients with advice about these treatments (Dunn et al., 2005). There is
a lack of evidence-based information about the safety, drug-interactions and efficacy of health

supplements, especially the complementary and alternative medicines (Ventola, 2010).

In the United States, health supplements are classified as “functional foods” and are regulated
as food rather than pharmaceuticals. The FDA does not require supplements to undergo
efficacy evaluation and mandates only minimal safety data for new ingredients (Starr, 2015).

Products without new ingredients require no testing or safety data (Starr, 2015).
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While mandates exist for introducing new supplement ingredients, their implementation
remains incomplete due to the absence of finalized guidelines defining sufficient safety
evidence (Starr, 2015). Even if fully enforced, these guidelines may improve but not fully
address safety concerns. Key regulatory shortcomings include manufacturers selectively
submitting favourable data, the lack of mandatory premarket human safety studies, and the
reliance on historical use as evidence of safety (Starr, 2015). Despite FDA oversight,

companies can legally market supplements with new ingredients, even if later found to be

unsafe (Starr, 2015).

In South Africa, CAMs and health supplements are regulated under the Medicines and Related
Substances Act 101 of 1965 (SAHPRA, 2020). Health supplements are regulated less strictly
than scheduled medicines. “Health supplements” is defined by SAHPRA as any substance,
mixture of substances or extract as determined by the Authority, sold in dosage forms used or
purported for use in restoring, correcting or modifying any mental or physical state by either,
(1) supplementing the diet, (ii) having a nutritional effect or (iii) complementing health. The
definition excludes medicines or substances which are listed as Schedule 1 or higher in the
Medicines and Related Substances Act, 1965 (Act 101 of 1965) and further excludes injectable

preparations.

Supplements have been subjected to registration since 2013 by virtue of SAHPRA under
section 14(2) of the Act. In registering supplements, SAHPRA require that all manufacturers,
importers, exporters, and wholesalers of complementary medicines are licensed as per section
22C(1)(b) of The Medicines Act. The registration and licensing process must be preceded by a
confirmation of compliance with good pharmacy practice from South African Pharmacy

Council and a Pharmacy Premises Licence through the National Department of Health.

1.5 Mushrooms for medicinal use

Mushrooms are the fruiting bodies of fungi and are highly valued worldwide for their
nutritional properties and palatability (Saritha et al., 2016). They contain a diverse range of
bioactive compounds, including both primary and secondary metabolites (Saritha et al., 2016).
Primary metabolites, which constitute a significant portion of mushroom biomass, include
peptides, proteins, B-glucans (Figure 1.2), and oxalic acid (Kirha et al., 2023). B-glucans
function as immune adjuvants, stimulating both innate and adaptive immune responses (Kirha

etal., 2023).
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Mushrooms also produce secondary metabolites such as steroids, quinolones, terpenes,
anthraquinones, and benzoic acid derivatives, many of which have antimicrobial properties,

inhibiting the growth of various microbes (Kirha ef al., 2023).

Figure 1.2 The two dimensional structure of f-glucan. The molecular formula is C1sH3201s,
PubChem CID 439262. It is a glucose polymer consisting of a beta (1 — 3) linked beta-D-
glucopyranosyl unit with beta (1-6) linked side chains of varying lengths.

In addition to their nutritional value, certain mushrooms have been used as adjuvant therapy in
Eastern medicine to enhance the efficacy of conventional cancer treatments or mitigate their
adverse effects (Habtemariam, 2020; Jeitler et al., 2020). The bioactive compounds attributed
with anticancer properties include fungus-derived glucans such as grifolan, lentinan,
polysaccharide peptides, proteoglycans, glycan, as well as triterpenoids, triterpenes, and

flavonoids (Kirha ef al., 2023).

Fungi have also been a significant source of drug discovery, contributing not only to anticancer
agents but also to antibiotics, antifungals, antivirals, immunosuppressants, and treatments for
malaria and diabetes (Brunton ef al., 2023; Habtemariam, 2020). Notable FDA-approved drugs
derived from fungi include anthracyclines (chemotherapy), penicillin (antibiotic), cyclosporine

(immunosuppressant), and lovastatin (cholesterol-lowering agent) (Brunton et al., 2023).

Many mushrooms are classified as “medicinal mushrooms” due to their use in traditional
medicine. Certain bioactive molecules, such as B-glucans, regulate immune cell development,
differentiation, and proliferation, thereby activating immune responses and inhibiting cancer
metastasis and growth (Kirha et al., 2023). Polysaccharides are among the most effective and

widely studied mushroom-derived compounds with immunomodulatory and antitumor
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properties, with their biological activity influenced by variations in monosaccharide

composition and structure (Lu et al., 2021).

Currently, a variety of commercialized mushroom products, including tinctures, capsules,
powders, and teas, are marketed as health supplements with claimed pharmacological benefits.
Three of the most widely used medicinal mushrooms are Trametes versicolour (T. versicolour),

Ganoderma lucidum (G. lucidum), and Inonotus obliquus (1. obliquus).
1.5.1 T. versicolour

T. versicolour (Figure 1.3) is a species of fungus in the Polyporaceae family and has been
under intensive investigation in recent years (Habtemariam, 2020). 7. versicolour grows in
many countries around the world, including South Africa. Eastern medicine has made use of
the proposed medicinal properties of 7. versicolour and other fungi for well over 2000 years

(Habtemariam, 2020).

Figure 1.3 Trametes versicolour fruiting body. Image obtained from Biomons website.
(https://biomons.com/en/colorful-flat-tube-trametes-versicolor-mushroom-of-vitality/)

The main biomolecules associated with these mushrooms are polysaccharides in the form of -
glucans which are homopolysaccharides consisting of p-glucose monomers linked through -
glycosidic bonds (B-1,3, B-1,4, B-1,6) (Friedman, 2016; Du et al., 2019). Other polysaccharides
found in mushrooms include heteropolysaccharides such as polysaccharide-krestin (PSK) and
an analogous compound polysaccharide peptide (PSP) is found in some strains of 7.
versicolour (Friedman, 2016). While both PSK and PSP contain -1,3, B-1,4, and B-1,6
glycosidic linkages, they differ in their sugar composition: PSK includes fucose, fructose,
galactose, mannose, and xylose, whereas PSP contains rhamnose and arabinose (Lopez-Gil et
al., 2024). Structurally, PSK consists of a B-glucan backbone with -1,4 main chains and -1,3
and B-1,6 side chains, with a protein component attached at the B-1,6 side chain (Friedman,

2016). It has an approximate molecular weight of 100,000 Da. PSP, on the other hand, contains
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the amino acid sequence Aspartic Acid-Cysteine-Proline-Proline-Cysteine-Glutamic Acid

(Nation Center for Biotechnology Information, 2025).
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Figure 1.4 The two-dimensional structure of polysaccharide krestin. Polysaccharide
krestin is a protein bound polysaccharide extracted from Trametes versicolour. The protein
component is located at the -1,6 side chain. It has a molecular weight of 94kDa. PubChem
SID 135316798.

PSK has been widely adopted as an adjunctive and adjuvant therapy in oncology, particularly
in Japan, where it has been approved as an anticancer drug since 1977, and in China since 1987
(Winder et al., 2021). Initially used as an adjuvant treatment for gastric cancer, PSK has
showed significant clinical benefits, including improved disease-free survival and overall
survival in colorectal cancer patients, as shown in meta-analyses (Sakamoto et al., 2006).
Additionally, the use of adjuvant PSK has been associated with increased five-year survival
rates in patients with recurrent breast cancer (Sugimachi ef al., 1984). Decades of research in
Asian countries have confirmed the efficacy of T. versicolor components as supportive therapy
for various cancers, including those of the stomach, nasopharynx, rectum, colon, and lungs

(Winder et al., 2021).

The immunomodulatory properties of 7. versicolour are largely attributed to its polysaccharide
constituents, particularly PSK and PSP, which enhance both innate and adaptive immune
responses. PSK has been shown to activate TLRs, primarily TLR2 and TLR4, leading to the
maturation of dendritic cells and the subsequent release of pro-inflammatory cytokines such as
IL-12, TNF-a, and IL-6 (Engel et al., 2013). This activation mechanism is critical, as TLR
engagement on antigen-presenting cells serves as a bridge between innate and adaptive

immunity, promoting the activation of T and B lymphocytes (Lu ef al., 2011). Furthermore, -
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glucans present in PSK and PSP are recognized by immune receptors, stimulating
macrophages, monocytes, and natural killer cells, which further contribute to an antitumor
immune response (Standish et al., 2008). Notably, PSK has been reported to enhance IL-2
production in Cluster of differentiation 4 Positive T cells through modulation of T-cell receptor
signalling rather than direct TLR engagement, suggesting a more complex mechanism of action
beyond simple pattern recognition receptor activation (Asai et al., 2008). However, despite the
extensive documentation of PSK’s immunostimulatory effects, critical gaps remain in
understanding its precise molecular interactions, particularly its dependency on TLR2/TLR4
versus alternative pathways. Moreover, while preclinical and clinical studies suggest a role for
PSK in augmenting immune responses in cancer therapy, standardized methodologies for

evaluating its efficacy and safety in different patient populations are still needed.

The anticancer activity of these compounds is observed in concentrations less than 1 mg/mL
and many experiments have shown activity at concentrations < 100 pg/mL (Pawlikowska et
al., 2020; Roca-Lema et al., 2019). Roca-Lema et al. (2019) investigated the effects of
polysaccharide-rich extracts from 7. versicolour in human colon cancer cell lines (LoVo and
HT-29). Their study found that 7. versicolour extracts inhibited proliferation and induced
cytotoxicity in a dose-dependent manner, with significant effects observed at concentrations as
low as 10 pug/mL. The extracts suppressed anchorage-independent cell growth, indicating a
reduction in tumorigenic potential. Migration and invasion assays showed that 7. versicolour
extracts inhibited metastatic behaviour by increasing E-cadherin expression and decreasing
matrix metalloproteinase-2 activity (Roca-Lema et al., 2019). When combined with 5-
fluorouracil, 7. versicolour extracts enhanced cytotoxicity, suggesting a potential role as an
adjuvant therapy in colorectal cancer (Roca-Lema et al., 2019). The concentrations at which 7.

versicolour has anticancer activity in A549 cells will be determined in this study.
1.5.2 G. lucidum

Ganoderma lucidum (Figure 1.5), commonly known as Ling-zhi in China and Reishi in Japan,
belongs to the Ganodermataceae family within the Basidiomycetes class. This edible
mushroom has been widely used in Traditional Chinese Medicine and other Eastern medical

practices for centuries due to its diverse pharmacological properties (Jin et al., 2016).

22



Figure 1.5 Ganoderma lucidum fruiting body (obtained from Zeng et al., 2019).

Research has showed that G. lucidum has antitumor, anti-inflammatory, and antioxidant
properties, making it a promising candidate for complementary and alternative medicine (Heah
et al., 2020). The prominent bioactive compounds responsible for the proposed
immunomodulatory and anticancer properties of this species are polysaccharides, in the form

of B-glucans, and triterpenes (Jin et al., 2016).

As previously stated, B-glucans have been shown to stimulate both adaptive and innate
immunity by targeting dendritic cells, neutrophils, macrophages, monocytes and natural killer
cells (Jin et al., 2016). The B-glucan binds to receptors on immune cells which triggers a series
of molecular pathways such as the protein kinase C, NFxB and mitogen-activated protein
kinase which would ultimately lead to activation of the host immune system and proliferation

of immune cells (Jin et al., 2016).

The basic chemical structure of triterpenoids found in G. lucidum is that of an oxygenated
lanostane (Feng et al., 2013). Ganoderic acid is the most studied triterpenoid in G. lucidum
(Figure 1.6) (Feng et al., 2013). Structure-activity relationship assays of 43 triterpenoids
extracted from G. lucidum showed that the side-chain, C-3 carbonyl group, hydroxyl groups
and double bonds are important in the cytotoxicity of G. lucidum triterpenoids (Feng et al.,
2013; Liang et al., 2019). The anticancer activity of G. lucidum extracts such as ganoderic acid,
was shown by Liu ef al. (2012). In this study LC-MS/MS was used to identify a and B-tubulin
as a target for ganoderic acid. Ganoderic acid interacts with the subunits of a and B-tubulin,
thereby affecting microtubule function and achieving anticancer activity (Liu et al., 2012).
Polysaccharides of G. lucidum, mainly act as immunomodulators or antioxidants while
triterpenoids function to inhibit cancer cell proliferation and metastasis (Xu et al., 2011;

Camargo and Kaneno, 2011).
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Figure 1.6 Ganoderic acid two-dimensional structure. Ganderic acid is the main triterpenoid
in Ganoderma lucidum. It has the molecular formula C33H4407, PubChem CID 73554535
and a molecular weight of 516.7 g/mol.

In addition to its anticancer potential, G. /ucidum has been used to manage a range of health
conditions, including hypertension, gastric ulcers, bronchitis, arthritis, chronic hepatitis,
immunological disorders, and hypercholesterolemia (Heah et al., 2020). Studies suggest that
its immunomodulatory effects enhance the body's defence mechanisms by stimulating the
activity of macrophages, natural killer cells, and T lymphocytes (Heah et al., 2020).
Furthermore, polysaccharides found in G. lucidum have been shown to improve gut microbiota

balance, which plays a crucial role in immune system regulation and overall health (Heah et

al., 2020).
1.5.3 L. obliquus

Inonotus obliquus, commonly known as Chaga, is a parasitic fungus that predominantly
colonizes the trunks of birch trees in cold climates (Figure 1.7). The fungus aids in the
absorption of moisture and nutrients, facilitating tree recovery, although prolonged
colonization can ultimately lead to tree decay (Arata et al., 2016). Traditionally used in Eastern
medicine, [ obliquus has been recognized for its anticancer, antioxidant, and
immunomodulatory properties (Arata et al., 2016). Its bioactive constituents include /. obliquus
polysaccharides (IOPS), polyphenols, triterpenoids, and melanin, each contributing to its

therapeutic potential.
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Figure 1.7 Inonotus obliquus fruiting body. Image obtained from Herbal Reality website.
(https://www.herbalreality.com/herbalism/western-herbal-medicine/chaga-mushroom-
medicinal-properties/).

IOPS, a major bioactive component, has a relative molecular mass of 156,611 Da and exerts
anticancer effects through the regulation of matrix metalloproteinases (MMPs) (Lu et al.,
2021). MMPs, such as MMP-2, MMP-7, and MMP-9, play a crucial role in extracellular matrix
degradation, which facilitates tumour invasion and metastasis (Lu ef al., 2021). IOPS has been
shown to suppress MMP activity while upregulating tissue inhibitor of metalloproteinases-2,
thereby reducing cancer cell migration and invasion (Lu ef al., 2021). Additionally, IOPS
downregulates nuclear factor kappa B (NF-kB), a key transcription factor involved in tumour

progression and inflammation, further contributing to its antitumor effects (Lu ef al., 2021).

Al-Tuwaijri et al. (2021) showed that half maximal inhibitory concentrations (ICso)values for
1. obliquus extracts ranged from 1.27 to 1.80 mg/mL depending on the method of extraction.
Other studies have shown that extracts had cytotoxic activity against A549 cells at ICso values

of 0.02 mg/ml at 48 h (Zhong et al., 2009).
1.6 Problem Statement

Lung cancer remains the leading cause of cancer-related mortality worldwide, with poor
prognosis and limited treatment efficacy, particularly when diagnosed at advanced stages.
Conventional therapies, including chemotherapy and radiotherapy, often fail due to drug

resistance and inadequate tumour suppression.

Medicinal mushrooms, such as Ganoderma lucidum, Trametes versicolour, and Inonotus
obliquus, have a long history of use in traditional medicine systems for managing respiratory
illnesses, enhancing immunity, and promoting general wellbeing. In traditional Chinese
medicine, G. lucidum has been used to treat respiratory conditions such as asthma, coughs,

and lung deficiency syndromes. Similarly, 7. versicolour has traditionally been employed as
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an immune tonic and as an adjunct in treating pulmonary infections. /. obliquus, widely used
in Siberian and Eastern European folk medicine, has been consumed for ailments including
persistent cough, bronchitis, and other lung-related complaints. These ethnomedicinal
applications suggest potential relevance to lung health and offers a rationale for investigating

these species in the context of lung cancer.

While G. lucidum has been investigated for its effects on A549 lung cancer cells, the
comparative effects of other mushrooms like T. versicolour and I. obliquus, as well as their
potential to modulate drug resistance remains undescribed. However, the effects of other
mushrooms like 7. versicolour and I. obliquus, as well as their potential to modulate drug
resistance, remain unknown. Further investigation is needed to determine anticancer activity

and efficacy of these species, particularly in the context of lung cancer treatment.

This study aims to evaluate the effect of G. lucidum, T. versicolour and I. obliquus on the
viability and proliferation of A549 lung adenocarcinoma cells, with a particular focus on
apoptosis induction and potential modulation of drug resistance pathways, including P-
glycoprotein expression. By systematically assessing these effects, this research will contribute
to understanding whether these natural compounds have measurable anticancer activity, in

addition to their traditional use in complementary medicine.
1.7 Research Aim

This study aims to evaluate the effect of mushroom extracts (G. lucidum, T. versicolour and 1.
obliquus extracts) obtained from commercially available supplements on the A549 lung

adenocarcinoma cell line and on a non-cancerous cell line (HEK293 cells).
1.8 Research Objectives

. To assess labelling information on selected commercially available mushroom

supplement products.

[l.  To assess the uniformity of mushroom extracts obtained from different sources using
Fourier Transform Infrared spectroscopy (FTIR).

. To evaluate the stability of the mushroom extracts over time, using FTIR.

IV.  To determine ICso values of the mushroom extracts (7. versicolour extracts, G. lucidum
extracts and /. obliquus extracts) and doxorubicin against the A549 and HEK293 cell
lines.

V.  To determine whether mushroom extracts cause necrosis.
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VI.

VII.

VI,

To determine the expression of reactive oxygen species (ROS) in A549 and HEK293
cells when treated with doxorubicin and mushroom extracts.

To determine if extracts induce P-glycoprotein resistance genes by measuring P-
glycoprotein expression caused by the mushroom extracts and doxorubicin against
A549 and HEK293 cells.

Determine whether cells were undergoing apoptosis by using two methods (Annexin-
V and Caspase-3/7 Assay).

To determine the effect of the mushroom extracts and doxorubicin on membrane
phosphatidylserine expression and Caspase-3/7 activity in A549 and HEK293 cells.

To determine if the mushroom extracts have any effect on the efficacy of doxorubicin.
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CHAPTER 2: METHODOLOGY

2.1 Assessment of information provided on the labels of commercial preparations of

mushrooms.

Mushroom products were purchased from an online health foods store called ‘Faithful To

Nature’ (www.faithfultonature.co.za) which is based in Cape Town, Western Cape, South

Africa. The products were supplied in three forms: tinctures (dual extracts), dried raw material,
and powdered extracts encapsulated in vegetarian capsules. The product labels indicated that
each preparation contained the respective mushroom species with no other additives, and they
were minimally processed with no fillers or preservatives added. The products consisted of
locally manufactured, internationally imported and locally assembled products. The purchase
was determined by popularity of the products as shown by the “filter” search results on the
website. The three mushroom types were selected based on claims of anticancer and

immunomodulatory properties.

The information on labels was assessed according to specific predetermined categories which
included the following: general information, warnings, claims, disclaimers, quality assurance
and scientific pledge. For this study, a warning is defined as a statement of caution to the
consumer, a disclaimer is a statement which denies responsibility and is an act of repudiating
a claim, a claim is defined as an assertion that something is true - typically without providing
evidence, quality assurance refers to the standard of the product according to the manufacturer

and a scientific pledge refers to a guarantee by the manufacturer.

This assessment method was informed by the general regulations made under the Medicines
and Related Substances Act, 1965 (Act 101 of 1965), particularly Regulation 10, which outlines
the required labelling elements for human-use medicines and health supplements. Notably,
Regulation 10(1)(cc)(iii) requires unregistered complementary medicines to carry the
disclaimer: “This unregistered medicine has not been evaluated by the SAHPRA for its quality,

safety or intended use.”

Each supplement was evaluated for the presence or absence of the aforementioned labelling
categories. The information was transcribed into a Microsoft Office Excel 2016 spreadsheet
(Excel©, 1985-2024 Microsoft Corporation). Statements were captured as either “yes” or “no”
statements. Percentage values were then assigned to each category and investigated for

statistical analysis.

2.2 Extract preparation.
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In preparation of all aqueous extracts, Milli-Q™ (Millipore Elix 3 Water Purification System)
water was used. The storage instructions found on product labels for the mushroom
supplements were followed if provided by the manufacturer. Products of different dosage forms
were used for extract preparation. The dosage forms used were tinctures, capsules, and
powders. All mushroom extracts and tinctures used were stored at 4°C. Extracts made from

powders followed the same procedures as those for capsules.

A dual extraction method using methanol and dichloromethane was used for powders and
capsules. Methanol is a polar, water soluble solvent while dichloromethane (also called
methylene chloride) is slightly polar and not miscible in water (Cequier-Sanchez et al., 2008).
This polarity range allows for the extraction of a wide range of compounds with both polar and
non-polar constituents. Additionally, having the mixture of methanol and dichloromethane
allows for improved solubility of compounds which may not be soluble in either solvent alone

(Cequier-Sanchez et al., 2008).
2.2.1 Procedure for extraction from dried material or capsules

Capsules were emptied and 2 g of dry mushroom mass was weighed out into a beaker (Figure
2A). To this, 50 ml of a 1:1 dichloromethane: methanol mixture was added and left to stir
overnight, covered to prevent evaporation. The mixture was then filtered using 8-12 pm filter
paper (Ahlstrom Munksjo, Lasec, South Africa) and the filtrate was left to evaporate in a fume
hood overnight. The residue was resuspended in either water (/. obliquus) or 7:3 ethanol:
Dimethyl Sulfoxide (DMSO) (G. lucidum and T. versicolour). The resuspended solutions were
then filtered through a Acrodisc® PF Syringe Filter 0.8/0.2 um Supor® Membrane and stored
in a tube at 4°C until use (Figure 2.2 A).

2.2.2 Procedure from extractions from tinctures

Ten millilitres of each tincture was evaporated in a fume hood overnight (Figure 1B). The
residue was weighed and redissolved in either water (1. obliquus) or a 7:3 mixture of ethanol:
DMSO (G. lucidum and T. versicolour) to make a stock concentration of 20 mg/ml. Extracts

were then stored at 4°C.
2.3 Fourier Transform Infrared Spectroscopy.

Fourier Transform Infrared Spectroscopy (FTIR) is used to identify polymeric, organic, and
sometimes inorganic materials. The assay uses infrared light of 10 000 to 100 cm™ which is

transmitted through a given sample. As the radiation is transmitted through the sample, the
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respective wavelength is absorbed depending on the composition of the sample (Nandiyanto e?
al., 2019). Different functional groups can be identified based on the wavenumber (location of
the x-axis). Single bonds lie between 2500 — 4000 cm, triple bonds lie between 2000 — 2500
cm’!, double bonds span from 1500 — 2500 cm™ (Nandiyanto et al., 2019). This absorbed
radiation is converted into vibrational and/or rotational energy by the sample molecules. A
spectrum is generated from this which typically ranges from 4000 cm™ to 400 cm™! and acts as
a fingerprint for the sample being investigated (Nandiyanto et al., 2019). The fingerprint region
can be found from 600 — 1500 cm™'. Fingerprints are unique to different molecular structures
which makes FTIR a qualitative technique which can be used for the identification of different
compounds, batch consistency analysis, and the assessment of stability of compounds

(Nandiyanto et al., 2019).
2.3.1 FTIR inter-batch analysis.

FTIR analysis was performed on liquid samples from three batches of tinctures. No
modifications were made to the tinctures. Fifty microliters of each tincture and/or extract
sample were used. The Perkin Elmer Spectrum GX (Perkin-Elmer, Beaconsfield, BUCKS, UK)
was used to analyse samples. Twenty scans per sample in the region 4000 — 650 cm™ were
performed. The Spectrum software (PerkinElmer, Inc. Version 10.4.1) was used to obtain

spectra.
2.3.2 Stability assessment of the mushroom extracts by FTIR.

The stability of the mushroom extracts (G. lucidum and T. versicolour) were assessed over a
period of 5 weeks. FTIR analysis was performed on liquid samples stored at various
temperatures. Samples were stored at room temperature, at 4 °C, and at -18°C. The first analysis
was done on the day the extracts were prepared (week 0) and subsequently once a week

thereafter. The region 4000 — 650 cm™' was used, and twenty scans were done for each sample.

2.4 Cell culture.

The A549 lung cancer and HEK293 cell lines were purchased from the American Type Culture
Collection and verified for authentication by short tandem repeat analysis by Inqaba biotec,
South Africa. Both cell lines were cultured in a 1:1 (v/v) solution of Dulbecco’s Modified
Eagles Medium (DMEM) (Sigma-Aldrich, Johannesburg, South Africa) and Ham F12 culture
media (Sigma-Aldrich, Johannesburg, South Africa), supplemented with 10% (v/v) foetal
bovine serum (FBS) (Thermo Fisher Scientific, Johannesburg, South Africa). Heat-inactivated

FBS (Thermo Fisher Scientific, Johannesburg, South Africa) was purchased and stored at -
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20°C. The Olympus DP72 inverted phase contrast microscope was used to observe cells daily
to monitor growth and evaluate microbial contamination. The ethics waiver: W-CBP-220831-
01, for the use of the cells in this study was granted by the Faculty of Health Sciences,
University of the Witwatersrand (Appendix A).

The culture media for both A549 and HEK293 cells was supplemented with 1% (v/v) sodium
pyruvate (Merck, Johannesburg, South Africa), 1% (v/v) L-glutamine (Merck, Johannesburg,

South Africa), 1% (v/v) nonessential amino acids (Merck, Johannesburg, South Africa).
2.4.1 Maintenance and Sub-culturing.

Cells were grown in 75 cm? Greiner bio-one culture flasks (Lasec SA, Johannesburg, South
Africa) in culture media supplemented with 10% FBS (Thermo Fisher Scientific,
Johannesburg, South Africa) at 37°C and 5% CO: humidified atmosphere. Cells were
trypsizined using Trypsin-Ethylenediaminetetraacetic acid (Sigma-Aldrich, Johannesburg,
South Africa) when 80-90% confluent. Cells were then either reseeded at an appropriate

density for maintaining the culture or used for experimental assays.
2.4.2 Cryopreservation.

Cells were trypsinized and centrifuged at 1500 rpm for 5 minutes. The pellet was resuspended
in freezing medium which contains 6% (v/v) cell culture grade DMSO (MW=78.13 g-mol™")
and HAM/DMEM cell culture media supplemented with 20% (v/v) FBS. The suspension was
placed in Nest cryovials (Whitehead Scientific, Cape Town, South Africa) and stored at -70°C
in a cryo freezer box. A steady drop in temperature of 1°C per minute is used to ensure maximal
survival (Whaley et al., 2021). For long-term storage, cells were kept in liquid nitrogen at -140
to -196°C.

2.4.3 Determination of cell numbers and viability prior to experimental use.

Trypan blue (C34H28N6014S4) is a toluidine-derived dye. The trypan blue exclusion method was
used to assess the viability of cells after trypsinisation and before cells were plated for
experiments. Trypan blue is impermeable to cell membranes and enters cells with a
compromised membrane integrity binding to intracellular proteins (Piccinini et al., 2017).
Using phase contrast microscopy, the non-viable cells can be observed by their blue colouring

while viable cells remain transparent (Piccinini et al., 2017).
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A 1:1 (v/v) dilution was made with cell suspension and trypan blue (Sigma-Aldrich,
Johannesburg, South Africa), the final concentration of trypan blue was 0.2% (w/v) in
phosphate buffered saline (PBS). The cell suspension was placed on a haemocytometer and
counted using a Nikon microscope by phase contrast microscopy (Magnification: 100x). Cells
in the eight corners of the grid of the haemocytometer were counted and the average calculated.

The following formula was used to determine the number of cells per ml of suspension:

#cells per ml of cell suspension: Average number of cells counted X 2 x 10 000
2.5 Cell Viability Assay.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay is used for the
measurement of cell proliferation and cytotoxicity. The reduction of the yellow water-soluble
tetrazolium dye (MTT) into an insoluble purple formazan crystal by mitochondrial

dehydrogenases is an indication of viable cells (Mosmann, 1983).

A549 and HEK293 cells were seeded in 96-well microtiter plates (NEST Bio-tech Co., Ltd) at
a density of 1 x 10* cells per well in 100 pl of culture media and incubated overnight at 5%
COzand 37°C. A549 and HEK294 cells were treated with a concentration range (0.000125 - 1
mg/ml) of mushroom extracts diluted in complete media. Each concentration was done in
quadruplicate and incubated for 24 or 48 h. Doxorubicin was used as a positive control. A

negative control containing untreated cells was included.

MTT (Sigma-Aldrich, Johannesburg, South Africa) was prepared at a concentration of 5 mg/ml
(w/v in PBS), filtered through a 0.22 pm membrane and stored at 4°C protected from light.
Four h prior to the end of each incubation period, 40 uL MTT solution was added into each
well and the plates incubated for 4 h. Following the incubation, plates were centrifuged at 1500
rpm for 7 minutes. The media was carefully aspirated, and the formazan crystals were dissolved
in 200 puL. DMSO. The plates were then agitated on an orbital plate shaker (Thermoshaker
MRC) for 5 minutes at 1000 rpm. The absorbance (Optical Density at 540 nm and 690 nm) of
each well of the 96 well-plate was measured at 540 nm and 690 nm on the Labysystems iEMS
micro-plate reader. Blank wells contained no cells but did contain culture media and MTT

solution.
2.5.1 Evaluation of active chemotherapeutic agents and mushroom extracts.

Extracts from three mushrooms, Ganoderma lucidum, Trametes versicolour, and Inonotus

obliquus, were evaluated at concentrations ranging from 0.000125 to 1 mg/mL. This range was
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selected to capture both low-dose and higher-dose effects commonly used in in vitro
cytotoxicity studies and is consistent with previously published work on natural product
screening. However, it is important to note that such concentrations may exceed
physiologically achievable levels in vivo, particularly in the case of crude extracts, due to

factors like poor absorption and rapid metabolism.

Doxorubicin, camptothecin, and irinotecan were used as positive controls. Doxorubicin was
tested between 0.001 and 60 uM, while camptothecin and irinotecan were evaluated over a
range of 0.1 to 100 uM. These concentrations encompass and extend slightly beyond
therapeutically relevant plasma concentrations for these agents, ensuring detection of both

cytotoxic and sub-cytotoxic effects in vitro.
2.5.2 Vehicle controls.

Vehicle controls are used in studies in which inert substances are used to solubilize a test
substance (Johnson and Besselsen, 2002). To perform a vehicle control, the substance is used

unaccompanied by the active test compound (Johnson and Besselsen, 2002).

Using the same concentration range of ethanol (0.000875 — 7 %) and DMSO (0.000375 — 3 %)
used in the treatments, a vehicle control was performed. The percentage cell viability of the

vehicle control was compared to that of the negative control to determine the effect of ethanol

and DMSO in the A549 and HEK293 cell lines.
2.5.3 Determining ICso values.

The ICso value is defined as the half-maximal inhibitory concentration and were obtained by
treating A549 and HEK?293 cells to a range of concentrations of the active mushroom extracts

identified as presented in Section 2.5.1 using the MTT assay.

The range of concentrations for G. lucidum and T. versicolour extracts was 0.000125 — 1 mg/ml
whilst the concentration range for the positive control, doxorubicin, was 5.44 x 107 — 0.04
mg/ml (0.001 — 60 uM). Each concentration was performed in quadruplicate. Non-linear
regression analysis was used to determine ICso values, and a sigmoidal dose-response curve
was constructed using GraphPad Prism Version 5.0. A Student’s t-test was performed to
determine whether the differences between ICso values was significant. GraphPad Prism was

used and a p-value of < 0.05 was considered statistically significant.

2.5.4 Combination studies.
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A common practice in cancer treatment is to use a combination of compounds/drugs with
different targets. This method of combination therapy is done with the aim of reducing the
development of drug resistance, decreasing toxicity towards the patient, and increasing the

therapeutic efficacy of the treatments (Fan et al., 1998).

A549 and HEK?293 cells were treated with fixed concentrations (equivalent to ICso values) of
G. lucidum and T. versicolour extracts, while doxorubicin was tested across a range of
concentrations (0.001-60 uM) to determine its ICso value when combined with the extracts.
This concentration range was the same as was used to construct the dose-response curve in
Section 2.5.3. The design was informed by the concept of relative potency (RP), where a shift
in the ICso value of doxorubicin in the presence of the extract indicates a potential interaction.
A decrease in ICso suggests increased potency (potential synergy), while an increase suggests

reduced efficacy (potential antagonism) (Villeneuve ef al., 2000: Bijnsdorp et al., 2011).
2.6 Assessment of the effects of extracts on cell morphology

Morphological features of apoptosis and necrosis are well known. Three diffused dyes are used
to assess the morphology of cells. These dyes are acridine orange (AO), Hoechst 33342 (HO)
and propidium iodide (PI) (Foglieni ef al., 2001).

In cells, AO accumulates in lysosomes due to the weak basic properties of the dye and the low
internal potential of hydrogen (pH) of the lysosomes. Within the lysosomes, AO becomes
protonated and trapped. The entrapment of AO is a feature of apoptosis and can be exploited
for discrimination between apoptosis and necrosis (Vermes and Haanen, 1994). HO is a bis-
benzimidazole dye which shows strong fluorescence when bound to DNA (Latt et al., 1975).
The dye fluoresces at 461 nm when excited by UV light and emits a blue fluorescence (460-
490 nm) (Atale et al., 2014; Crowley et al., 2016). Because of the DNA binding properties of
HO, the dye can be used to observe nuclear condensation which is a feature of apoptosis
(Crowley et al., 2016). PI is a membrane impermeable red-fluorescence dye which is excluded
from cells with intact plasma membranes (viable cells and apoptotic cells) but will be retained
in cells with impaired plasma membrane integrity (necrotic cells). Pl intercalates between DNA
strands and has an excitation/emission maxima of ~ 525/617 nm with bound DNA (Atale et

al., 2014).

A549 and HEK293 cells were seeded onto sterile coverslips in 6-well plates at a density of
400 000 cells per coverslip and incubated overnight at 37°C and 5% CO,. After the incubation

period, cells were treated with G. lucidum and T. versicolour extracts at concentrations of 0.25
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mg/ml and 0.5 mg/ml and the positive control, doxorubicin, at concentrations equivalent to the
ICgo values. Treatments were done at 18 h and 24 h incubation periods. After the incubations,
the diffused dyes AO, HO and PI were combined in PBS using the following ratio: 0.5% (v/v)
AO, 0.2% (v/v) HO and 0.1% (v/v) PIL. The fluorescent stain mixture was added to each well
and incubated in the dark for 30 minutes at room temperature. Following the incubation, cells
were mounted onto microscope slides using mounting solution (Sigma Alrdrich/Merck). Cells
were viewed on the Olympus CKX41 microscope. Filter cube sets, U-MNIB3
(Excitation:480/20, Emission: 510/50) for AO, U-MWU2 (Excitation365/10, Emission 420
long pass) for HO 33342 and U-MWIG2 (Exitation535/30, Emission: 580 long pass) for PI
were used. Images were captured using the Olympus DP72 camera and analysed using the

Olympus CellSens Software package (Olympus, Tokyo, Japan).
2.7 Annexin-V assay

Annexin-V is a calcium-dependent protein that binds specifically to phosphatidylserine, which
becomes exposed on the outer leaflet of the membrane during early apoptosis (Demchenko,
2013). Because annexin-V cannot permeate intact cell membranes, it only labels apoptotic cells
while excluding viable ones. To distinguish apoptotic from necrotic or dead cells, PI is added,

as it only stains cells that have lost membrane integrity.

A549 and HEK?293 cells were seeded onto sterile coverslips within 6-well plates at a density
0f' 400 000 cells per well and incubated overnight at 37°C and 5% COx. Cells were then treated
with doxorubicin at concentrations equivalent to the 1Cgo values and incubated for 18 and 24
h, this served as the positive control. Cells were also treated with 0.25 mg/ml and 0.5 mg/ml of
T versicolour and G. lucidum and incubated for 18 and 24 h. An untreated negative control
was included. The Invitrogen annexin V, Alexa Fluor™ 488 conjugate (Thermo-Fisher
Scientific) was used to bind and detected translocated PS. The detection reagent was prepared
by combining the conjugated Alexa Fluor 488-annexin-V reagent and PI to a 1x annexin-
binding buffer (Thermo-Fisher Scientific). Coverslips were washed with PBS solution (pH
7.4). Next, 100 pul of the solution containing PI (1% v/v), Alexa Fluor 488-annexin-V conjugate
(6% v/v) was added to each coverslip and incubated for 15 minutes in the dark. Coverslips
were mounted onto microscope slides using mounting media and viewed using the Olympus
BX41 microscope and images were captured using the Olympus DP72 camera. Images were

analysed and processed using the Olympus CellSens Software.

2.8 The detection of caspase 3/7 activation caused by mushroom extracts and doxorubicin.
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Caspase-3 is a member of the Cysteine-Aspartic acid protease family (Eskandari and Eaves,
2022). Caspases are produced as inactive zymogens which are then subjected to activation by

a range of specific internal and/or external signals.

A549 and HEK293 cells were seeded onto sterile coverslips in 6-well plates at a density of
400 000 cells per well. Cells were treated at concentrations equivalent to the ICgo values of
doxorubicin and concentrations of 0.25 mg/ml and 0.5 mg/ml of both G. lucidum and T.
versicolour and incubated for 18 and 24 h. The CellEvent™ Caspase-3/7 Green Detection
Reagent (Thermo-Fisher Scientific) was prepared in 5% (v/v) FBS. Media was aspirated from
each well and the diluted Caspase-3/7 Green Detection Reagent was added to each coverslip.
The plate was incubated in a 37°C incubator for 30 minutes, covered in foil. Coverslips were
mounted onto microscope slides and viewed using the Olympus BX41 microscope and images
were captured using the Olympus DP72 camera. The green, fluorescent signal confirms the
activation of caspase-3/7. Caspase-3/7 is localized in the cytoplasm, where it cleaves
downstream substrates that facilitate apoptotic cell disassembly. Images were analysed and

processed using the Olympus CellSens Software.
2.9 Reactive Oxygen Species detection

ROS, also referred to as “free radicals”, describes an array of oxygen-containing molecules
which are highly reactive (Glorieux et al., 2024). ROS are produced in the mitochondria as a
result of normal metabolism and the mitochondria are both the source and the target of ROS
(Nakamura and Takada, 2021). A disruption in redox homeostasis has been linked to many
diseases including cancer (Glorieux et al., 2024). ROS act as secondary messengers in both

normal and cancer cell signalling (Nakamura and Takada, 2021).

In excess, ROS causes cells to undergo apoptosis due to damaged membranes, organelles,
proteins and nucleic acids. At low levels, ROS acts as a signal transducer to activate

angiogenesis, cell proliferation, migration, and invasion (Nakamura and Takada, 2021).

A549 and HEK293 cells were seeded at a density of 200 000 cells per well onto sterile
coverslips within 6-well plates and incubated overnight at 37°C and 5% CO,. The CellROX™
Deep Red Reagent (ThermoFisher Scientific, Invitrogen) was used. The reagent was prepared
in culture media composed of 1:1 (v:v) DMEM (Sigma-Aldrich, Johannesburg, South Africa)
and Ham F-12 media (Sigma-Aldrich, Johannesburg, South Africa). The treatments, i.e.
doxorubicin, G. lucidum, and T. versicolour extracts were then added to the reagent and culture

media. Doxorubicin was used as the positive control at concentrations equivalent to the I1Cso
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values while G. lucidum and T. versicolour extracts were used at both 0.25 mg/ml and 0.5
mg/ml. Cells were incubated with the CellROX™ Deep Red Reagent and the respective
treatment compounds for 4 h. The Olympus CKX41 microscope was used to view cells. Images

were captured using the DP72 camera.

2.10 The detection of P-glycoprotein expression in A549 and HEK293 cells after treatment

with mushroom extracts and doxorubicin.

Immunofluorescence is an immunochemical technique used for the detection and localization
of specific proteins in cell preparations and tissues (Im ef al., 2019). Immunofluorescence is
based on the use of antibodies that will recognize and bind to a specific target protein (Im et

al., 2019).

Cells were seeded at a density of 200 000 cells per well in a 6 well plate onto sterile coverslips
and incubated overnight at 37°C and 5% CO.. After incubation, cells were treated with 0.25
and 0.5 mg/ml 7. versicolour and G. lucidum extracts. Doxorubicin was used as the positive
control and cells were treated at concentrations equivalent to the ICgo values. An antibody
control which contained no primary antibody was included. Cells were incubated for 18 and
24 h. Thereafter, cells were washed with PBS twice. Cells were then fixed using 3.7% (v/v)
formaldehyde and incubated for 20 minutes at room temperature. Formaldehyde was aspirated
from all the wells and cells were washed with PBS twice. To permeabilize cell membranes,
0.25% (v/v) triton-X was added to cells and left to incubate for 20 minutes at room temperature.
Cells were then washed twice using PBS. A solution containing 0.5% (v/v) bovine serum
albumin (BSA) was used to block nonspecific binding of antibodies to the cell structure.
Coverslips were incubated with the blocking solution for one hour at room temperature. Cells

were then washed using PBS.

The primary antibody, 0.43 mg/ml mouse anti-human P-glycoprotein monoclonal Ab (MAS-
12854) (Thermo Fisher Scientific, Johannesburg South Africa) was prepared as a 1:200 dilution
in 0.5% (v/v) BSA. The negative control contained 0.5% (v/v) BSA but no primary antibody.
This was done to check for non-specific binding of the secondary antibody and to assess the
background fluorescence. Cells were incubated with the primary antibody overnight at 4°C.
The following day, the primary antibody solution was removed from cells and cells were
washed using PBS. The secondary antibody, 2 mg/ml goat anti-mouse polyclonal Ab
(ab150113) (Thermo Fisher Scientific, Johannesburg South Africa) was prepared as a 1:800
dilution in 0.5% (v/v) BSA. Cells were incubated with secondary antibody in the dark and at
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room temperature for one hour. Hoechst 33342 was added to cells to stain nuclei. Coverslips
were mounted onto microscope slides using mounting solution (Sigma-Aldrich, Johannesburg,
South Africa). Slides were stored at 4°C. The Olympus CKX41 microscope was used to view
cells. Images were captured using the DP72 camera. The following filter cube sets were used:
U-MWU?2 (Excitation: 365/10, Emission: 420 long pass) for Hoechst 33342, and U-MNIB3
(Excitation: 480/20, Emission: 510/50) for Alexa Fluor 488.

2.11 Statistical Analysis

All experiments were repeated independently at least three times (n = 3). Results are expressed
as mean * standard error of the mean (SEM). Statistical analyses were performed using
GraphPad Prism (version 5). For dose-response curves, non-linear regression analysis
(log(inhibitor) vs. normalized response — variable slope) was used to calculate ICso values.
Comparisons between multiple groups were performed using One-way ANOVA assuming
Gaussian distribution with Geisser-Greenhouse correction to determine statistical significance.
For comparisons between two groups, unpaired two-tailed Student’s t-tests were used when
appropriate. For combination studies, shifts in ICso values of doxorubicin in the presence of
mushroom extracts were assessed using relative potency analysis. A statistically significant
decrease or increase in ICso was interpreted as a potential synergistic or antagonistic interaction,

respectively. Differences were considered statistically significant at p <0.05.
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CHAPTER 3: RESULTS

3.1 Assessment of information provided on the labels of commercial preparations of

mushrooms.

The information on labels was assessed according to specific predetermined categories which
included the following: general information, warnings, claims, disclaimers, quality assurance
and scientific pledge?. For this study, a warning is defined as a statement of caution to the
consumer, a disclaimer is a statement which denies responsibility and is an act of repudiating
a claim, a claim is defined as an assertion that something is true - typically without providing
evidence, quality assurance refers to the standard of the product according to the manufacturer

and a scientific pledge refers to a guarantee by the manufacturer.

Fifteen mushroom products were selected for analysis, of which 7 (46.67%) were manufactured
locally, 2 (13.33%) were internationally imported products, and 6 (40%) did not indicate where
the products were manufactured. Formulations consisted of powders 2 (13.33%), capsules 5
(33.33%), and tinctures 8 (53.3%). Of the 15 products, only 7 (46.67%) had product labels with

instructions on the procedure to use the product.

All product labels 15 (100%) had recommended daily amounts. Only 13 (86.67%) product
labels had ingredient lists. Seven (46.67%) product labels indicated expiration dates while two
had “best before” dates. Seven (46.67%) product labels had batch numbers, and four (26.67%)

product labels indicated storage instructions.
3.1.1 Product warning statements

Five (33.33%) product labels had warning statements, and one product (6.67%) listed a

contraindication on the label. The warning categories are shown in Table 3.1.

Table 3.1 The warning categories indicated on the product labels (n=15).

Warning descriptions Total %
“Keep out of reach of children” 3 20
“Use with caution during pregnancy and lactation” 5 33.33
“Consultation with healthcare professionals™ 2 13.33

3.1.2 Product disclaimers
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Eight (53.33%) products contained a disclaimer on the label. A disclaimer is defined as a
statement intended to specify or delimit the scope of rights and obligations that may be
exercised and enforced by parties in a legally recognised relationship (Gabriels et al., 2012).

Disclaimers observed on the eight labels were as described in Table 3.2 as follows:

Table 3.2 Description of different disclaimers on product labels (n=15).

Disclaimer descriptions Total %

“The product has not been evaluated by the Medical 8 53.33
Controls Council/ SAHPRA”

“The product is not intended/certified to diagnose, treat, 8 53.33

cure or prevent any disease”

“This medicine is not a substitute for medical attention” 1 6.67
“Consult a practitioner if symptoms persist” 1 6.67
“Health supplements are intended only to compliment 3 20

health or supplement the diet”

“Consult a complimentary health practitioner regarding 3 20

the use of the product during pregnancy”

The disclaimer advising individuals to consult a "complementary health practitioner" during
pregnancy can be misleading and potentially dangerous (Table 3.2). Complementary health
practitioners, such as naturopaths or herbalists, have no official medical training or
qualifications of licensed medical doctors. They are not equipped to diagnose or manage health
conditions during pregnancy, which requires specialized knowledge of both maternal and foetal
health. Relying on their advice instead of consulting a qualified healthcare provider could lead
to risks for both the mother and the baby, as they lack the necessary expertise to safely navigate
the complexities of pregnancy-related health issues. It is crucial for expectant mothers to seek
guidance from healthcare professionals who are trained and licensed in medical care, especially

during such a critical time.
3.1.3 Product claims

Eight (53.33%) products contained a claim on the label. These claims were not necessarily
backed by rigorous scientific investigation. One product (6.67%) contained a quick response
(QR) code to view “lab results”. Upon scanning the QR code, an error message appeared. The

different categories of claims are shown in Table 3.3.
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Table 3.3 Description of specific claims on product labels (n=15).

Claim description Total %

“Cancer support” 3 20

“Provides immune support / immune booster” 4 26.67
“Antioxidative properties” 4 26.67
“Stress reduction” 3 20

“Anti-inflammatory” 2 13.33
“Provides increased energy” 2 13.33
“Increased/renewed vitality” 3 20

“Reduces fatigue” 1 6.67
“Improves sleep” 1 6.67
“Improves gut balance” 1 6.67
“Tonic medicinal properties” 2 13.33
“Anti-viral properties” 1 6.67
“Enhances physical endurance” 1 6.67
“Adaptogen” 2 13.33
“Anti-aging” 1 6.67
“Supports longevity” 1 6.67
“Promotes peace of mind” 1 6.67

The claim of "cancer support" on supplement labels is vague and potentially misleading, as it
fails to specify what kind of support is being offered or how the supplement is meant to help
the patient with cancer. Without clear details on the active ingredients, their mechanisms of
action, or scientific evidence supporting their effectiveness, consumers are left uncertain about
how the product might benefit them in the context of cancer. This lack of transparency can give
false hope and lead people to rely on unproven remedies instead of seeking appropriate medical
treatment. It is essential for supplement manufacturers to provide more specific, evidence-
based information about their products, especially when making claims related to serious health

conditions like cancer.
3.2 Extract preparation

The dosage forms used for extraction included tinctures, capsules, and powders. Extracts made

from powders followed the same procedures as those made from capsule.
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For the dual extraction method, a mixture of methanol and dichloromethane (1:1) was used for
both powders and capsules. After emptying the contents of the capsules, 2 g of dry mushroom
mass was dissolved in 50 mL of the solvent mixture and stirred overnight. The resulting filtrate
was allowed to evaporate in a fume hood. On average, 5.4% of the original weight of dry I
obliquus, 1.65% of G. lucidum and 4.45% of T. versicolour remained in the beaker after being
evaporated. This residue was then resuspended in either water (1. obliquus) or a 70% ethanol:
30% DMSO solution (G. lucidum and T. versicolour), yielding final concentrations of 20
mg/mL. [ obliquus was insoluble in the mixture of ethanol and DMSO while G. lucidum and

T. versicolour were insoluble in water.

Most mushroom supplements, such as tinctures and capsules, are typically consumed with
water, which is a common practice for ease of ingestion. However, the observed solubility
issues, with some extracts being insoluble in water, pose a potential concern. Since many of
the bioactive compounds in these extracts may not dissolve in water, their absorption,
bioavailability and effectiveness could be compromised when taken in the typical manner. This
emphasizes the need for careful consideration of the solubility properties of these extracts to

ensure their optimal use in supplementation.

Tincture extracts (10 mL) were evaporated overnight, and the average weight of the residue
obtained was 0.06 g for 1. obliquus, 0.05 g for G. lucidum and 0.08 for T. versicolour. This
residue was then resuspended in either water (1. obliquus) or a 70% ethanol: 30% DMSO

solution (G. lucidum and T. versicolour), yielding final concentrations of 20 mg/mL.

To determine the optimal temperature for extract storage, additional experiments were

conducted.

3.3 The effect of mushroom extracts and chemotherapeutic drugs on A549 and HEK293
cell viability.

3.3.1 The identification of chemotherapeutic drugs against the A549 cell line.

The effects of chemotherapeutic drugs and mushroom extracts on cell viability was evaluated
against A549 lung cancer cells. The initial evaluation was done at a treatment period of 24 h to
determine the ICso values of active compounds. Doxorubicin was the most active
chemotherapeutic agent against the A549 cells with a percentage cell viability of 20% at 20
uM and 38% at 10 uM (Figure 3.1) and was therefore selected as the positive control for this
study. At 20 uM, camptothecin showed a moderate decrease in cell viability with 50% of cells
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being viable (Figure 3.1). Camptothecin (10 uM) and irinotecan at 10 uM as well as irinotecan
at 20 uM showed a marginal decrease in cell viability with 78%, 99% and 91% of cells being
viable, respectively (Figure 3.1).
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Figure 3.1 The effect of anticancer drugs: doxorubicin, camptothecin and irinotecan on
A549 cell viability. A549 cells were treated with chemotherapeutic drugs (doxorubicin,
camptothecin and irinotecan) for 24 h. A control with no treatment was included. Error bars
represent the mean £ SEM and was obtained from three independent experiments (n=3).

43



3.3.2 The identification of active mushroom extracts against the A549 and HEK293 cell

lines.

Mushroom extracts (G. lucidum, T. versicolour and I. oliquus) were tested against A549 and
HEK293 cells, and the results are shown in Figure 3.2. Human embryonic kidney cells
(HEK293) were used as a control cell line to evaluate the toxicity of the mushroom extracts on
non-cancerous cells. To determine whether an extract was considered active, the study
followed the general guideline that extracts with ICso values < 1 mg/mL are regarded as
biologically active, as proposed in several phytopharmacological studies. This threshold is
commonly used in the early stages of natural product screening to identify promising
candidates for further purification and mechanistic studies (Kuete, 2010). While there is no
standard classification of the activity of compounds based on percentage cell viability, the
framework used in this study is: a percentage cell viability of less than 30% at a concentration
of 0.5 mg/mL was considered to be strongly active, 30-50% at 0.5 mg/mL was considered
moderately active, and 50-90% was considered poorly active. A percentage cell viability >
90% was considered inactive. Additionally, results at a lower concentration of 0.25 mg/mL
were also presented to show the concentration-dependent effects of the extracts, as variations

in cytotoxicity may occur at different doses.

Doxorubicin was used as the positive control. In A549 cells, doxorubicin had a percentage cell
viability of 0.56% at 0.5 mg/mL and 2.3% at 0.25 mg/mL, whereas in HEK293 cells, the
percentage cell viability was higher, indicating reduces sensitivity of non-cancerous cells to

doxorubicin (Figure 3.2).

G. lucidum extracts were the most active mushroom extracts in A549 cells, causing the
suppression of cell viability to 20% at 0.5 mg/mL and 68% at 0.25 mg/mL (Figure 3.2 A). In
HEK?293 cells, however, G. lucidum extracts were less effective inhibitors of proliferation with

75.08% and 84.45% cell viability at 0.5 mg/mL and 0.25 mg/mL, respectively (Figure 3.2 B).

T. versicolour extracts were moderately active against A549 cells, with a percentage cell
viability of 41% at 0.5 mg/mL and 64% at 0.25 mg/mL (Figure 3.2 A). In HEK293 cells, T.
versicolour activity was lower, with a percentage cell viability of 55.79% at 0.5 mg/mL and

67.82% at 0.25 mg/mL (Figure 3.2 B).

L obliquus extracts were very poorly active against A549 cells. At 0.5 mg/mL a percentage cell

viability of 82% was observed, which increased to 98% at 0.25 mg/mL (Figure 3.2 A). L
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obliguus extracts were inactive against HEK293 cells. At 0.5 mg/mL a percentage cell viability

0f' 94.21% was observed and 98.61% at 0.25 mg/mL (Figure 3.2 B).

The vehicle control for the 0.5 mg/mL mushroom extracts consisted of 3.5% ethanol and 1.5%
cell culture grade DMSO and this mixture had a percentage cell viability of 78.63% in A549
cells and 82.13% in HEK293 cells. The vehicle control which consisted of the equivalent
percentage of ethanol and DMSO as in the 0.25 mg/mL extracts, i.e. 1.75% and 0.75%, had a
percentage cell viability of 81.53% and 85.51% in A549 and HEK293 cells, respectively
(Figure 3.2). Although the vehicle control exhibits minimal cytotoxicity in both A549 and
HEK293 cells, the increased loss of viability observed with the corresponding extract
concentrations indicates that the bioactive compounds are primarily responsible for the

enhanced cytotoxic effects.
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Figure 3.2 The effect of mushroom extracts and doxorubicin on (A) A549 and (B) HEK293
cell viability. A549 and HEK293 cells were treated for 24 h with Ganoderma lucidum,
Trametes versicolour and Inonotus obliquus extracts with the equivalent amounts of vehicle
(ethanol and DMSO at a 7:3 ratio (v/v)) to match each concentration. Doxorubicin was used as
a positive control. Error bars represent the mean + SEM and were obtained from three
independent experiments (n=3).

In summary, 7. versicolour was the most active mushroom extract in HEK293 cells, whereas
G. lucidum was the most active in A549 cells. Both G. lucidum and T. versicolour extracts were

less active in HEK293 cells than in A549 cells.
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3.3.3 Determination of ICso values of G. lucidum, T. versicolour and doxorubicin against
A549 and HEK293 cells.

3.3.3.1 Determination of ICso values of G. lucidum, T. versicolour and doxorubicin against
AS549 cells

1. obliquus extracts were poorly active in A549 cells, therefore, no further evaluation was done
on this mushroom. Dose response curves of A549 cells were obtained by treating the cells with
arange of concentrations of G. lucidum extracts (0.000125 — 2 mg/mL), T. versicolour extracts
(0.000125 mg/mL — 3 mg/mL) and doxorubicin (0.001 — 100 uM) which equates to 5.44 x 10"
7~ 0.05 mg/mL for 24 h and 48 h. Each experiment was repeated at least three times and the

representative dose response curves are shown in Figure 3.3.
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Figure 3.3 Representative dose response curves of doxorubicin, Ganoderma lucidum and
Trametes versicolour against the AS549 cell line. Cells were treated at a range of
concentrations of (A) doxorubicin at 0.00001 — 100 pM, (B) doxorubicin at 5.44 x 10”7 — 0.05
mg/mL (C) Ganoderma lucidum at 0.000125 — 2 mg/mL and (D) Trametes versicolour at
0.000125 — 3 mg/mL. Each point along the curve represents the mean while the error bars
represent the SEM. The dose response curves are a representation of three independent
experiments (n=3).

Non-linear regression analysis in GraphPad Prism Version 5.1 (GraphPad Prism Software, San

Diego, USA) was used to calculate ICso values (Table 3.4). G. lucidum was the most active
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mushroom extract and had lower ICso values for both the 24 and 48 h treatment periods when
compared to 7. versicolour i.e., 0.26 = 0.02 mg/mL and 0.25 + 0.05 mg/mL, compared to 0.30
+0.01 mg/mL and 0.61 £ 0.04 mg/mL (Table 3.4). T. versicolour had a higher ICso value under
the 48 h treatment period (0.61 + 0.04 mg/mL) compared to the 24 h treatment period (0.30 £+
0.01 mg/mL) (Table 3.4). Both G. lucidum and doxorubicin had lower ICs¢ values when cells
were treated for 48 h compared to 24 h (Table 3.4).

Table 3.4 The ICso values (mg/mL) of Ganoderma lucidum, Trametes versicolour and
doxorubicin on A549 cells and the statistical comparison to doxorubicin. Concentrations
are in mg/mL unless specified otherwise. Doxorubicin values are given in both mg/mL and
uM. Values are shown as mean = SEM. The p-values were obtained by using the Student’s t-
test with Welch’s correction. The Student’s t-test compared the I1Cso values of the mushroom
extracts to that of doxorubicin.

Doxorubicin Ganoderma lucidum Trametes versicolour
Treatment | I1Cso ICso p- ICso p-value ICs value | p-value
period value value value | value (mg/mL)
(uM) | (mg/mL) (mg/mL)
24 h 9.85+ | 0.005+ - 0.255+ Significant®** | 0.304 + Significant
1.56 0.001 0.022 0.007 wk
48 h 551+ |0.003+ - 0.246 + Significant®* | 0.613 + Significant
0.93 0.001 0.049 0.040 wk

Significance was set at p<0.05 (*) while p-values less than 0.01 (**) and 0.001 (***) were

highly significant.

The 1Cso values of the extracts G. lucidum and T. versicolour in mg/mL were compared to the
ICso value of doxorubicin at 24 and 48 h. To determine whether the difference between
treatments was significant, a Student’s t-test with Welch’s correction was used, and p-values

are shown in Table 3.4.

The ICso values of both G. lucidum and T. versicolour extracts were significantly higher than
that of doxorubicin for both the 24 h and 48 h time periods (Table 3.4). The ICso value of G.
lucidum was 51- and 82-fold greater than that of doxorubicin at 24 h (p<0.01) and 48 h
(p<0.05), respectively.

T. versicolour had ICso values which were 61- and 204-fold greater than the ICso values of
doxorubicin at 24 h (p<0.001) and 48 h (p<0.01). Doxorubicin had ICso values significantly
lower than that of both G. lucidum and T. versicolour (Table 3.4).

48



3.3.3.2 Determination of ICso values of G. lucidum, T. versicolour and doxorubicin against
HEK?293 cells

Representative dose response curves are shown in Figure 3.4. G. lucidum and T. versicolour
were not strongly active in the HEK293 cells. At the highest concentrations tested, a 100% cell
death was not achieved. When treated at concentrations higher than 3 mg/mL there was a colour
interference from the mushroom extracts. The representative dose response curves are

presented as a rough comparison for the A549 cells.
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Figure 3.4 Representative dose response curves of doxorubicin, Ganoderma lucidum and
Trametes versicolour against the HEK293 cell line. Cells were treated with a range of
concentrations of (A) doxorubicin at 0.00001 — 100 pM, (B) doxorubicin at 5.44 x 107 — 0.05
mg/mL (C) Ganoderma lucidum at 0.000125 — 2 mg/mL and (D) Trametes versicolour at
0.000125 — 3 mg/mL. Each point along the curve represents the mean while the error bars

represent the SEM. The dose response curves are a representation of three independent
experiments (n=3).

The ICso values for G. lucidum, T. versicolour and doxorubicin are shown in Table 3.5. The
ICso value of G. lucidum extracts in HEK293 cells was 0.591 £ 0.101 mg/mL at 24 h and 0.151
+ 0.008 mg/mL at 48 h. T. versicolour extracts had an ICso value of 0.880 + 0.380 mg/mL and
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0.282 + 0.052 mg/mL at 24 and 48 h, respectively. Doxorubicin had an ICs¢ value of 0.010 +
0.000 mg/mL at 24 h and 0.003 + 0.001 mg/mL at 48 h.

A Student’s t-test with Welch’s correction was used to determine whether the differences
between ICso values of the mushroom extracts were significantly different from that of
doxorubicin in the HEK293 cell-line. G. lucidum had an ICso significantly higher than
doxorubicin at 24 h (p<0.05) and 48 h (p<0.001) (Table 3.5). There was no significant
difference between 7. versicolour at 24 h compared with doxorubicin (p>0.05). At 48 h, T.
versicolour had a significantly higher ICso value when compared to doxorubicin (p<0.05)

(Table 3.5).

Table 3.5 The ICso values (mg/mL) of mushroom extracts (Ganoderma lucidum and
Trametes versicolour extracts) and doxorubicin on HEK293 cells. Concentrations are in
mg/mL. Values are shown as mean + SEM. All concentrations are given in mg/mL unless
otherwise specified. The p-values were obtained from the Student’s t-test with Welch’s
Correction. The Student’s t-test compared the ICso values of the mushroom extracts to that of
doxorubicin.

Doxorubicin Ganoderma lucidum Trametes versicolour

Treatment | I1Cso ICso p- ICso value | p-value ICsp value | p-value
period value value value (mg/mL) (mg/mL)

(M) | (mg/mL)
24 h 18.62+ | 0.010=+ - 0.591 + Significant | 0.880 + Not

1.84 0.000 0.101 * 0.380 significant
48 h 479 £ 0.003 = - 0.151 Significant | 0.282 + Significant

0.51 0.001 0.008 wkE 0.052 *

Significance was set at p<0.05 (*) while p-values less than 0.01 (**) and 0.001 (***) were
highly significant.

AS549 cells had a lower ICso value for both G. lucidum and T. versicolour compared to HEK293

cells when exposed for 24 h. At an exposure time of 48 h, the inverse was true. The ICso value

of G. lucidum and T. versicolour in HEK293 cells was lower than in A549’s when exposed for
48 h.

The ICso value of doxorubicin was lower in A549 cells at 24 h compared to the ICso value of
doxorubicin in HEK293 cells. The ICso value was similar in both cell lines at a 48 h incubation

period.

3.3.4 The effect of G. lucidum and T. versicolour on the cytotoxic efficacy of doxorubicin
in A549 and HEK293 cells.
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Combination studies were performed to determine the effects of G. lucidum and T. versicolour
on the efficacy of doxorubicin against A549 and HEK293 cells over 24 h and 48 h. Doxorubicin
was used at a range of 0.0001 — 100 uM (equivalent to 5.44 x 107 — 0.05 mg/mL) in the
presence of culture media containing G. lucidum or T. versicolour at their respective ICso

values as determined in Section 3.3.3.

Concentrations used against the A549 cells were, 0.255 mg/mL G. lucidum and 0.304 mg/mL
T. versicolour at the 24 h treatment period. During the 48 h treatment period, G. lucidum and
T. versicolour were used at 0.246 mg/mL and 0.6134 mg/mL, respectively. In order to evaluate
the effect mushroom extracts had on the ICso values of doxorubicin, dose-response curves were

constructed (Figure 3.5).
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Figure 3.5 Representative dose response curves of doxorubicin and mushroom extracts.
AS549 cells were treated with a range of doxorubicin (0.0001 — 100 uM) and (A) Trametes
versicolour at 0.304 mg/mL (24 h), (B) Trametes versicolour at 0.6134 mg/mL (48 h), (C)
Ganoderma lucidum at 0.255 mg/mL (24 h), (D) Ganoderma lucidum at 0.246 mg/mL (48 h).
Dose-response curves are representative of three independent experiments (n=3). Error bars
indicate the SEM.

HEK293 cells were treated with G. lucidum and T. versicolour at 0.5911 mg/mL and 0.88
mg/mL, respectively for 24 h. At 48 h, doxorubicin was combined with 0.151 mg/mL G.
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lucidum and 0.282 mg/mL T. versicolour. To determine if mushroom extracts influenced the

ICs0 values of doxorubicin, dose-response curves were constructed (Figure 3.6).
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Figure 3.6 Representative dose response curves of combination experiments of
doxorubicin and mushroom extracts. HEK293 cells were treated with a range of doxorubicin
(0.0001 — 100 uM) and (A) Trametes versicolour at 0.880 mg/mL (24 h), (B) Trametes
versicolour at 0.282 mg/mL (48 h), (C) Ganoderma lucidum at 0.591 mg/mL (24 h), (D)
Ganoderma lucidum at 0.151 mg/mL (48 h). Dose-response curves are representative of three
independent experiments (n=3). Error bars indicate the SEM.

Table 3.6 shows the ICso values, p-values and relative potency for doxorubicin combined with
the mushroom extracts after 24 h and 48 h. The ICso values were used to calculate the relative
potency (RP) for each combination treatment at 24 h and 48 h. Relative potency is a ratio of
doses, typically the reference divided by the test compound. In this case i.e., the ICso value of
doxorubicin divided by the ICso value of the combination (doxorubicin with either G.
lucidum/T. versicolour). To evaluate the impact of G. lucidum and T. versicolour on
doxorubicin efficacy, combination treatments (doxorubicin with either G. lucidum or T.

versicolour) were compared to doxorubicin alone.

When tested in A549 cells, at 24 h, the combination of doxorubicin with G. lucidum did not

cause a statistically significant difference in the 1Cso value of doxorubicin (p>0.05). However,
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at 48 h, there was a significant increase (p<0.01) in the ICso value, indicating reduced

cytotoxicity, and a corresponding decrease in RP (Table 3.6).

Similarly, when doxorubicin was combined with 7. versicolour, no significant change in the
ICso value was observed at 24 h (p>0.05). At 48 h, the combination significantly increased
(p<0.001) the ICso value of doxorubicin, leading to a decrease in RP. This means that 7.

versicolour decreases the efficacy of doxorubicin.

In contrast, in HEK293 cells, the combination of doxorubicin with G. lucidum led to a
significant decrease in the ICso value of doxorubicin at both 24 h (p<0.01) and 48 h (p<0.01),
resulting in an increase in RP (Table 3.6). When doxorubicin was combined with 7.
versicolour, no significant difference in the ICso value was observed at 24 h (p>0.05). However,
at 48 h, the combination significantly decreased (p<0.01) the ICso value of doxorubicin, leading

to an increase in RP.

In summary, neither combination (G. lucidum + doxorubicin or 7. versicolour + doxorubicin)
had a significant effect on doxorubicin's ICso value at 24 h in A549 cells. However, at 48 h,
both combinations resulted in a statistically significant increase in the ICso value and a
decreased in the efficacy of doxorubicin (Table 3.6). In HEK293 cells, G. lucidum significantly
increased the efficacy of doxorubicin at 24 h and 48 h. T. versicolour had no effect on the
efficacy of doxorubicin at 24 h but increased the efficacy at 48 h in HEK293 cells.

Table 3.6 The ICso values (nM) of doxorubicin when combined with Ganoderma lucidum
and Trametes versicolour on A549 and HEK?293 cells. Values are shown as mean + SEM.
The p-values were obtained from the Student’s t-test with Welch Correction assuming unequal

variances. The Student’s t-test was done in order to compare the ICso values of the mushroom
extracts combined with doxorubicin to that of doxorubicin alone.

A549 cells
Doxorubicin (alone) Doxorubicin with Ganoderma Doxorubicin with Trametes
lucidum versicolour
Exposure | ICso value | RP | p-value | ICso value | RP | p-value ICso value | RP | p-value
time (nM) (nM) (nM)
24 h 9.85+ 1.0 - 747+£029 | 1.3 | Not 13.09 + 0.8 | Not
1.56 significant 0.58 significant
48 h 551+093 | 1.0 - 9.26£0.63 | 0.6 | Significant | 13+0.57 0.4 | Significant
ksk skskk
HEK?293 cells
Doxorubicin (alone) Doxorubicin with Ganoderma Doxorubicin with Trametes
lucidum versicolour
Exposure | ICso value | RP | p-value | ICso value | RP | p-value ICso value | RP | p-value
time (uM) (uM) (uM)
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24 h 18.62 + 1.0 - 1.882+0.2 | 9.9 | Significant 14.93 + 1.2 | Not
1.84 *ok 1.23 significant
48 h 479+0.51 | 1.0 - 2.850+0.3 | 1.7 | Significant | 2.558 + 1.9 | Significant
ok 0.2 ok

Significance was set at p<0.05 (*) while p-values less than 0.01 (**) and 0.001 (***) were
highly significant.

3.3.5 Stability assessment of G. lucidum and T. versicolour stored for 13-weeks

Cell viability changes were observed over time with prolonged extract storage. As a
preliminary experiment, G. lucidum and T. versicolour extracts were prepared (Chapter 2,
Section 2.2) and stored at room temperature for 13 weeks. Extract stability was assessed using
the MTT cell viability assay (Chapter 2, Section 2.5) against A549 cells. Cells were treated at
1 mg/mL for 24 h, and the viability was evaluated at week 1, 4 10 and 13. The results are
presented in Figure 3.7 for G. lucidum (A) and T. versicolour (B).

Figure 3.7A shows the cell viability of A549 cells when treated with G. lucidum after storage
of 1, 4, 10 and 13 weeks. A Student’s t-test using Welch’s correction assuming unequal
variances was performed to determine whether the difference in cell viability across the 13
weeks was significant. There was no significant difference in the percentage cell viability of
A549 cells when treated with G. lucidum extract which has been stored for up to 10 weeks
(Figure 3.7 A). There was a significant increase (p<0.005) in percentage cell viability between
week 10 and week 13. There was a 2.7-fold increase in percentage cell viability from week 10
to 13. A statistically significant increase was observed between week 1 and week 13 (p<0.005),
with a 4-fold increase (Figure 3.7 A). G. lucidum extracts stored at 4°C remains stable for up

to 10 weeks.

Figure 3.7 B shows the cell viability of A549 cells when treated with 7. versicolour extract
which has been stored for various lengths of time (1, 4, 10 and 13 weeks). A significant increase
in cell viability was observed between weeks 1 and 4 (p<0.005) and subsequently between
weeks 4 and 10 (p<0.005). There was a 17.4-fold increase in cell viability from week 1 to week
4, and a 2-fold increase from week 4 to 10 (Figure 3.7 B). The difference in cell viability
between week 10 and week 13 was not statistically significant (p>0.005). Overall, week 1 to
week 13 showed a highly significant increase in cell viability (p<0.005). Week 1 to week 13
showed a 36-fold increase in cell viability (Figure 3.7 B). T. versicolour extracts stored at 4°C
were highly unstable. This indicated long term storage decreases the activity of the T.

versicolour extracts; therefore, fresh extracts were prepared for all experiments.
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In summary, cell viability increased over extract storage time implying a loss of activity for
both G. lucidum and T. versicolour (Figure 3.7). Further stability assessment is required to

evaluate the long-term stability of the extracts under different storage conditions.
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Figure 3.7 Bar graphs showing the percentage cell viability vs extract storage time for
Ganoderma lucidum (A) and Trametes versicolour (B) treated cells at 1mg/mL for 24 h on
A549 cells. Cells were treated with 1 mg/mL of each extract. Extracts were stored at room
temperature for a period of 13 weeks. The cell viability is shown at week 1, week 4, week 10
and week 13. Error bars represent the SEM. Legends: ns= not significant. Significance was set
at p<0.05 (*) while p-values less than 0.01 (**), 0.001 (***) and 0.0001 (****) were highly
significant.

3.4. FTIR Analysis

3.4.1 Batch consistency analysis of G. lucidum and T. versicolour tincture from the same

manufacturer.

Fourier Transform Infrared (FTIR) analysis was performed on three batches of the brand of
tincture that showed the most activity as determined by the MTT cell viability assay (Chapter
2, Section 2.5). Liquid samples were used and unaltered from the original tinctures. Fifty
microliters of each tincture was used. Twenty scans per sample in the region 4000 — 650 cm’!
were performed using the Perkin Elmer Spectrum GX (Perkin-Elmer, Beaconsfield, BUCKS,
UK) as described in Chapter 2, Section 2.3.

In an FTIR spectrum, the x-axis represents the wavenumber (cm™), and the y-axis represents
the percentage transmittance (%T). Different functional groups can be identified based on the
wavenumber (location along the x-axis). The spectrum can be divided into four zones: zone 1

(single bond region) lies between 2500 — 4000 cm™!, zone 2 (triple bond region) is from 2000
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—2500 cm!, zone 3 (double bond region) spans from 1500 — 2500 cm™', and zone 4 (fingerprint
region) lies <1500 cm™. A high percentage transmittance means there are few bonds absorbing
incidence light, whereas a low percentage transmittance means there are many bonds absorbing
the incidence light. The spectrum for the inter-batch analysis of G. lucidum tinctures is shown
in Figure 3.8. Batch 1 is shown in blue, batch 2 is shown in orange, and batch 3 is shown in

green (Figure 3.8).
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Figure 3.8 FTIR spectrum of three batches of Ganoderma lucidum tinctures from the
same manufacturer. The x-axis represents the wavenumber (cm™') while the y-axis represents
percentage transmittance (%T). Legend: blue — batch 1, orange — batch 2 and green — batch 3.
Twenty scans per sample were performed using the Perkin Elmer GX.

The spectrum for each of the three batches of G. /ucidum tinctures show little variation between
overlapping spectra. A small peak shift can be observed in the 2000 - 3000 cm™ region and in
a few positions within the fingerprint region (<1500cm™"). By performing a One-Way ANOVA
assuming Gaussian distribution with the Geisser-Greenhouse correction, to compare various
points (Figure 3.8, points A-C) on the overlapped spectrum, it is shown that the p-value
between the wavenumber values and between the percentage transmittance is p>0.05 (Table
3.7). A level of significance of p=0.05 was used. This indicates that there was no significant

difference between the three G. lucidum tincture batches.
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Table 3.7 Table showing three randomly selected points from the Ganoderma lucidum
spectrum. P-values from the statistical analysis to determine the difference between
coordinates in the peak shifts are shown. A p-value of p<0.05 is considered to be statistically
significant.

Point

Coordinates (x, y)

p-value (comparing

wavenumber)

p-value

%T)

(comparing

(3293.28 cm’!, 49.88%)
(3276.90 cm', 49.62%)
(3293.98 cm’, 49.43%)

(2162.16 cm’, 93.16%)
(2162.19 cm’!, 92.88%)
(2162.34 cm!, 92.02%)

Not significant

(1385.36 cm™, 84.28%)
(1385.31 cm™, 84.13%)
(1385.46 cm™, 82.37%)

Not significant

The spectrum for the inter-batch analysis of 7. versicolour tinctures is shown in Figure 3.9.

Batch 1 is shown in blue, batch 2 is in orange, and batch 3 is shown in green (Figure 3.9). Large

peak shifts with a few areas of overlap can be observed within the spectrum (Figure 3.9).
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Figure 3.9 FTIR spectrum of three batches of Trametes versicolour tinctures. The x-axis
represents the wavenumber (cm™') while the y-axis represents percentage transmittance (%T).
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Legend: green — batch 1, red — batch 2 and blue — batch 3. Twenty scans per sample were
performed using the Perkin Elmer GX.

One-way ANOVA assuming Gaussian distribution with Geisser-Greenhouse correction was
used to compare the values between the three batches in order to determine whether the
differences are statistically significant (Table 3.8). ANOVA was used to compare the means of
the three groups, the Gaussian distribution is used for data that follows a normal distribution,
and the Geisser-Greenhouse correction was used because the ANOV A assumes equal variances
but if the assumption is invalid, the correction adjusts the result to be more reliable. P-values
greater than 0.05 were obtained when comparing both the wavenumber values and percentage
transmittance between points A-C, respectively (Figure 3.9).

Table 3.8 Table showing three randomly selected points from the 7rametes versicolour
overlapped spectrum. P-values from the statistical analysis to determine the difference

between coordinates in the peak shifts are shown. A p-value of p<0.05 is considered to be
statistically significant.

Point | Coordinates (x, y) p-value (comparing p-value  (comparing

wavenumber) %T)

A (2981.85 cm’!, 81.90%)
(2981.21 cm™, 75.24%)
(2981.20 cm™', 68.79%)

B (2162.33 cm™, 94.04%)
(2167.01 cm’, 84.01%) Not significant Not significant

(2162.46 cm™!, 77.94%)
C (748.14 cm™!, 49.29%)
(664.07 cm’, 53.04%)
(701.95 cm™!, 48.78%)

3.4.2 Extract stability assessments.
3.4.2.1 Using FTIR to measure extract profiles over time.

Fourier transform infrared (FTIR) uses atomic vibrations to represent molecular structures
(Nandiyanto et al., 2022). The peaks and spectrum of FTIR act as a fingerprint. A sufficient
reference database is needed to distinguish specific molecular structures and chemical bonding.
For the purposes of this study, two papers by Nandiyanto, Oktiani and Ragadhita (2019 and
2022), titled “How to Read and Interpret FTIR Spectroscope of Organic Material” and
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"Interpretation of Fourier Transform Infrared Spectra (FTIR): A Practical Approach in the
Polymer/Plastic Thermal Decomposition” are used. These papers address the need for a

reference database and provides comprehensive strategies on how to read FTIR peaks.

G. lucidum and T. versicolour extracts were prepared from tinctures as described in Chapter 2,
Section 2.2. Extracts were then stored at (i) room temperature, (ii) 4°C and (iii) -18°C. FTIR
analysis was done on the day extracts were prepared (week 0) and subsequently once a week

thereafter for 5 consecutive weeks.

To interpret the spectrum, it is divided into four zones. Each zone corresponds to a different
bond type. The fingerprint can be found in zone 1, double bonds in zone 2, triple bonds in zone

3 and single bonds in zone 4 (Nandiyanto et al., 2022).
3.4.2.1.1 Extracts stored at room temperature

At room temperature, there is little variation between the 7. versicolour spectra from week 1 —
4 in comparison to week 0. Spectra can be seen overlapping (Figure 3.4). When comparing the
profiles of week 0 to that of week 5 several differences were observed. Visible changes in the
spectrum can be observed in the fingerprint region (zone I), between 650 — 1500 cm™. A large

peak is visible in zone II on the spectrum for week 5 which is absent from week 0 (Figure 3.10).
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Figure 3.10 FTIR profiles for Trametes versicolour extracts stored at room temperature.
Extracts were measured over a period of 5 weeks. The x-axis represents the wavenumber (cm”
Y while the y-axis represents the % transmittance. Zone I (fingerprint) is shown in blue
margins, zone II (triple bonds) in pink margins, zone III (double bonds) in green margins and
zone IV (single bonds) in orange margins.
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To assess the difference between spectra from week 0 and week 5, points were selected to
compare more closely. The peak wavenumbers and percentage transmittance of week 0
compared to week 5 can be seen in Table 3.9.

Table 3.9 The peak wavenumbers observed in the FTIR spectrum of Trametes versicolour
extract when stored for 5 weeks at room temperature compared to the day of preparation
(week 0). Trametes versicolour extract was stored at room temperature for 5 weeks. FTIR

readings were collected weekly on the same sample. The percentage transmittance (%T) at
week 5 was compared to that collected at week 0.

Wavenumber %T (week0)  %T (week 5)

(em™)

727 70,64 83,56

953 65,22 76,12

959 68,04 82,93
1174 73,38 107,5
1240 72,55 100,07
1295 70,05 85,13
1363 69,58 81,65
1469 71,28 76,94
1722 74,21 126,98

The fingerprint region was localised between 650 and 1500 cm™!. Eight peaks were identified
in this area. The region from 700-1300 cm™ is assigned to skeletal C-C vibrations. A C-Cl
stretch can be found from 700-800 cm™'. In this region (700-800cm™), a peak is observed at
week 5 while a trough is observed at week 0. There was in increase in transmission at this

wavenumber region. This means that there are fewer C-Cl bonds to absorb that wavenumber

of light.

The area 850-995 cm™! is where aromatic phosphates are located (P-O-C stretch). Cyanate (-
OCN and C-OCN) is located at 1080-1190 cm™'. The region from 1230-1270 cm™ is where
aromatic ethers are located. The point 1295 cm™! falls within the aromatic primary amine (CN
stretch) and the aromatic secondary amines (CN stretch). These are located at 1250-1340 and
1280-1350 cm™! respectively. Sulfonates correspond to the 1340-1365 cm™ region. The region
1410-1490 cm™! corresponds to carbonate ions. The 1700-1725 cm™! region corresponds to the
carboxylic acid assignment. There is overlap in this wavenumber with ketones which exist in
the region 1705-1725 cm™ (Nandiyando et al., 2019). Overall, an increase in %T was observed
in week 5 compared to week 0. This means that there are less of the respective bonds present

to absorb incidence light. At 1174 cm™, 1240 cm™ and 1722 cm!, where the %T is >100% at
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week 5, indicates that all of that frequency passed through the compounds without any being

absorbed.

G. lucidum extracts from week 1 - 4 show little variation when compared to week 0. Again, as
with T. versicolour, at week 5 there is a change in the spectrum. The fingerprint region (650 -
1500 cm™) differs from week 0. At week 5 the spectrum had an upward shift when compared
to week O (Figure 3.11). The extract started forming a precipitate at week 5 and upon closer
examination it appeared to be fermenting based off the odour and gas bubbles forming with in

vial.
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Figure 3.11 FTIR profiles for Ganoderma lucidum extracts stored at room temperature.
Extracts were measured over a period of 5 weeks. The x-axis represents the wavenumber (cm”
") while the y-axis represents the % transmittance. Zone I (fingerprint) is shown in blue
margins, zone II (triple bonds) in pink margins, zone III (double bonds) in green margins and
zone IV (single bonds) in orange margins.

The peak wavenumbers and percentage transmittance of week 0 compared to week 5 can be
seen in Table 3.10. There were 6 peaks identified in the fingerprint region (650 — 1500 cm™).
The region 700 — 800 cm™! corresponds to C-Cl bonds. Cyclohexane ring vibrations are located
between 1000 — 1055 cm™. Secondary amines (C-N stretch) are in the region 1130 — 1190 cm’
I, A big peak shift is observed at 1190 cm™ in week 5 compared to week 0. Ketones and
carboxylic acid overlap in wavenumber, at 1705 — 1725 cm™ and 1700 — 1725 cm,
respectively. Both functional groups are categorized by carbonyl compounds. Methyl groups

are located at 2950 — 2970 cm™'.
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Table 3.10 The peak wavenumbers observed in Ganoderma lucidum when stored for 5

weeks at room temperature compared to the day of preparation (week 0).

Wavenumber %T (week0) @ %T (week 5)

(cm™)

733 71,1 89,12
1014 57,21 54,9
1175 75,43 130,44
1190 75,22 126,26
1240 74,41 120,93
1294 71,72 101,26
1721 77,16 162,85
1724 77,2 157,97
2945 73,07 100,11
2955 71,98 96
3995 83,4 99,08

3.4.2.1.2 Extracts stored at -18°C

At -18°C there is consistency between spectra from week 1 to 4 in 7. versicolour extracts,
when compared to week 0. At week 5 a change is observed in the fingerprint region (650 —

1500 cm™) (Figure 3.12).
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Figure 3.12 FTIR profiles for Trametes versicolour extracts stored at -18°C. Extracts were
measured over a period of 5 weeks. The x-axis represents the wavenumber (cm™') while the y-
axis represents the % transmittance. Zone 1 (fingerprint) is shown in blue margins, zone II
(triple bonds) in pink margins, zone III (double bonds) in green margins and zone IV (single
bonds) in orange margins.
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The %T values for some wavenumbers which were visibly different in the spectra between

week 0 and week 5 are shown in Table 3.11.

Table 3.11 The peak wavenumbers observed in Trametes versicolour when stored for 5
weeks at -18°C compared to the day of preparation (week 0).

Wavenumber %T (week 0) %T (week

(cm™) 5)

736 71,00 80,78

936 70,74 79,22

968 70,81 80,13
1099 64,05 75,6
1104 67,81 80,96
1176 72,58 106,72
1239 71,87 99,32
1294 69,62 84,91
1367 68,38 81,32
1420 66,27 72,92
1722 73,00 126,23

G. lucidum extracts showed variation across week 0 to week 5 (Figure 3.13). The fingerprint
region (650 — 1500 cm™) showed inconsistencies from week 0, throughout to week 5. As the
aim of using FTIR was to assess stability over time with storage at different temperatures, for
simplicity and clarity, comparison will be made of the extracts the day of preparation (week 0)

and at the end of the experiment (week 5).
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Figure 3.13 FTIR profiles for Ganoderma lucidum extracts stored at -18°C. Extracts were
measured over a period of 5 weeks. The x-axis represents the wavenumber (cm™') while the y-
axis represents the % transmittance. Zone I (fingerprint) is shown in blue margins, zone II
(triple bonds) in pink, zone III (double bonds) in green and zone IV (single bonds) in orange.
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The spectrum of week 5 is higher along the y-axis in comparison to the spectrum of week 0
(Figure 3.13). The spectrum for week 0 begins at 68.57 cm™!, whereas week 5 beings at 82.58
cm’!. Many troughs and peaks are observed in the fingerprint region (650 — 1500 cm™') in the
week 5 spectrum which are not present in the week 0 spectrum (Figure 3.13). Additionally, a
trough is observed at 1721 cm™ on the week 5 spectrum (Figure 3.13). The spectrum shape for
week 5 is similar to that of week 0 in zone III and IV, with the exception of being shifted
upwards. The broad trough seen in zone IV is less prominent in week 5 compared to week 0
(Figure 3.13). All the changes at in the week 5 spectrum indicate the instability of G. lucidum
extracts when stored at -18°C. Most of the spectrum (week 5), had a %T close to 100% which
is a strong indication that the compound has degraded, as there are no bonds absorbing a wide

range of wavelengths.

Table 3.12 shows the %T at week 0 compared to week 5 at a few wavenumbers which showed
major differences in appearance on the spectrum.
Table 3.12 A comparison of %T on the FTIR spectrum for Ganoderma lucidum stored at

-18°C for 5-weeks compared to extracts the day of preparation (week 0). Ganoderma
lucidum extracts were stored at -18°C for 5 weeks and analysed using FTIR weekly.

Wavenumber %T (week 0) %T (week 5)

(em™)
1721 73,14 23,96
1167 72,55 49,79
906 72,18 86,55
2867 65,70 89,02
2948 68,16 83,56
650 68,57 82,58

3.4.2.1.3 Extracts stored at 4°C

When stored at 4°C, there was little variation across spectra (Figure 3.14). The spectra from
weeks 1 — 5 can be seen overlapping with week 0. T. versicolour extracts stored at 4°C were

the most stable in comparison to those stored at room temperature and -18°C.
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Figure 3.14 FTIR profiles for Tramates versicolour extracts stored at 4°C. Extracts were
measured over a period of 5 weeks. The x-axis represents the wavenumber (cm™') while the y-
axis represents the % transmittance. Zone I (fingerprint) is shown in blue margins, zone II
(triple bonds) in pink margins, zone III (double bonds) in green margins and zone IV (single
bonds) in orange margins.

When stored at 4°C, G. lucidum extracts showed consistency across spectra from week 1 to 5
in comparison to week 0 (Figure 3.15). G. lucidum extracts stored at 4°C were the most stable

when compared to extracts stored at room temperature and -18°C.
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Figure 3.15 FTIR profiles for Ganoderma lucidum extracts stored at 4°C. Extracts were
measured over a period of 5 weeks. The x-axis represents the wavenumber (cm™') while the y-
axis represents the % transmittance. Zone I (fingerprint) is shown in blue margins, zone II
(triple bonds) in pink margins, zone III (double bonds) in green margins and zone IV (single
bonds) in orange margins.

In summary, spectral analysis showed minimal variation among G. lucidum and T. versicolour

batches. At room temperature, both 7. versicolour and G. lucidum extracts displayed minimal
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spectral variation until week 5, at which point substantial changes were observed in the
fingerprint region (650—-1500 cm™). For T. versicolour, increased transmittance at several
wavenumbers suggested degradation of specific functional groups, while for G. lucidum, a
pronounced upward shift in the spectrum coincided with visible signs of fermentation. When
stored at -18°C, T. versicolour remained stable up to week 5, after which peak shifts in the
fingerprint region were detected, suggesting molecular changes over time. G. lucidum extracts
stored at -18°C showed spectral inconsistencies from week 0 to week 5, with increased
transmittance across a wide range of wavenumbers, indicating significant degradation. At 4°C,
T. versicolour remained stable for the entire five-week period, with no significant spectral
alterations detected. G. lucidum extracts stored at 4°C also showed minimal variation until
week 5, at which point slight shifts in the fingerprint region suggested the onset of molecular

changes, though to a lesser extent than those observed at room temperature and -18°C.

3.5 Assessment of cytotoxic effects by evaluating the morphology of A549 and HEK293

cells.

Cells were treated with 0.5 mg/mL and 0.25 mg/mL of mushroom extracts (G. lucidum and T.
versicolour) and doxorubicin at concentrations equivalent to their ICgo values as determined in
Chapter 2, Section 2.5. Cells were exposed to the compounds for a period of 18 h and 24 h.
Cells were then stained using a combination of HO, AO and PI fluorescent dyes to visualise
changes in the morphology of cells as described in (Chapter 2, Section 2.6). Results are shown
as follows: PC merged with HO images, HO merged with PI, and PI merged with AO. The
effects of G. lucidum and T. versicolour on A549 cells is shown in Figure 3.16 (18 h incubation)
and 3.17 (24 h incubation) and the effect on HEK293 cells is shown in Figure 3.18 (18 h
incubation) and 3.19 (24 h incubation).

3.5.1 The cytotoxic effects of G. lucidum and T. versicolour on A549 cell morphology.

Figure 3.16 shows the effect of doxorubicin, G. lucidum and T. versicolour in A549 cells at 18
h. In untreated cells (Figure 3.16, panel a and b), HO stained the nuclei evenly to show their
regular ovoid shape. The absence of PI staining indicated intact plasma membranes and the
absence of necrosis (Figure 3.16, panel b-c). Cells were stained green as a result of the AO dye

(Figure 3.16, panel c).

Cells treated with doxorubicin at concentrations equivalent to the ICgo values (20 uM) showed
morphological changes consistent with cellular stress (Figure 3.16, panels d-f). Under phase

contrast mode, cells appear granulated (Figure 3.16, panel d). A few cells marked in panels d-
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f (Figure 3.16) appear rounded as indicated by arrows. Since doxorubicin acts by inter-
chelating with DNA and has an intrinsic red fluorescence, it was likely the cause of the
observed red nuclei (Figure 3.16, panel e and f). The doxorubicin treated cells show a decreased
staining with HO (Figure 3.16, panel e). This is because of HO binding competing with
doxorubicin for the minor groove on DNA (Elgart et al., 2018).

Cell membranes appeared smooth, indicating the membranes were intact and the red nuclei
was caused by doxorubicin and not PI (Figure 3.16, panel e). Doxorubicin accumulated in the
perinuclear spaces within A549 cells but did not enter the nuclei of the majority of cells at 18

h (Figure 3.16, panel e-f).

When treated with 0.5 mg/mL G. lucidum extract for 18 h, cells showed nucleic changes
consistent with necrosis (Figure 3.16, panels g-i). In this treatment, 59 = 6% of cells were
necrotic. Cellular membranes did not appear smooth which was indicative of compromised
membrane integrity (Figure 3.16, panel g). The merged image of HO and PI was pink,
indicating the presence of PI in the nuclei and necrosis of the cell (Figure 3.16, panel h). The
merged image of PI and AO indicated cells stained positive for PI, confirming the compromised
plasma membrane integrity (Figure 3.16, panel i). Cells were stained green as a result of AO,

with the brightest green fluorescence located in the nucleus (Figure 3.16, panel i).

When cells were treated with 0.25 mg/mL of G. lucidum extract there was no indication of PI
positive nuclei indicating the absence of necrosis. Vacuoles were present in the merged PC and
HO image, indicated by the green arrows (Figure 3.16, panel j). At this treatment concentration,
cells were vacuolated, and some cells were detached from the growth surface as indicated by
their round shape (Figure 3.16, panel j). The cells showed changes to the nuclei, detected with
HO, which were consistent with apoptotic cell death. There was an increase in the intensity of
the blue, fluorescent signal and the presence of blue globules which indicated nuclear
fragmentation (Figure 3.16, panel k). In the merged PI and AO image, the absence of PI
indicated an intact plasma membrane, while cells were stained green with AO (Figure 3.16,

panel 1).

A concentration of 0.5 mg/mL 7. versicolour extract caused some cells to detach from the
growth surface, as indicated by their round shapes (Figure 3.16, panel m). At this concentration,
cells showed morphological changes consistent with apoptotic cell death, such as nuclear
fragmentation and an increase in blue fluorescence (Figure 3.16, panel n). Figure 3.16, panel o

indicated the absence of PI while all cells were green because of AO.
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A similar effect was observed at a concentration of 0.25 mg/mL 7. versicolour extract in Figure
3.16, panel p-r. Cells in this treatment were detaching from the growth surface, as indicated by
their round shape (Figure 3.16, panel p). Cells showed nuclear changes consistent with
apoptosis, such as nuclear fragmentation (Figure 3.16, panel q). In the merged P and AO image
all cells were green because of the AO, the absence of PI indicated that membranes were intact

(Figure 3.16, panel r).

68



PC and HO merged HO and Pl merged Pl and AO merged

Control

Doxorubicin

Ganoderma

luciudm
0.5mg/mL

Gandoerma
0.25 mg/mL

luciudm

Trametes
versicolour

Trametes
versicolour

Figure 3.16 Representative photomicrographs showing the morphological changes caused
by Ganoderma lucidum, Trametes versicolour and doxorubicin on A549 cells after an 18 h
treatment. Panels a-c shows untreated cells, panels d-f shows the effect of 0.5 mg/mL
Ganoderma lucidum extract, panels j-1 shows the effect of 0.25 mg/mL Ganoderma lucidum
extract, panels m-o shows the effect of 0.5 mg/mL Trametes versicolour extract, and panels p-
r shows the effect of 0.25 mg/mL Trametes versicolour extract. Cells were viewed with the
Olympus BX41 microscope and images were captured with the DP72 digital camera
(magnification: 400x%, scalebar 20um). Legend — PC=Phase contrast, HO=Hoechst 33342,
PI=Propidium iodide, and AO=Acridine orange. Arrows — white=nucleus, blue=granules,
orange=rounded cell, red=necrotic cell, green=vacuoles, yellow=apoptotic cell.
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Figure 3.17 shows the effect of doxorubicin, G. lucidum and T. versicolour in A549 cells at 24
h. Panels a-c represents untreated cells. Cells appeared uniform in shape and size (Figure 3.17,
panel a). Cellular nuclei were stained uniformly with HO (Figure 3.17, panel b) and cell
membranes were intact, indicated by the negative stain for PI (Figure 3.17, panel c¢). AO stained
cells green (Figure 3.17, panel ¢). AO is an indicator of lysosome formation which presents as

yellow or red granules since lysosomes are acidic.

Doxorubicin was used a positive control. When A549 cells were treated with doxorubicin for
24 h, nuclear changes consistent with apoptosis could be observed (Figure 3.17, panels d-f).
Nuclei were deformed and appeared to be non-uniformly stained with HO (Figure 3.17, panel
e). Since no yellow or red granules were present, doxorubicin did not increase the formation of

lysosomes which is an early but not absolute indicator of autophagy.

Treatment with G. lucidum extracts at a concentration of 0.5 mg/mL caused cellular membranes
to appear uneven, indicating that the membrane integrity was compromised (Figure 3.17, panel
g). All cells stained positive for PI, this is indicative of necrosis as it suggests the plasma
membrane integrity is compromised. The merged PI and AO image is orange because of the

combination of the PI and AO (Figure 3.17, panel 1).

At the lower concentration of G. lucidum extract (0.25 mg/mL), cells appeared round, and
vacuoles were present (Figure 3.17, panel j). In this treatment, both apoptosis (30%) and
necrosis (40%) were observed (Figure 3.17, panel k). In Figure 3.17, panel k, membrane
blebbing and nuclear fragmentation can be observed which is indicative of apoptosis, while the
positive stain for PI indicates necrotic cell death. In panel 1 (Figure 3.17) the merged PI and

AO image is orange because of the combination of the PI and AO.

Similarly, treatment with 7. versicolour extract at 0.5 mg/mL caused cells to appear granulated
and vacuolated with uneven cell membranes (Figure 3.17, panel m). Cells in this treatment
were necrotic as indicated by the red nuclei from PI (Figure 3.17, panel n). The merged PI and
AO image is orange because of the combination of PI and AO (Figure 3.17, panel o). Green

speckled regions in panel o indicate nuclear fragmentation.

At a lower concentration of 7. versicolour (0.25 mg/mL), some cells were detached from the
growth surface as indicated by their round shape (Figure 3.17, panel p). Cells showed nuclear
changes consistent with apoptosis, such as an increased blue fluorescence and nuclear

fragmentation seen in Figure 3.17, panel q and r.
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Figure 3.17 Representative photomicrographs showing the morphological changes caused
by Ganoderma lucidum, Trametes versicolour and doxorubicin on A549 cells after a 24 h
treatment. Panels a-c shows untreated cells, panels d-f shows the effect of 0.5 mg/mL
Ganoderma lucidum extract, panels j-1 shows the effect of 0.25 mg/mL Ganoderma lucidum
extract, panels m-o shows the effect of 0.5 mg/mL Trametes versicolour extract, and panels p-
r shows the effect of 0.25 mg/mL Trametes versicolour extract. Cells were viewed with the
Olympus BX41 microscope and images were captured with the DP72 digital camera
(magnification: 400%, scalebar 20um). Legend — PC=Phase contrast, HO=Hoechst 33342,
PI=Propidium iodide, and AO=Acridine orange. Arrows — white=nucleus, blue=granules,
orange=rounded cell, red=necrotic cell, green=vacuoles, yellow=apoptotic cell.
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In summary, in A549 cells, doxorubicin-treated cells showed different effects over time, with
an 18 h treatment causing granulation. At 24 h, apoptosis was evident, accompanied by
cytoplasmic red fluorescence. Cells treated with 0.5 mg/mL G. lucidum showed necrosis at
both treatment points, with necrosis increasing from 59 + 6% at 18 h to 100% at 24 h. At 0.25
mg/mL G. lucidum, apoptosis was observed at 18 h, while both apoptosis and necrosis were
observed at 24 h, with necrosis being more prevalent. 7. versicolour treatment for 18 h at 0.5
mg/mL caused apoptosis and necrosis at 24 h. At a lower concentration of 0.25 mg/mL,

apoptosis was present at both treatment periods.
3.5.2 The cytotoxic effects of G. lucidum and T. versicolour on HEK293 cell morphology.

Cells were exposed to the compounds for a period of 18 h and 24 h. Cells were then stained
using a combination of HO, AO and PI fluorescent dyes to visualise changes in the morphology
of cells as described in (Chapter 2, Section 2.6). Results are shown as follows: PC merged with
HO images, HO merged with PI, and PI merged with AO. The effects of G. lucidum and T.
versicolour on HEK293 cells is shown in Figure 3.18 (18 h incubation) and 3.19 (24 h

incubation).

Panels a-c shows untreated HEK293 cells. The cells were uniform in shape and size and had
smooth membranes (Figure 3.18, panel a). Their nuclei were stained uniformly with HO (panel

b) and their membranes were intact as indicated by the absence of PI (panel c).

Doxorubicin was used as the positive control (Figure 3.18, panels d-f). Cells treated with
doxorubicin for 18 h had extensive perinuclear granulation which showed as dark circles
around the nuclei of the cells (Figure 3.18, panel d). Doxorubicin accumulated in the
perinuclear region, as indicated by the red fluorescence in the region (Figure 3.18, panel e).
Cells show a decrease in blue fluorescence due to doxorubicin competing with HO for the
binding to DNA (Figure 3.18, panel e). The red fluorescence from the merged PI and AO image

is brighter than the green fluorescence of AO, cells do therefore not appear green (Figure 3.18,

panel f).

When treated with G. lucidum at 0.5 mg/mL for 18 h, cells appeared vacuolated (Figure 3.18,
panel g). Nuclear fragmentation was seen in a few cells, indicating apoptosis (Figure 3.18,
panel h). There was no evidence of apoptosis or necrosis in this treatment. Orange specs within
green cells were seen (Figure 3.18, panel 1). AO staining showed orange specs within green
cells (Figure 3.18, panel i). The orange specs were located in the cytoplasm of cells. This

indicates the presence of lysosomes, which is a preliminary feature of autophagy.
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G. lucidum treatment at 0.25 mg/mL caused cells to detach from the growth surface and assume
a rounded morphology (Figure 3.18, panel j). The merged HO and PI image shows uniformly
stained nuclei (Figure 3.18, panel k). There was a low percentage of cells (3.0 £ 1.0 %) which
had a positive signal for PI. Orange specks within cells were observed in Figure 3.18, panel 1.

This indicates the presence of lysosomes which is a preliminary feature of autophagy.

Cells treated with 7. versicolour at a concentration of 0.5 mg/mL appeared non-uniform, with
some cells detaching from the growth surface and assuming a round morphology (Figure 3.18,
panel m). A low percentage of cells (18.0 = 4.0 %) were undergoing nuclear fragmentation as
indicated by yellow arrows (Figure 3.18, panel n). Red fluorescence was observed in some
cells (9.5 £ 0.5 %), indicating the membrane integrity was compromised which is a feature of
necrotic cell death (Figure 3.18, panel n). Some cells in the P and AO merged image appeared
orange because of the PI red fluorescence overlayed with the green from the AO (Figure 3.18,
panel o). Additionally, lysosomes appeared as small orange specks and indicate preliminary

signs of autophagy.

At the lower concentration of 7. versicolour extract (0.25 mg/mL), cells appeared irregular in
shape and size (Figure 3.18, panel p). A low percentage of cells (15.0 £ 2.0 %) had cellular
changes consistent with apoptosis, i.e. nuclear fragmentation (Figure 3.18, panel q). While 5.0
+ 2.0 % of cells stained positive for PI which is indicative on a compromised plasma membrane
and therefore necrosis (Figure 3.18, panel q). Cells which had a positive signal for PI appeared
orange in the merged PI and AO image (Figure 3.18, panel r). Additionally, the smaller specks

of orange are lysosomes. Lysosomes are a preliminary feature of autophagy.
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Figure 3.18 Representative photomicrographs showing the morphologic changes caused
by Ganoderma lucidum, Trametes versicolour and doxorubicin on HEK293 cells after a 18
h treatment. Panels a-c shows untreated cells, panels d-f shows the effect of 0.5 mg/mL
Ganoderma lucidum extract, panels j-1 shows the effect of 0.25 mg/mL Ganoderma lucidum
extract, panels m-o shows the effect of 0.5 mg/mL Trametes versicolour extract, and panels p-
r shows the effect of 0.25 mg/mL Trametes versicolour extract. Cells were viewed with the
Olympus BX41 microscope and images were captured with the DP72 digital camera
(magnification: 400%, scalebar 20um). Legend — PC=Phase contrast, HO=Hoechst 33342,
PI=Propidium iodide, and AO=Acridine orange. Arrows — white = nucleus, purple = granulated
cells, orange = cells shrinking / rounding up, red = necrotic cell, green = vacuoles, yellow =
apoptotic nuclei. Arrows — white=nucleus, orange=rounded cell, red=necrotic cell,
green=vacuoles, yellow=apoptotic cell, pink=lysosomes.
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Untreated cells appeared uniform in shape and size with even cell membranes (Figure 3.19,
panel a). Cells were growing elongated, which is normal when there are large spaces between
cells. Lysosomes were seen in panel b (Figure 3.19). Lysosomes tend to cluster around the
nucleus when cells are deprived of nutrients (Ebner et al., 2023). Since there was nothing
inhibiting the growth of untreated cells, they were still actively growing and used up most of
the nutrients in the culture media, resulting in the lysosomes forming. Cells were stained

uniformly with HO (Figure 3.19, panel b).

Doxorubicin was used as the positive control. Cells appeared larger than untreated cells (Figure
3.19, panel d). This is indicative of cytoplasmic swelling. Cells were granular and the plasma
membranes appeared uneven (Figure 3.19, panel d). Uneven membranes are an indication of
compromised membrane integrity. This means that PI could penetrate the membrane, and the
red fluorescence is due to PI (Figure 3.19, panel e). Treatment with doxorubicin for 24 h caused
HEK?293 cells to undergo necrosis. The green fluorescence from AO is not visible due to the

bright red fluorescence in the merged PI and AO image (Figure 3.19, panel f).

Cells treated at 0.5 mg/mL of G. lucidum appeared rounded (Figure 3.19, panel g). Cells were
positive for PI, indicating compromised plasma membrane integrity and therefore necrosis
(Figure 3.19, panel h). The merged PI and AO images shows orange cells because of the
combination of the PI and AO signal (Figure 3.19, panel 1).

Cells treated with G. lucidum at 0.25 mg/mL appeared vacuolated (Figure 3.19, panel j). Panel
k shows cells positive for PI (Figure 3.19). This is consistent with necrosis. A small percentage

of cells were undergoing nuclear fragmentation, being indicative of apoptosis.

T. versicolour treatment at 0.5 mg/mL caused cells to appear granular with uneven membranes
(Figure 3.19, panel m). Uneven membranes indicate compromised membrane integrity which

is a feature of necrosis (Figure 3.19, panel m and o).

At 0.25 mg/mL of T. versicolour, cells appeared irregular in shape and size (Figure 3.19, panel
p). At this concentration, cellular changes consistent with apoptosis were observed such as an

increase in HO fluorescence and nuclear fragmentation (Figure 3.19, panel q).

In summary, in HEK293 cells, untreated cells remained uniform in shape with smooth
membranes across both exposure periods. Doxorubicin treatment at 18 h led to perinuclear
accumulation and signs of autolysis, whereas at 24 h, necrosis was dominant, characterized by

rough membranes and Pl-positive staining. Treatment with 0.5 mg/mL G. lucidum did not

75



induce significant cell death at 18 h; however, necrosis was predominant at 24 h. At 0.25
mg/mL G. lucidum, no apoptosis was observed at 18 h, but both apoptosis and necrosis were
present at 24 h. T. versicolour at 0.5 mg/mL caused both apoptosis and necrosis at 18 h, with
necrosis becoming predominant at 24 h. At 0.25 mg/mL T. versicolour, apoptosis was the
primary mechanism at 18 h, while both apoptosis and necrosis were observed at 24 h. Overall,
prolonged exposure (24 h) generally increased necrosis, particularly at higher extract

concentrations, while apoptosis was more prominent at 18 h, especially at lower concentrations.
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Figure 3.19 Representative photomicrographs showing the morphological changes caused
by Ganoderma lucidum, Trametes versicolour and doxorubicin on HEK293 cells after a 24
h treatment. Panels a-c: untreated cells, panels d-f shows the effect of 0.5 mg/mL Ganoderma
lucidum extract, panels j-1: 0.25 mg/mL Ganoderma lucidum extract, panels m-o: 0.5 mg/mL
Trametes versicolour extract, and panels p-r: the effect of 0.25 mg/mL Trametes versicolour
extract. Cells were viewed with the Olympus BX41 microscope and images were captured with
the DP72 digital camera (magnification: 400x, scalebar 20um). Legend — PC=Phase contrast,
HO=Hoechst 33342, PI=Propidium iodide, and AO=Acridine orange. Arrows — white=nucleus,
blue=granules, orange=rounded cell, red=necrotic cell, green=vacuoles, yellow=apoptotic cell.
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Figure 3.20 shows the average percentages of cells undergoing apoptosis and necrosis when
treated with G. lucidum and T. versicolour. A549 cells treated with G. lucidum at 0.5 mg/mL
for 18 h solely underwent necrosis, with 59.0 + 6.0 % of cells undergoing necrosis, apoptosis
was not induced in this treatment (Figure 3.20, panel A). The lower concentration of G. lucidum

(0.25 mg/mL) caused apoptosis (31 + 1.0 %), whereas necrosis did not occur.

T. versicolour extracts caused A549 cells to undergo apoptosis at both 0.5 mg/mL and 0.25
mg/mL with percentages of 38.0 + 3.0 % and 25.5 = 0.5 %, respectively (Figure 3.20, Panel
A). At 24 h, A549 cells exclusively underwent necrosis (100 + 0.0 %) when treated with 0.5
mg/mL G. lucidum with no apoptosis observed in this treatment (Figure 3.20, Panel B). At 0.25
mg/mL G. lucidum, A549 cells underwent both apoptosis (29.5 + 0.5 %) and necrosis (39.5 £
5.5 %), with necrosis being predominant. 7. versicolour at 0.5 mg/mL caused cells to undergo
necrosis exclusively (100 = 0.0 %) (Figure 3.20, Panel B), whereas the 0.25 mg/mL
concentration of 7. versicolour caused cells to undergo apoptosis exclusively (47.0 = 2.0 %)

(Figure 3.20, Panel B).

HEK293 cells treated with G. lucidum at both 0.5 mg/mL and 0.25 mg/mL for 18 h did not
undergo apoptosis (Figure 3.20, Panel C). In the lower concentration (0.25 mg/mL) 3.0 £ 1.0
% of cells were necrotic. 7. versicolour at 0.5 mg/mL caused HEK293 cells to undergo
apoptosis (18.0 = 4 %) and necrosis (9.5 = 0.5 %) (Figure 3.20, Panel C). The lower
concentration of 7 versicolour (0.25 mg/mL) caused 15.0 + 2.0 % of cells to undergo apoptosis
while 3.0 = 1.0 % were necrotic. At 24 h, 0.5 mg/mL G. lucidum caused cells to undergo
necrosis primarily (71.0 = 7.0 %) (Figure 3.20, Panel D). Both apoptosis (48.0 = 7.0) and
necrosis (73.5 £ 4.5) were observed in the 0.25 mg/mL treatment, necrosis being predominant
(Figure 3.20, Panel D). T. versicolour treated cells underwent both apoptosis (2.0 = 2.0 %) and
necrosis (34.5 + 8.5 %) when treated at 0.5 mg/mL. Again, at 0.25 mg/mL T. versicolour, both
apoptosis (18.0 £ 5.0 %) and necrosis (17.0 = 1.0 %) were observed (Figure 3.20, Panel D).

In summary, G. lucidum and T. versicolour show a concentration dependent effect on cell death
mechanisms in both A549 and HEK293 cell lines. In A549 cells, high concentrations of G.
lucidum primarily induce necrosis at both 18 h and 24 h. Apoptosis dominates at 18 h for 0.25
mg/mL G. lucidum and T. versicolour at both concentrations. Low concentrations of G.
lucidum (0.25 mg/mL) result in predominantly necrosis. The same was true for 7. versicolour
at high concentrations (0.5 mg/mL), whereas at low concentrations apoptosis was favoured. In

HEK?293 cells, G. lucidum does not induce cell death at 18 h. At 24 h, high concentrations of
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G. lucidum result in necrosis, whereas lower concentrations prompt both apoptosis and
necrosis. At 18 h, T versicolour induces apoptosis primarily. When exposed for longer (24 h),
necrosis is the predominant cell death mechanism at high concentrations (0.5 mg/mL). Low

concentrations of 7. versicolour (0.25 mg/mL) caused both apoptosis and necrosis.
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Figure 3.20 Average percentage of cells that underwent apoptosis or necrosis when treated
with Ganoderma lucidum and Trametes versicolour. A549 and HEK293 cells were treated
with 0.5 mg/mL and 0.25 mg/mL of mushroom extract (Ganoderma lucidum and Trametes
versicolour) for 18 h and 24 h. Panel A represents A549 cells for 18 h, (B) A549 cells for 24 h,
(C) HEK293 cells for 18 h and (D) HEK?293 cells for 24 h. Each bar represents the mean and
error bars represent the SEM. Results were obtained from three independent experiments.

3.6 The effect of the mushroom extracts and doxorubicin on Annexin-V binding to

phosphatidylserine.

The translocation of phosphatidylserine, an early indicator for apoptosis, was evaluated after
cells were treated with 0.25 and 0.5 mg/mL G. lucidum and T. versicolour extract for 24 h.
Cells were treated with doxorubicin at a concentration equivalent to the ICgo value (Chapter 2,

Section 2.5). Following the treatment, the Invitrogen annexin V Alexa Fluor™ 488 conjugate
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(Thermo-Fisher Scientific, A13201) was used to detect the translocated phosphatidylserine as
described in Chapter 2, Section 2.7. Cells were viewed using the Olympus BX41 microscope
and images were captured using the Olympus DP72 camera. Representative photomicrographs
from three independent experiments are shown in Figure 3.21 and Figure 3.22 for A549 and

HEK?293 cells respectively.
3.6.1 Annexin-V binding to phosphatidylserine in A549 cells

The untreated cells (Figure 3.21, panel a) show oval nuclei within a healthy cell and the absence
of Pl and AV binding are observed (Figure 3.21, panel b). Doxorubicin was used as the positive
control and is shown in panel ¢ and d (Figure 3.21). All doxorubicin treated cells had red nuclei
due to doxorubicin’s innate red fluorescence. The fluorescence from doxorubicin and PI are
indistinguishable. A549 cells were treated with doxorubicin at 20 pM. Cells were granulated
(Figure 3.21, panel c¢) with some cells assuming a round morphology because they have
detached from the growth surface. Panel d shows the presence of acidic granules (Figure 3.21).
Dark perinuclear circles are visible in doxorubicin treated cells (Figure 3.21, panel c). This is
a morphological feature of autosis. Autosis is a type of autophagic cell death which is Na*, K*
-ATPase-regulated (Liu et al., 2013). Morphological features include increase autophagosomes
at early stages, while late-stage morphology includes focal swelling of the perinuclear space
(Liu et al., 2013). Cellular nuclei are stained red as a result of the innate fluorescence of

doxorubicin (Figure 3.21, panel d).

G. lucidum at a concentration of 0.5 mg/mL caused cells to detach from the growth surface,
assume a round morphology, and clump together (Figure 3.21, panel e). Panel f shows binding
for both the annexin-V conjugate and PI occurred, being indicative of a late stage of apoptosis
or secondary necrosis (Figure 3.21, panel f). Secondary necrosis occurs when apoptotic cells
are not cleared. Apoptosis then progresses to secondary necrosis and cells lose their membrane
integrity (Sachet ef al., 2017). Annexin-V binding appears granular, spread over the entire cell.
This is typical for the late stage of apoptosis because of the membrane dysregulation. Cells
treated with a lower concentration of G. lucidum (0.25 mg/mL) were vacuolated and rounded
(Figure 3.21, panel g). Panel h shows annexin-V binding with fewer cells indicating PI binding
than in the 0.5 mg/mL treatment (Figure 3.21, panel h). Annexin-V binding appeared granular

in late apoptotic cells while the binding appeared smooth in early apoptotic cells.

A concentration of 0.5 mg/mL T. versicolour extract appeared to be smaller and had a more

rounded appearance with prominent nuclei (Figure 3.21, panel i). Cells showed binding for the
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annexin-V conjugate. Some cells were undergoing secondary necrosis based on the positive PI
signal. Annexin-V binding appeared uniform and covered the entire cell (Figure 3.21, panel j).
This is indicative of early apoptosis because phosphatidylserine is externalized to the outer

leaflet.

A lower concentration of 7. versicolour (0.25 mg/mL) showed some cells resembling the
untreated cells while other cells were detaching from the growth surface and appeared rounder
and smaller (Figure 3.21, panel k). Cells in this treatment showed a positive signal for the
annexin-V conjugate and no signal for PI (Figure 3.21, panel ). Annexin-V binding appeared
granular, scatter across entire cells. Punctate fluorescence occurs due to membrane

disintegration.
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Figure 3.21 Representative photomicrographs showing binding of annexin-V to
phosphatidylserine in A549 cells when treated with doxorubicin, Ganoderma lucidum and
Trametes versicolour. A549 cells were treated with doxorubicin at 20 uM and Trametes
versicolour and Ganoderma lucidum extracts at concentrations of 0.25 mg/mL and 0.5 mg/mL
for 24 h. Panels a and b show untreated cells, panel ¢ and d show the effect of doxorubicin,
panels e and f show the effect of Ganoderma lucidum at 0.5 mg/mL, panels g and h show the
effect of Ganoderma lucidum at 0.25 mg/mL, panels i an j show the effect of Trametes
versicolour at 0.5 mg/mL, and panels k and | show the effect of Trametes versicolour at 0.25
mg/mL. An Olympus BX41 microscope was used to observe cells and the Olympus DP72
camera was used to capture images (Magnification: 400x; scalebar: 20um). LEGEND: PC=
phase contrast, PI= propidium iodide. The experiment was repeated three times (n=3). Arrows:
green = granules, blue = rounded cell, purple = acidic granules, red = late apoptosis/necrosis,
yellow = apoptotic cell, and orange = vacuoles.
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3.6.2 Annexin-V binding to phosphatidylserine in HEK293 cells

Untreated HEK293 cells are shown in panel a and b (Figure 3.22). Cells appeared uniform in
shape and size (Figure 3.22, panel a) and showed a negative signal for both the annexin-V
conjugate and PI, indicating intact plasma membranes (Figure 3.22, panel b). Doxorubicin was
used as the positive control (Figure 3.22, panel ¢ and d). Cells treated with doxorubicin
appeared granular and larger than untreated cells (Figure 3.22, panel ¢). All doxorubicin treated
cells appeared red because of the innate fluorescence of doxorubicin (Figure 3.22, panel d).

Doxorubicin fluorescence was indistinguishable from that of PI.

At 0.5 mg/mL of G. lucidum cells appeared granulated, smaller, and rounder than untreated
cells (Figure 3.22, panel e). This is indicative of cellular stress. A positive signal for both
annexin-V and PI was observed, this is indicative of late apoptosis or secondary necrosis
(Figure 3.22, panel f). When apoptotic cells are not engulfed by cells of the immune system,
they progress to secondary necrosis where cells lose their membrane integrity (Sachet ef al.,
2017). Annexin-V binding appeared granular, due to the membrane disintegration. At a lower
concentration of G. lucidum (0.25 mg/mL) cells appeared rounded (Figure 3.22, panel g). A
signal for both annexin-V and PI were observed, indicating the plasma membrane is
compromised (Figure 3.22, panel g and h). In some cells within this treatment, Annexin-V

binding occurred uniformly, indicating cells are in an early stage of apoptosis.

T. versicolour at a concentration of 0.5 mg/mL appeared larger and more granulated than
untreated cells (Figure 3.22, panel 1). Cells were positive for annexin-V binding. Annexin-V
binding appears around the nucleus, this is indicative of an early stage of apoptosis. A minority
of cells were positive for PI and annexin-V (Figure 3.22, panel i and j). This is indicative of
secondary necrosis. At the lower concentration of 7 versicolour (0.25 mg/mL) treatment, cells
appeared rounded and clumped together (Figure 3.22, panel k). These cells showed binding to
phosphatidylserine, but no PI crossed the membranes. Annexin-V binding occurred around the

nucleus, indicating early apoptosis.
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Figure 3.22 Representative photomicrographs showing binding of annexin-V to
phosphatidylserine in HEK293 cells when treated with doxorubicin, Ganoderma lucidum
and Trametes versicolour. HEK293 cells were treated with doxorubicin at 25 uM and
Trametes versicolour and Ganoderma lucidum extracts at concentrations of 0.25 mg/mL and
0.5 mg/mL for 24 h. Panels a and b show untreated cells, panel ¢ and d show the effect of
doxorubicin, panels e and f show the effect of Ganoderma lucidum at 0.5 mg/mL, panels g and
h show the effect of Ganoderma lucidum at 0.25 mg/mL, panels 1 an j show the effect of
Trametes versicolour at 0.5 mg/mL, and panels k and | show the effect of Trametes versicolour
at 0.25 mg/mL. An Olympus BX41 microscope was used to observe cells and the Olympus
DP72 camera was used to capture images (Magnification: 400x; scalebar: 20um). LEGEND:
PC= phase contrast, PI= propidium iodide. Arrows: green = granules, white = enlarged cell,
blue = rounded cell, red = late apoptosis/necrosis, yellow = apoptotic cell, and black = cellular
shrinkage. Results were obtained from three independent experiments (n=3).
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Figure 3.23 Average percentage of (A) A549 and (B) HEK293 cells positive for Annexin-
V and PI after 24 h exposure to doxorubicin, Ganoderma Ilucidum and Trametes
versicolour. Cells were treated with 0.5 mg/mL and 0.25 mg/mL of Ganoderma lucidum and
Trametes versicolour and doxorubicin at a concentration equivalent to the ICso value (20 uM
in A549 cells and 25 uM in HEK293 cells). Each bar represents the mean and error bars
represent the SEM. Results were obtained from three independent experiments.

The effects of G. lucidum and T. versicolour on phosphatidylserine translocation and
membrane integrity varied between A549 and HEK293 cells (Figure 3.23). Untreated A549
and HEK?293 cells showed no detectable AV or PI fluorescence, confirming the absence of
apoptosis or membrane disintegration. Doxorubicin-treated cells showed no annexin-V
binding, indicating a lack of phosphatidylserine externalization and the absence of apoptosis.
All doxorubicin-treated cells appeared uniformly red. The fluorescence of PI could not be
distinguished from the intrinsic fluorescence of doxorubicin, making it difficult to assess

membrane integrity using PI staining alone.

At the highest concentration (0.5 mg/mL), G. [lucidum induced near-complete
phosphatidylserine externalization in both cell lines, with 100 + 0% of cells positive for
annexin-V. However, most A549 cells (97.99 + 1.26%) were also PI-positive, indicating
membrane disintegration and late apoptosis or secondary necrosis, compared to HEK293 cells

(91.50 = 5.27%), which retained membrane integrity (Figure 3.23 A, 3.25).

At the lower concentration (0.25 mg/mL), G. lucidum still caused significant
phosphatidylserine translocation in both cell lines, with 74.03 + 12.92% of A549 cells and
78.00 = 3.00% of HEK293 cells being annexin-V-positive. However, the extent of membrane
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permeabilization differed notably. In A549 cells, only 11.03 + 6.81% were Pl-positive,
suggesting that a majority of cells were apoptotic. Conversely, 41.00 = 12.00% of HEK293
cells were PI-positive, indicating a higher proportion undergoing late apoptosis or secondary
necrosis at this concentration. Suggesting that while G. lucidum effectively induced
phosphatidylserine externalization in both cell lines, its impact on membrane integrity was
concentration- and cell type-dependent. At 0.25 mg/mL, A549 cells primarily underwent
apoptosis without extensive membrane disruption, whereas HEK293 cells showed a higher
proportion of membrane-compromised cells, indicative of late apoptosis or secondary necrosis.
This suggests that HEK293 cells may be more susceptible to membrane permeabilization at
lower concentrations of G. lucidum, potentially due to intrinsic differences in membrane

stability or apoptotic regulation between the two cell lines.

Treatment with 7. versicolour (0.5 mg/mL) had a differential effect between the two cell lines.
In A549 cells, only 39.45 + 6.44% stained positive for annexin-V, with 14.37 £ 5.67% PI-
positive, indicating a more limited induction of apoptosis at 24 h. In contrast, all HEK293 cells
(100 £ 0%) showed phosphatidylserine externalization, but with minimal membrane
disintegration, as only 8.00 + 2.00% were Pl-positive. This suggests that while 7. versicolour

induced early apoptosis in HEK293 cells, it was poorly effective in promoting apoptosis in

AS549 cells (Figure 3.23).

At the lower concentration (0.25 mg/mL), 7. versicolour induced high Ilevels of
phosphatidylserine translocation in both cell lines with 93.18 + 3.28% of A549 cells and 100
+ 0% of HEK293 cells showing annexin-V binding. However, membrane integrity was intact,
as indicated by the low percentage of PI-positive cells (1.56 £ 1.26% in A549 and 13.5 +3.5%
in HEK293). This suggests that 7. versicolour at lower concentrations predominantly induces

early apoptosis rather than late apoptosis or necrosis in both cell lines at 24 h.

Overall, G. lucidum induced higher levels of membrane disintegration in A549 cells, whereas
HEK293 cells appeared more sensitive to phosphatidylserine externalization, particularly in

response to 7. versicolour.
3.7 The activation of caspase-3/7 in cells treated with G. lucidum and T. versicolour

The CellEvent™ Caspase-3/7 Green Detection Reagent (Thermo-Fisher Scientific) was used
in alive-cell assay to determine if caspase-3/7 was activated by doxorubicin, G. lucidum and T.
versicolour. Cells were treated with doxorubicin at 20uM and G. lucidum and T. versicolour

at 0.5 mg/mL and 0.25 mg/mL for 24 h (Chapter 2, Section 2.8). The effect of the treatments
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on the expression of caspase-3/7 is presented below in Figure 3.24 (A549) and Figure 3.25
(HEK293). Phase-contrast images are indicated to determine the percentage of cells with active

caspase-3/7.

3.7.1 The activation of caspase 3/7 in A549 cells after treatment with G. lucidum and T.

versicolour.

Caspase-3/7

Control

Doxorubicin

Ganoderma

lucidum
(0.5 mg/mL)

Ganoderma
lucidum
(0.25 mg/m L

Trametes
versicolour

Trametes
versicolour

Figure 3.24 Representative photomicrographs showing the expression of Caspase-3/7 in
A549 cells when treated with mushroom extracts and doxorubicin. A549 cells were treated
with doxorubicin at concentrations equivalent to the 1Cgo values (20 uM) and Ganoderma
lucidum and Trametes versicolour at concentrations of both 0.5 and 0.25 mg/mL. Cells were
viewed with the Olympus BX41 microscope and images were captured with the DP72 digital
camera (magnification: 400%, scalebar 20pm). Each experiment was done in triplicate.
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Control cells appeared uniform in shape and size (Figure 3.24, panel a and b) with no
fluorescence present. Doxorubicin treated cells appeared granulated, rounded with uneven
membranes (Figure 3.24, panel c¢). Some cells in this treatment appeared smaller than the
untreated cells (Figure 3.24, panel ¢). Doxorubicin treated cells had an increase in fluorescence

compared to the untreated cell (Figure 3.24, panel d).

G. lucidum (0.5 mg/mL) treated A549 cells, had a significant increase in the number of cells
with a fluorescence signal (100%) compared to the untreated cells (Figure 3.24, panel e-f). The
lower concentration of G. lucidum (0.25 mg/mL) showed an increased fluorescence, compared
to untreated cells, suggesting apoptosis (Figure 3.24, panel g-h). At both concentrations of G.
lucidum, cells appeared granular. At the lower concentration (0.25 mg/mL), cells appeared
vacuolated (Figure 3.24, panel g). Again, the fluorescence was located in the nucleus indicating

apoptosis has occurred (Figure 3.24, panel h).

When A549 cells were treated with 7. versicolour at 0.5 mg/mL, A549 appeared rounded and
vacuolated (Figure 3.24, panel i). This treatment showed an increased number of fluorescent
cells (100%) (Figure 3.24, panel i-j). When treated at 0.25 mg/mL of 7. versicolour, there was
an increase in fluorescence which is indicative of apoptosis (Figure 3.24, panel k — 1). Cells
appeared irregular in shape and size with some cells larger than the untreated cells while others

were smaller (Figure 3.24, panel k).

Untreated cells showed the absence of caspase-3/7 activation in A549 cells. Doxorubicin
treatment induced activation in 41 & 1% of A549 cells (Figure 3.25). Treatment with G. lucidum
at 0.5 mg/mL and 0.25 mg/mL, and T. versicolour at 0.5 mg/mL resulted in activation in 99.0
+ 1.0 % of cells, while T. versicolour at 0.25 mg/mL induced activation in 93.0 + 7.0 %.
Doxorubicin treatment resulted in the lowest percentage of caspase-3/7 activation, while G.

lucidum induced the highest (Figure 3.25).
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Figure 3.25 The average percentages of A549 cells with caspase-3/7 activity. A549 cells
were treated with doxorubicin (20 uM), and Ganoderma lucidum and Trametes versicolour at
both 0.5 mg/mL and 0.25 mg/mL. Error bars represent the SEM and was calculated from three
independent experiments.

3.7.2 The activation of caspase-3/7 in HEK293 cells treated with G. lucidum and T.

versicolour.

Phase contrast images showed that untreated cells were granular, which is normal for HEK293
cells (Figure 3.26, panel a). Fluorescence was not detected which indicates the absence of
caspase-3/7 activity (Figure 3.26, panel b). Doxorubicin was used as the positive control at a
concentration of 20 uM (Figure 3.26, panel c-d). Cells appeared larger than untreated cells as
observed by phase contrast (Figure 3.26, panel c¢) and the green, fluorescent signal indicates
cells with active caspase-3/7 (Figure 3.26, panel d). An increase (100%) in cells with
fluorescent activity was present, indicating increased caspase-3/7 activity (Figure 3.26, panel
d).

G. lucidum treated HEK293 cells appeared rounded and smaller than untreated cells at both
concentrations (0.5 mg/mL and 0.25 mg/mL) with an increase of cells with a green, fluorescent
signal (Figure 3.26, panel e and f). The fluorescent intensity appeared to be more intense in the
0.5 mg/mL G. lucidum treatment compared to the 0.25 mg/mL G. lucidum treatment (Figure
3.26, panel f and h).
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T. versicolour at a concentration of 0.5 mg/mL caused HEK293 cells to appear vacuolated
(Figure 3.26, panel i). There was no fluorescence detected after treatment with 7. versicolour
at 0.5 mg/mL and 0.25 mg/mL. This indicates the absence of caspase-3/7 activity. Doxorubicin

and G. lucidum caused caspase activation in HEK293 cells, whereas 7. versicolour did not.
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Figure 3.26 Representative photomicrographs showing the expression of Caspase-3/7 on
HEK?293 cells when treated with mushroom extracts and doxorubicin. HEK293 cells were
treated with doxorubicin at concentrations equivalent to the ICso values (25 pM) and
Ganoderma lucidum and Trametes versicolour at concentrations of 0.5 and 0.25 mg/mL. Cells
were viewed with the Olympus BX41 microscope and images were captured with the DP72
digital camera (magnification: 400x, scalebar 20pm).
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Figure 3.27 The average percentages of HEK293 cells with caspase-3/7 activity. HEK293
cells were treated with doxorubicin (25 uM), and Ganoderma lucidum and Trametes
versicolour at both 0.5 mg/mL and 0.25 mg/mL. Error bars represent the SEM and was
calculated from three independent experiments.

In HEK293 cells, untreated controls had no caspase-3/7 activity. Doxorubicin treatment led to
activation in 36.5 = 3.5 % of cells. G. lucidum at 0.5 mg/mL induced the highest caspase
activation (97.5 £ 2.5 %), while 0.25 mg/mL G. lucidum treatment caused activation in 37.5 +
7.5 % of cells. T. versicolour induced the lowest levels of caspase activation, with 1.9 + 0.1 %

and 1.5 £ 1.5 % of cells at 0.5 mg/mL and 0.25 mg/mL, respectively (Figure 3.27).

3.8 Determination of the effect of reactive oxygen species level caused by G. lucidum and

T. versicolour treatment

A549 and HEK?293 cells were treated with doxorubicin at concentrations equivalent to their
[Cso values and G. lucidum and T. versicolour at both 0.5 mg/mL and 0.25 mg/mL for 4 h as
described in Chapter 2, Section 2.10. The CellROX™ Deep Red Reagent (ThermoFisher

Scientific, Invitrogen), is non-fluorescent in the reduced state and upon oxidation by ROS,
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becomes fluorescent with an absorption/emission maximum of ~644/665 nm. The detection of

ROS is shown in Section 3.8.1 (A549 cells) and 3.8.2 (HEK293 cells).

3.8.1 Reactive oxygen species levels in A549 cells treated with G. lucidum and T.

versicolour

Figure 3.28 shows the presence of reactive oxygen species in A549 cells when treated with
doxorubicin, G. lucidum and T. versicolour. Doxorubicin was used as the positive control. Cells
were treated with doxorubicin at concentrations equivalent to the 1Cgo values (20 uM). G.
lucidum and T. versicolour were used to treat cells at two concentrations, i.e. 0.5 mg/mL and
0.25 mg/mL. Control cells appeared uniform in shape and size (Figure 3.28, panel a). There
was no fluorescent signal present, suggesting the absence of basal ROS levels under unstressed
conditions (Figure 3.28, panel b). When treated with doxorubicin, A549 cells appeared granular
and irregular in shape and size (Figure 3.28, panel c). Red, bright fluorescence was observed
in the cytoplasm of cells, as granules (Figure 3.28, panel d). Doxorubicin has an innate red
fluorescence, but the granular appearance of the red fluorescence indicates increased ROS

formation.

G. lucidum (0.5 mg/mL) caused cells to appear irregular in shape and size (Figure 3.28, panel
e). Red fluorescence was detected in G. lucidum (0.5 mg/mL) treated cells (Figure 3.28, panel
f). At the lower concentration of G. lucidum (0.25 mg/mL), cells appeared granular (Figure
3.28, panel g). Increased ROS levels were detected at both concentrations of G. lucidum (Figure
3.28, panel fand h). T. versicolour treated cells, at both 0.5 mg/mL and 0.25 mg/mL, appeared
granular and showed an increase in the fluorescent signal, indicating elevated ROS levels

(Figure 3.28, panel j and ).

T. versicolour had an increased formation of ROS compared to G. lucidum. ROS fluorescence
was primarily located in the cytoplasm. Some nuclear staining was observed. This is consistent
the cellular response for oxidative stress. The granular appearance of the fluorescent signal
suggests localized ROS formation within cellular organelles, such as mitochondria, lysosomes,
or the endoplasmic reticulum, which are primary sites of ROS generation and oxidative

damage.
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Figure 3.28 Photomicrographs showing the detection of reactive oxygen species in A549
cells when treated with doxorubicin, Trametes versicolour and Ganoderma lucidum for 4
h. Doxorubicin was used as the positive control. A549 cells were treated at a concentration of
20 uM. Trametes versicolour and Ganoderma lucidum were treated at both 0.5 mg/mL and
0.25 mg/mL for 4 h.
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3.8.2 Reactive oxygen species levels in HEK293 cells treated with G. lucidum and T.

versicolour.

Figure 3.29 shows the representative photomicrographs showing the presence or absence of
ROS in HEK293 cells when treated with doxorubicin, G. lucidum and T. versicolour at 0.5
mg/mL. Untreated cells are shown in panel a (Figure 3.29). These cells appear uniform in shape
and size (Figure 3.29, panel a). There was no fluorescent signal detected, indicating no basal

ROS level under unstressed condition in HEK293 cells (Figure 3.29, panel b).

Doxorubicin was used the positive control. HEK293 cells were treated with doxorubicin at
concentrations equivalent to the ICgp values (25 uM). Doxorubicin treated cells appeared
rounded and smaller than untreated cells (Figure 3.29, panel c). There was an increase ROS
formation as seen by the increase in fluorescence, indicating elevated ROS levels (Figure 3.29,
panel d). The granular appearance of the fluorescence signal indicates organelle-specific ROS
formation, particularly in mitochondria, lysosomes, and the endoplasmic reticulum, which are

crucial sites of oxidative stress.

G. lucidum (0.5 mg/mL) treated HEK293 cells appeared rounded and irregular in comparison
to untreated cells (Figure 3.29, panel e). An increased fluorescent signal indicative of increased
ROS was observed in panel f (Figure 3.29). G. lucidum at a concentration of 0.5 mg/mL had
an elevated ROS level (Figure 3.29, panel f). At the lower concentration of G. lucidum (0.25
mg/mL), cells in panel g (Figure 3.29) showed changes consistent with cellular stress. Cells
were rounded and irregular in shape and size. However, no fluorescent signal was present,
indicating no increased ROS level (Figure 3.29, panel h). T. versicolour at 0.5 mg/mL and 0.25
mg/mL caused cells to lose normal morphology (Figure 3.29, panel 1 and k) and showed an

increased fluorescence and an increase basal ROS level (Figure 3.29, panel j and 1).
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Figure 3.29 Representative photomicrographs showing the detection of reactive oxygen
species in HEK293 cells when treated with doxorubicin, Ganoderma lucidum and
Trametes versicolour. Doxorubicin was used as the positive control. HEK293 cells were
treated at a concentration of 20 uM. Ganoderma lucidum and Trametes versicolour were used
at both 0.5 mg/mL and 0.25 mg/mL for 4 h.
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3.9 The detection of P-glycoprotein levels in A5S49 and HEK293 cells

The expression of P-glycoprotein in A549 and HEK293 cells following treatment with
doxorubicin, G. lucidum, and T. versicolour was assessed using immunofluorescence, as
described in Chapter 2, Section 2.10. Both cell lines were treated with doxorubicin at
concentrations equivalent to the ICgo values, while G. lucidum and T. versicolour were used at

concentrations of 0.5 mg/mL for 12 h.

The effect of doxorubicin, G. lucidum and T. versicolour on P-glycoprotein expression in A549
and HEK293 cells showed no green fluorescence signal, indicating the absence of P-
glycoprotein expression despite the usual morphological changes seen previously (Appendix

B and C).
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CHAPTER 4: DISCUSSION

4.1 Assessment of information provided on the labels of commercial preparations of

mushrooms

The labelling of commercially available mushroom products has inconsistencies, regulatory
gaps, and misleading claims, posing potential risks to consumers (Risoli et al., 2023). Labelling
transparency is crucial for consumer safety, yet 40% of products fail to disclose their
manufacturing origin, complicating traceability and quality assurance. More than half
(53.33%) lack dosing instructions, which may result in improper use or ineffective dosing.
Ingredient disclosure is incomplete, with only 86.67% listing components, a concern for
consumers with allergies or dietary restrictions. A study by Cohen et al. (2023) tested 57
performance-enhancing botanical ingredients and found that 89% of them did not accurately
list the ingredients and 12% contained at least one ingredient which is prohibited by the FDA
(Cohen et al., 2023). Additionally, 53.33% of products do not display expiration dates,
increasing the risk of degraded or ineffective products. The absence of batch numbers on
46.67% of labels further hampers quality control and recall efforts. Risolli et a/. (2023) found
that 68% of analysed mushroom supplements had DNA sequences mismatched to the species
listen on the labels. Many supplements labelled as G. lucidum contained Ganoderma

resinaceum or Ganoderma sichuanense.

Only 33.33% of products include warning statements, and just 6.67% specify
contraindications, raising concerns about consumer awareness of potential health risks. The
generic warning "Use with caution during pregnancy and lactation" (33.33%) lacks specificity
and fails to reflect current scientific evidence on potential drug interactions. Without explicit
contraindications, consumers with pre-existing conditions or those on medications may

unknowingly expose themselves to adverse effects.

While 53.33% of products include disclaimers stating they are not evaluated by health
authorities, these same products frequently make unsubstantiated health claims. The statement
advising consultation with a "complementary health practitioner" during pregnancy is
particularly problematic, as it lacks clarity on professional qualifications and could lead to

misleading or unsafe guidance.

Over half (53.33%) of products make unsupported health claims, including "immune support"
(26.67%), "antioxidative properties" (26.67%), and '"cancer support" (20%), despite

insufficient scientific evidence to substantiate these claims. The claim of "cancer support" is
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particularly concerning, as it may mislead consumers into believing these products have
clinically proven anticancer effects, potentially discouraging them from seeking evidence-
based medical treatment. Furthermore, one product included a QR code intended to provide
lab results, but scanning the code resulted in an error message, undermining transparency and

consumer trust.

To protect consumers, regulatory authorities must enforce stricter labelling standards, requiring
clear ingredient lists, dosing instructions, batch numbers, and evidence-based health claims.
Disclaimers should be precise and prevent misleading statements, and digital verification tools
such as QR codes must be functional to ensure transparency. Without robust regulatory
oversight, consumers remain vulnerable to misinformation and potential health risks.

Regulators should be held accountable on reported infractions.
4.2 Extract Preparation and Solubility Considerations

The dual extraction method, using a 1:1 methanol and dichloromethane solvent system, caused
different residue yields across the examined mushroom species. Notably, /. obliquus showed a
higher extraction yield (5.4%) compared to G. lucidum (1.65%) and T. versicolour (4.45%).
These variations may be attributed to differences in the composition of bioactive compounds

present in each species.

Emerging from this analysis is the concern of solubility of the extracts in different solvents.
While 1. obliquus was insoluble in ethanol and DMSO, G. lucidum and T. versicolour were
insoluble in water. This observation has direct implications for supplement consumption, as
most mushroom supplements are ingested with water. Therefore, formulation strategies should
consider solubility properties to enhance the absorption and therapeutic potential of these

extracts.

The analysis of tincture residues further supported these findings, with . obliquus yielding the
highest residue weight (0.06 g per 10 mL), followed by G. lucidum (0.05 g) and 7. versicolour
(0.08 g). These residues were dissolved in the same solvents as the dry extracts, ensuring
uniform extract concentrations (20 mg/mL). However, the storage stability of these extracts
requires further investigation, as variations in temperature and solvent evaporation could

impact their long-term potency.

4.3 Consistency of Mushroom Tincture across 3 batches
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The FTIR analysis of three batches of G. lucidum and T. versicolour tinctures from the same
manufacturer showed no significant differences in their chemical compositions. The spectra
for G. lucidum tinctures showed minimal variation, with only small peak shifts observed in the
2000-3000 cm™ region and fingerprint region (<1500 cm™). Statistical analysis using one-way
ANOVA confirmed that these differences were not statistically significant, indicating a high

level of batch-to-batch consistency.

In contrast, the FTIR spectra of 7. versicolour tinctures showed larger peak shifts and less
spectral overlap, indicating greater variability in chemical composition between batches.
However, statistical analysis still found no significant differences in wavenumber values or
percentage transmittance. These findings indicate that G. lucidum and T. versicolour tinctures

maintain a uniform chemical profile.
4.4 Extract stability under different storage conditions

The stability of 7. versicolour and G. lucidum extracts under different storage conditions (room
temperature, -18°C, and 4°C) was evaluated over a period of five weeks using FTIR
spectroscopy. The spectral changes observed provide insight into the molecular stability and

potential degradation pathways of these extracts.

At room temperature, both 7. versicolour and G. lucidum extracts showed notable changes in
their FTIR spectra, particularly in the fingerprint region (650—-1500 cm™). For 7. versicolour,
the emergence of peaks at week 5 indicates chemical modifications, such as a reduction in C-
Cl bonds and increases in aromatic ether and amine groups. The increased %T at key
wavenumbers (e.g., 1174 cm™, 1240 cm™, and 1722 cm™) implies the degradation of
corresponding functional groups, i.e. cyanate, aromatic ethers and carboxylic acids

(Nandiyando et al., 2019).

For G. lucidum, the upward spectral shift observed at week 5 is indicative of significant
instability, corroborated by the visual and olfactory signs of fermentation. The broad changes
in the fingerprint region and high %T values for certain wavenumbers indicate the loss of

molecular integrity and the formation of volatile degradation products.

Storage at -18°C resulted in relatively better preservation of the extracts, as evidenced by fewer
changes in the spectra during weeks 1-4. However, by week 5, both T. versicolour and G.

lucidum showed spectral alterations indicative of degradation.
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For T versicolour, increased %T in the fingerprint region and the emergence of new peaks
indicate bond cleavage and the loss of certain molecular structures, such as carboxylic acids
and sulfonates. In G. lucidum, the week 5 spectrum showed an upward shift, reduced intensity
in zone IV (single bonds), and high %T values for most wavenumbers. The observed instability
may be attributed to incomplete freezing or structural changes due to the crystallization of

water and other components in the extract.

At 4°C, the FTIR profiles of both 7. versicolour and G. lucidum extracts showed the least
variation over the 5-week period. This indicates that refrigeration is the most effective storage
condition for preserving the molecular integrity of the extracts. The overlapping spectra from
weeks 1-5 with week 0 indicates minimal chemical changes. The stability at this temperature
may be due to slowed chemical reaction rates and reduced microbial activity, which are

sufficient to maintain the functional groups present in the extracts.
4.4.1 Summary

The comparative analysis of storage conditions highlights the critical role of temperature in
preserving the stability of bioactive compounds in mushroom extracts. The instability observed
at room temperature and -18°C indicates that extreme conditions, either too warm or too cold,
promote degradation through different mechanisms, such as oxidation, hydrolysis, or
crystallization. Refrigeration at 4°C appears to offer the optimal balance, minimizing molecular

and functional group changes over time.

This study emphasizes the need for careful storage considerations when handling mushroom
extracts, particularly for pharmaceutical or nutraceutical applications. The findings also
underscore the utility of FTIR spectroscopy as a rapid and non-destructive tool for monitoring

extract stability and molecular changes over time.

4.5 The cytotoxic effects of chemotherapeutic drugs and mushroom extracts towards the
A549 and HEK293 cell lines.

Three anticancer drugs were selected as potential positive controls for this study. Those drugs
were doxorubicin, camptothecin and irinotecan. Additionally, three mushroom species were
screened. These were G. lucidum, T. versicolour and I. obliquus. The results highlight

differences in drug efficacy, selectivity, and time-dependent responses.

4.5.1 Doxorubicin
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Doxorubicin was the most active chemotherapeutic drug and was selected as the positive
control for this study. Doxorubicin is an antibiotic derived from Streptomyces peucetius
bacterium. Doxorubicin has a wide range of indications and has been used as a
chemotherapeutic agent since the 1960°s (Johnson-Arbor and Dubey, 2023). It is commonly
used in solid tumours in both adult and paediatric patients (Johnson-Arbor and Dubey, 2023).
The mechanism of action of doxorubicin is the intercalation of doxorubicin with DNA base
pairs, the intercalation causes DNA stands to break which leads to the inhibition of DNA and
RNA synthesis. Further, doxorubicin inhibits topoisomerase I which induces DNA damage
and apoptosis (Johnson-Arbor and Dubey, 2023).

Doxorubicin was active in A549 cells and had an ICso value 0f 9.85 + 1.56 uM at 24 h and 5.51
+ 0.93 uM at 48 h. Gordon ef al. (2022) found the ICso value to be 7.12 + 0.34 uM at 48 h
using an MTT assay. For comparison with the ICso values of the mushroom extracts, the ICso

value of doxorubicin is also given in units of mg/mL. At 24 h it was 0.005 + 0.001 mg/mL and
0.003 £ 0.001 mg/mL at 48 h.

HEK293 cells showed higher resistance at 24 h (ICso: 18.62 + 1.84 pM) but became more
sensitive by 48 h (ICso: 4.79 £ 0.51 uM). The difference at 24 h indicates a greater initial
tolerance in non-cancerous cells, though sensitivity converged over time. Literature reports a
substantially lower ICso in HEK293 cells (0.24 + 0.12 uM at 48 h; Lima et al., 2023). The
substantial discrepancy between these values may be attributed to differences in experimental
conditions, assay methodologies, cell confluency, and media composition (Muelas et al., 2018;
Selenius et al., 2019). Additionally, variations in cell passage number and genetic drift between

HEK293 cell lines could influence drug sensitivity (Riss et al., 2021).

4.5.2 G. lucidum

G. lucidum, a member of the Ganodermataceae family within the Basidiomycetes, is an edible
mushroom that has been widely used in traditional Eastern medicine for its purported medicinal
properties (Jin et al., 2016). Its bioactive compounds primarily include polysaccharides, such
as B-glucans, and triterpenoids, which are believed to contribute to its immunomodulatory and

anticancer effects (Jin et al., 2016).

In this study, G. lucidum showed cytotoxic activity against A549 cells, with 1Cso values of
0.255 £ 0.022 mg/mL at 24 h and 0.246 + 0.049 mg/mL at 48 h. The stability of these 1Cso
values over time indicates a sustained cytotoxic effect. Previous studies have reported varying

ICso values for G. lucidum extracts, likely due to differences in extraction methods and
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compound composition. For instance, triterpene-rich extracts, through a supercritical CO; fluid
extraction method, of G. lucidum showed an ICs of 24.63 pg/mL (Feng et al., 2013), while a
lanostane triterpenoid methanolic isolated from G. lucidum showed an ICso of 15.6 pg/mL (Min
et al., 2000). These discrepancies highlight not only the influence of extraction technique, but
also the broader issue of phytomedicine variability i.e. the lack of quality control and variability
of source material. The biological activity of fungal extracts can be significantly affected by
factors such as the source of the material (wild vs. cultivated), quality and age of the fruiting
bodies, and seasonal or environmental conditions during growth and harvesting (Gilbert and
Favre-Godal, 2017; Sakurai et al., 2011). These variables impact the concentration and
diversity of bioactive compounds in the final extract, making reproducibility and
standardization in natural product research particularly challenging. As such, variations in ICso
values between studies are expected and emphasize the need for better quality control and

transparency in phytochemical sourcing and preparation (World Health Organization, 2007).

In HEK293 cells, at 24 h, the ICso value of G. lucidum was 0.591 £ 0.101 mg/mL, decreasing
to 0.151 + 0.008 mg/mL at 48 h. The higher ICso at 24 h in HEK293 cells shows selective
activity against cancerous cells. However, the increased cytotoxicity at 48 h in HEK293 cells
may indicate a delayed metabolic response or compound accumulation. There is limited data
on the cytotoxic effects of G. lucidum in HEK293 cells, making direct comparisons with other
studies challenging. Research on normal human dermal fibroblast cells has shown that G.
lucidum extracts generally had low toxicity, further supporting the idea of preferential activity
against malignant cells (Lin ef al, 2003). However, without more studies specifically
evaluating G. lucidum in HEK293 cells, definitive conclusions regarding its selectivity and

mechanism of action remain uncertain.
4.5.3 T. versicolour

1. versicolour, a member of the Polyporaceae family, contains several bioactive
polysaccharides, including B-glucans, polysaccharide krestin, and polysaccharide peptin,

which are believed to contribute to its therapeutic properties (Friedman, 2016).

In A549 cells, the ICso value of 7. versicolour was 0.304 + 0.007 mg/mL at 24 h and 0.613 +
0.040 mg/mL at 48 h. The increase in ICso at 48 h shows a time-dependent reduction in
cytotoxic potency, potentially due to cellular adaptation, detoxification mechanisms, or extract
instability. Previous studies have reported varying ICso values for 7. versicolour, likely due to

differences in extraction techniques and experimental conditions (Muelas et al., 2018; Selenius
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et al., 2019). The anticancer activity of 7. versicolour has been observed at concentrations
below 1 mg/mL (Pawlikowska et al., 2020). However, Jedrzejewski et al. (2025) reported an
ICso value exceeding 250 pg/mL in A549 cells, indicating lower cytotoxicity. Their study also
found 7. versicolour to be more effective in HeLa and MCF-7 cells, showing that its cytotoxic
effects may be cell line-dependent (Jedrzejewski et al., 2025). Both studies (i.e. Pawlikowska
et al. and Jedrzejewski et al.) obtained extracts from an outside company and did not provide
details of the extraction methods. These variations underscore the need for standardized
methodologies to accurately assess the cytotoxic potential of 7. versicolour across different

cellular models.

T. versicolour showed a time-dependent cytotoxic response similar to G. lucidum, with lower
ICso values in HEK293 cells at 24 h (0.880 + 0.380 mg/mL) and increased 1Cso values at 48 h
(0.282 £ 0.052 mg/mL). The delayed increase in cytotoxicity at 48 h may be attributed to the
accumulation of bioactive compounds, prolonged cellular stress, or metabolic activation within

HEK293 cells.
4.5.4 I. obliquus

1. obliquus is a parasitic fungus that colonizes trees and is recognized for its diverse bioactive
constituents, including polysaccharides, polyphenols, triterpenoids, B-glucans, and melanin
(Arata et al., 2016; Lu et al., 2021). These compounds have been associated with various
therapeutic properties, including potential anticancer effects. 1. obliqguus had minimal
cytotoxicity in both cell lines, with A549 cell viability remaining high at 82% (0.5 mg/mL) and
98% (0.25 mg/mL) at 24 h. In HEK293 cells, cytotoxic effects were similarly weak. Previous
studies have reported ICso values between 1.27 and 1.80 mg/mL, with some aqueous extracts
showing greater potency with an ICso value of 0.02 mg/mL at 48 h (Zhong ef al., 2009). The
substantial variation in reported values highlights the impact of extraction methods on

bioactivity.
4.5.5 Summary

Doxorubicin showed the highest cytotoxicity in both cell lines, with delayed effects in HEK293
cells at 24 h but comparable sensitivity at 48 h. The fungal extracts were generally more
cytotoxic in A549 cells than in HEK293 cells at 24 h, indicating some selectivity towards
cancer cells. However, cytotoxicity increased in HEK293 cells at 48 h treatments, indicating a
delayed response. This may be attributed to slower uptake, processing or cellular responses to

the fungal extracts.
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Among the fungal extracts, G. lucidum maintained consistent cytotoxicity over time, whereas
T. versicolour showed reduced potency in A549 cells but increased cytotoxicity in HEK293
cells at 48 h. I. obliquus had the weakest cytotoxic effects overall. These findings highlight the
importance of time-dependent responses and selectivity in evaluating potential therapeutic

agents.
4.6 The effect of mushroom extracts on doxorubicin efficacy in AS49 and HEK?293 cells.

The integration of conventional cancer therapies with natural complementary medicine has
gained increasing attention due to the potential for enhanced therapeutic efficacy and reduced
side effects. CAMs, including dietary supplements such as herbal extracts, has been widely
used alongside chemotherapy, yet the interactions between these natural products and
conventional drugs remain largely unexplored (Ventola, 2010). One of the main concerns with
combining CAM with standard treatments is the lack of evidence-based data on potential drug

interactions, which could lead to altered drug efficacy or unexpected toxicity (Ventola, 2010).

This study investigates the impact of mushroom extracts on the efficacy of doxorubicin in A549
cancer cells, while also assessing its effects on HEK293 cells as a non-cancerous control. By
examining these interactions, the research aims to provide critical insights into the safety and
efficacy of combining conventional chemotherapeutic agents with natural compounds.
Understanding these interactions is crucial for developing more effective and safer treatment
strategies, ensuring that complementary therapies do not inadvertently compromise standard

treatments (Jiang et al., 2010).
4.6.1 G. lucidum

At 24 h, G. lucidum did not significantly alter doxorubicin’s cytotoxic effects in A549 cells.
However, after 48 h, doxorubicin was less effective in A549 cells. In contrast, HEK293 cells
showed increased sensitivity to doxorubicin in the presence of G. lucidum at both time points,

with a nearly 10-fold increase in potency at 24 h and a 1.7-fold increase at 48 h.

The literature on G. lucidum’s effects in cancer models is limited, with Yue et al. (2008)
reporting that G. lucidum triterpenes enhanced doxorubicin-induced oxidative stress and
apoptosis in HeLa cells. If similar mechanisms are at play, the increased potency observed in
HEK293 cells may result from enhanced oxidative stress or disrupted repair pathways. This

indicates a potential risk of increased toxicity, reduced therapeutic benefit or increased adverse
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effects underscoring the necessity of systematically evaluating these combinations in both

cancerous and non-cancerous cell models (Fan et al., 1998).

Conversely, the reduction in doxorubicin efficacy in A549 cells indicates that G. lucidum may
interfere with doxorubicin’s cytotoxic action, potentially through interfering with uptake,
antioxidant activity or modulation of apoptosis pathways. These differing effects emphasize

the need for further investigation into the molecular mechanisms underlying these interactions.

In summary, the effects of G. lucidum are cell line specific. In HEK293 cells, G. lucidum

enhanced doxorubicin potency whereas it reduced doxorubicin potency in the A549 cell line.
4.6.2 T. versicolour

T. versicolour had no significant effect on doxorubicin’s potency in A549 or HEK293 cells at
24 h. However, after 48 h, doxorubicin was less effective in A549 cells, while its potency
increased 1.9-fold in HEK293 cells. The reduction in A549 cells may be linked to the ability
of T. versicolour extracts to alter DNA conformation as shown by Hsieh ef al. (2019). While
the relaxation of supercoiled DNA by T versicolour extracts may resemble doxorubicin’s own
DNA-interacting properties, it could also competitively alter DNA conformation in a way that

reduces the ability of doxorubicin to induce cytotoxic damage in cancer cells.

T. versicolour polysaccharides, including PSK and PSP, have been studied for their
immunomodulatory and anti-tumour properties (Habtemariam, 2020). However, their role in
chemotherapy interactions is less understood. The observed increase in doxorubicin potency in
HEK?293 cells indicates a potential pro-oxidative or immune-modulating effect, which may
enhance doxorubicin’s cytotoxicity in normal tissues. This raises concerns about possible off-
target toxicity and the need for further research to determine the safety of combining 7.

versicolour with chemotherapy.

These findings highlight the importance of further investigating the molecular interactions
between 7. versicolour and chemotherapeutic agents like doxorubicin. Given the widespread
use of 7. versicolour-derived products in complementary medicine, understanding whether

such interactions compromise or enhance drug efficacy is critical.
4.6.3 Summary

These findings highlight the complexity of supplement-drug interactions. The reduction in

doxorubicin efficacy in A549 cells at 48 h indicates a potential risk of decreased therapeutic
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effectiveness when combined with G. lucidum or T. versicolour. Conversely, the increased
sensitivity of HEK293 cells to doxorubicin in the presence of these extracts raises concerns
about heightened toxicity in normal tissues. The differing effects observed in cancerous and
non-cancerous cells emphasize the importance of understanding the molecular mechanisms
driving these interactions. Further research is needed to clarify these effects and assess the
safety of integrating mushroom extracts with chemotherapy. Clinicians and patients should
approach complementary therapies with caution to avoid unintended consequences in cancer

treatment.

4.7 Cytotoxic effects of G. lucidum, T. versicolour and doxorubicin on A549 and HEK293

cells

Fluorescence staining revealed features of apoptosis, and necrosis in treated A549 and HEK293
cells. Apoptosis is a caspase-dependent, regulated form of cell death, while necrosis is typically
unregulated and results in membrane rupture and inflammation (Elmore, 2007; Zong &
Thompson, 2006). In vitro, apoptosis often progresses to secondary necrosis due to the absence
of phagocytes to clear apoptotic bodies (Khalid & Azimpouran, 2023). The presence of
multiple death modalities suggests that G. lucidum, T. versicolour, and doxorubicin exert their
cytotoxic effects through overlapping or sequential death pathways, which may impact both

efficacy and safety.
4.7.1 Doxorubicin

In A549 cells, perinuclear accumulation was observed at 18 h without nuclear accumulation
evident by the lack of nuclear staining, indicating cytoplasmic localization. By 24 h, nuclear
deformation and fragmentation became prominent, indicating apoptosis. The absence of PI-
positive staining, as indicated by smooth intact cellular membranes, at earlier time points ruled

out necrosis.

In HEK293 cells, doxorubicin showed a different pattern. At 18 h, perinuclear accumulation
was observed, but by 24 h, necrosis became the dominant mode of cell death, indicated by
roughened membranes and red-stained nuclei. This indicates that while apoptosis was prevalent

in A549 cells, HEK293 cells had necrotic damage with prolonged exposure.

Nephrotoxicity is a well-documented side effect of doxorubicin, primarily attributed to
oxidative stress, inflammation, and mitochondrial dysfunction. Previous research has shown

that doxorubicin induces renal injury by reducing antioxidant enzyme activity (superoxide
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dismutase, Glutathione Peroxidase), increasing apoptosis-related proteins (Bax/Bcl-2 ratio,
caspase-3 activation), and triggering inflammatory pathways involving NF-kB and ERK1/2
signalling (Su et al., 2015). Additionally, doxorubicin-mediated nitric oxide production plays
a role in renal damage by forming peroxynitrite, a cytotoxic molecule that contributes to
membrane lipid peroxidation. Further studies using proximal tubule HK-2 cells have shown
that doxorubicin-induced nephrotoxicity can be mitigated by antioxidant and anti-
inflammatory agents such as madecassoside (Su et al., 2015). These findings highlight the
potential mechanisms by which doxorubicin affects non-cancerous cells, particularly in the

kidney.
4.7.2 G. lucidum

At 0.5 mg/mL, G. lucidum induced necrosis in A549 cells at both time points, with increasing
PI-positive staining and loss of cell integrity. At 0.25 mg/mL, apoptosis was dominant at 18 h,
but necrosis became evident by 24 h. Similarly, Vetchinkina et al. (2016) reported that G.
lucidum induced necrosis and late apoptosis in A549 cells at concentrations above 20 mg/mL
after 24 h of incubation. At 15 mg/mL or lower, apoptosis was the primary mode of cell death,
with cells having nuclear fragmentation, apoptotic granules, and reduced cell size. This further
confirms that G. lucidum has a concentration dependent effect on A549 cells, causing necrosis

at high concentrations and apoptosis at low concentrations.

In HEK?293 cells, G. lucidum induced vacuolation at 18 h with minimal signs of apoptosis or
necrosis. However, by 24 h, necrosis became prevalent, characterized by membrane rupture
and PI staining. This delayed cytotoxic effect indicates that HEK293 cells initially resist G.
lucidum-induced damage but eventually undergo necrosis. The time-dependent increase in
necrosis raises concerns about potential toxicity in non-cancerous cells with prolonged
exposure. Mousavi ef al. (2023) reported that methanolic extracts of G. lucidum were less toxic
to HEK293 cells than to cancer cell lines (MCF-7 and K-562). At the highest tested
concentration (3000 pg/mL), HEK293 cell viability remained at 43.63% (Mousavi et al.,
2023). However, this study used a shorter incubation time (12 h). The increased cytotoxicity
observed between 18 and 24 h shows that longer exposure enhances the toxic effects of G.
lucidum on HEK293 cells. The delayed onset of necrosis seen in this study emphasizes the

need for caution, as prolonged exposure could pose significant risks to non-cancerous cells.

4.7.3 T. versicolour
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T. versicolour induced apoptosis in A549 cells at 18 h, as indicated by nuclear fragmentation
without PI staining. By 24 h, necrosis became more prominent, particularly at 0.5 mg/mL,
showing a biphasic response where apoptosis transitions into necrosis over time (secondary
necrosis). Prior research has linked 7. versicolour cytotoxicity to cell cycle arrest and DNA
interaction, which may contribute to these effects. Stosi¢-Gruji¢i¢ et al. (2011) reported that 7.
versicolour extracts inhibit proliferation in A549 cells. The cytotoxicity of 7. versicolour is
2011). Hsieh et al. (2019) reported that aqueous extracts of 7. versicolour significantly
inhibited A549 cell proliferation, while ethanolic extracts had a minimal effect on proliferation.
Both the aqueous and ethanolic extracts of 7. versicolour interacted with supercoiled plasmid
DNA, leading to DNA relaxation in a time- and concentration-dependent manner. This
indicates that 7. versicolour may exert its anticancer effects by altering DNA structure and

function (Hsieh et al., 2019).
4.7.4 Summary

Both fungal extracts had dose- and time-dependent cytotoxicity in A549 and HEK293 cells,
with differing mechanisms. In A549 cells, G. lucidum and T. versicolour initially induced
apoptosis, with necrosis becoming more prevalent at higher concentrations and longer
exposures. In HEK293 cells, cytotoxic effects were delayed, with minimal apoptosis at 18 h

but substantial necrosis by 24 h.

Doxorubicin primarily induced apoptosis in A549 cells but caused necrosis in HEK293 cells,
likely due to its nephrotoxic effects. G. lucidum and T. versicolour showed selective
cytotoxicity toward A549 cells initially but also compromised HEK293 cell viability over time,
raising concerns about potential off-target effects in non-cancerous tissues. The transition to
necrosis in HEK293 cells shows that prolonged exposure could lead to unintended toxicity in
healthy cells. Further investigation into their bioactive components and molecular targets is

necessary to evaluate their safety profile.

4.8 The effect of G. lucidum and T. versicolour extracts on phosphatidylserine

translocation

The translocation of phosphatidylserine is a marker for apoptosis. The distribution of
phospholipids between the two layers of the phospholipid bilayer is asymmetrical in viable
cells. The outer leaflet consists of phosphatidylcholine and sphingomyelin while the inner

leaflet contains phosphatidylethanolamine and phosphatidylserine. The maintenance of the
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asymmetry is an ATP-dependant process, indicating it is essential for normal cell function
(Balasubramanian and Schroit, 2003). The exposure of phosphatidylserine, and the loss of
asymmetry, is a universal process which is independent of apoptosis inducer, cell type or
species and occurs early on during apoptosis. Annexin-V specifically binds to
phosphatidylserine in the presence of calcium (Van Engeland et al., 1998). It cannot permeate
the cell membrane and so will not bind to viable cells. PI is used to differentiate between

apoptotic and necrotic/dead cells (Van Engeland et al., 1998).

In this study, the effect of doxorubicin, G. lucidum extracts and 7. versicolour extracts on
phosphatidylserine translocation was evaluated in two different cell lines, A549 and HEK293.
The results show that both extracts induce phosphatidylserine externalization, although the

extent of this effect and the resulting cell death mechanisms varied between the cell lines.
4.8.1 Doxorubicin

Doxorubicin treatment induced distinct cytotoxic effects in A549 and HEK293 cells. In A549
cells, roughened membranes and PI uptake indicated necrosis rather than apoptosis. No
phosphatidylserine translocation was observed, indicating the absence of apoptosis. Previous
studies reported phosphatidylserine translocation in A549 cells treated with doxorubicin, but
this was accompanied by high necrotic levels, mitotic catastrophe, and polyploidization
(Litwiniec et al., 2010). Additionally, cells appeared enlarged and flattened, which are

morphological hallmarks of senescence (Litwiniec et al., 2010).

In contrast, HEK293 cells retained membrane integrity with perinuclear accumulation of
doxorubicin, indicating a different mechanism of toxicity. The absence of phosphatidylserine
translocation and PI staining indicates that doxorubicin did not induce apoptosis in these cells.
These findings shows that doxorubicin triggers necrosis in A549 cells but exerts a different,

possibly delayed, effect in HEK293 cells.
4.8.2 G. lucidum

G. lucidum induced phosphatidylserine translocation in both cell lines in a concentration-
dependent manner. In A549 cells, 0.5 mg/mL G. lucidum led to significant PI uptake, indicating
late apoptosis or secondary necrosis, while 0.25 mg/mL primarily induced early apoptosis.
HEK293 cells followed a similar pattern, but more cells remained in early apoptosis even at

the higher concentration, indicating a slower apoptotic progression.
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While no studies specifically assess G. lucidum-induced phosphatidylserine translocation in
A549 or HEK293 cells, research in other cancer cell lines links G. lucidum to apoptosis via
mitochondrial dysfunction, oxidative stress, and caspase activation (Gao and Homayoonfal,
2023). The stronger apoptotic response in AS549 cells indicates that G. lucidum may
preferentially target cancerous cells, but its induction of late apoptosis and secondary necrosis

in HEK293 cells raises concerns about toxicity in non-cancerous tissues.
4.8.3 T. versicolour

T. versicolour induced phosphatidylserine translocation in both A549 and HEK293 cells but at
a slower rate than G. lucidum. In A549 cells, 0.5 mg/mL resulted in early apoptosis with
minimal PI uptake, while 0.25 mg/mL induced phosphatidylserine translocation without
significant membrane permeabilization. A similar trend was observed in HEK293 cells, where

apoptosis remained at an early stage even at higher concentrations.

Limited literature exists on 7. versicolour-induced phosphatidylserine translocation in these
cell lines, but its known immunomodulatory effects suggest apoptotic induction without
excessive necrosis. The slower apoptotic progression in both A549 and HEK293 cells indicates

that 7. versicolour may have a more selective and regulated cytotoxic effect.
4.8.4 Summary

Doxorubicin primarily induced necrosis in A549 cells, whereas HEK293 cells retained
membrane integrity without phosphatidylserine translocation, indicating different cytotoxic
mechanisms. G. lucidum and T. versicolour both induced apoptosis, but G. lucidum promoted
a more rapid transition to late apoptosis and secondary necrosis, while 7. versicolour
maintained membrane integrity for longer. In HEK293 cells, G. lucidum induced a stronger
apoptotic response at higher concentrations, whereas 7. versicolour predominantly caused early

apoptosis with minimal membrane disruption.

While G. lucidum and T. versicolour show promising apoptotic effects in A549 cells, their
impact on HEK293 cells indicates potential toxicity to non-cancerous cells. The induction of
secondary necrosis in HEK293 cells, particularly by G. lucidum, raises concerns about non-
selective cytotoxicity. Further studies should focus on optimizing treatment concentrations to
maximize cancer cell apoptosis while minimizing toxicity to healthy cells. Investigating
apoptotic pathways such as mitochondrial integrity, caspase activation, and oxidative stress

responses will be essential for refining their therapeutic potential.
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4.9 The effect of G. lucidum, T. versicolour and doxorubicin on caspase-3/7 activity

Caspase-3 and caspase-7 are key executioner caspases in the apoptotic pathway, playing a
crucial role in programmed cell death by cleaving a range of intracellular substrates to facilitate
cellular disassembly. Upon activation by initiator caspases, these proteases catalyse the
cleavage of proteins essential for maintaining cellular integrity, leading to DNA fragmentation,
cytoskeletal breakdown, and membrane blebbing (Eskandari and Eaves, 2022; Kamada et al.,

2005).

Caspase-3, in particular, is recognized as a central mediator of apoptosis, responsible for the
proteolytic inactivation of DNA fragmentation factor-45 (DFF45/ICAD), which subsequently
triggers the activation of caspase-activated DNase and the hallmark fragmentation of nuclear
DNA (Wolf et al., 1999). Additionally, studies indicate that nuclear translocation of active
caspase-3 is a tightly regulated process, dependent on its proteolytic activation and interaction

with substrate-like proteins (Kamada et al., 2005).

In this study, a caspase-3/7 activity assay was utilized to evaluate the apoptotic response of

treated cells, providing insights into the mechanisms underlying cell death.
4.9.1 Doxorubicin

Doxorubicin treatment induced moderate caspase-3/7 activation in A549 cells, indicating
apoptosis. However, the extent of the activation was limited, which can be explained by
findings by Sato et al. (2022), where doxorubicin causes phosphorylation of ERK, which
inhibits caspase activity. The study further showed that ERK inhibition amplified doxorubicin-

induced apoptosis in A549 cells via caspase-3 activation (Sato et al., 2022).

In this study, doxorubicin triggered substantial caspase-3/7 activation in HEK293 cells. This
was supported by a study by Houshdarpour et al. (2021) which found that doxorubicin causes
concentration dependent caspase-3 activation, with higher doses resulting in a more significant
increase in caspase-3 activation in HEK293 cells. Apoptosis is then induced through DNA

damage, cytoskeletal degradation, membrane blebbing and phosphatidylserine externalization.
4.9.2 G. lucidum

G. lucidum induced near-complete caspase-3/7 activation in A549 cells at both tested
concentrations (0.5 mg/mL and 0.25 mg/mL). The observed fluorescence and apoptotic

morphology indicate activation of apoptosis, potentially linked to ERK inhibition (Qiu et al.,
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2023) and Fas-mediated caspase-8 activation (Gao and Homayoonfal, 2023). Unlike
doxorubicin, which promotes ERK phosphorylation, G. lucidum may enhance apoptosis by
suppressing this pro-survival pathway. G. lucidum engages both extrinsic (Fas-mediated) and
intrinsic (mitochondrial) pathways, enhances apoptotic signalling (Gao and Homayoonfal,

2023).

In HEK293 cells, G. lucidum also induced caspase-3/7 activation, particularly at 0.5 mg/mL,
indicating concentration dependent cytotoxicity. While the response was similar to A549 cells,
its impact on non-cancerous cells raises concerns about its selectivity. The observed toxicity
indicates that further studies are needed to assess its potential off-target effects and therapeutic

safety.

Future studies should explore whether co-treatment with G. lucidum and doxorubicin could
achieve greater apoptosis induction by effectively suppressing ERK-mediated survival
pathways and recruiting Fas-associated death domain which activates caspase-8 and

subsequently, caspase-3.
4.9.3 T. versicolour

T. versicolour treatment led to moderate caspase-3/7 activation in A549 cells. Increased
fluorescence and apoptotic morphology were evident at higher concentrations. While there are
no studies directly assessing the effect of 7. versicolour extracts on caspase-3/7 activity in A549
cells, Jiménez-Medina et al. (2008) found that PSK, a polysaccharide component of T.
versicolour, significantly increased caspase-3 expression in A549 cells, from 4.20% in
untreated cells to 31.15% when treated with 100 pg/mL of PSK. Additionally, PSK induced
caspase-3 activation in various other cancer cell lines, including HL-60, WiDr, HT29, SW480,
KATOIII, AGS, U937 (Hirahara et al., 2011; Hirahara et al., 2012; Hirahara et al., 2013; Wang
et al.,2012; Yang et al., 2005; Jiménez-Medina ef al., 2008).

In contrast, 7. versicolour had minimal effects on HEK293 cells, with no significant caspase-
3/7 activation observed. This indicates a degree of selectivity, as it induced apoptosis in cancer
cells while sparing non-cancerous cells. Compared to G. lucidum and doxorubicin, T

versicolour appears to have a safer profile with lower toxicity toward HEK293 cells.
4.9.4 Summary

Doxorubicin, G. lucidum, and T. versicolour increased caspase-3/7 activation in A549 cells,

with G. lucidum showing the strongest apoptotic effect. Doxorubicin induced apoptosis but to

113



a lesser extent, potentially due to ERK-mediated survival mechanisms. In HEK293 cells,
doxorubicin caused substantial apoptosis, while G. lucidum also activated caspase-3/7, raising
concerns about its non-selective toxicity. 7. versicolour had limited effects in HEK293 cells,
indicating a safer profile. These findings highlight the need for further studies on selective

toxicity and the mechanisms underlying apoptosis induction in cancer and non-cancerous cells.
4.10 The effect of G. lucidum and T. versicolour in A549 and HEK293 Cells on ROS levels

This study investigated the ROS formation induced by G. lucidum, T. versicolour and
doxorubicin treatments in two different cell lines, A549 and HEK293. The primary aim was to
compare the ROS-generating effects of these treatments at two different concentrations (0.5
mg/mL and 0.25 mg/mL). The presence of ROS was detected using a fluorescence-based assay,

where increased fluorescence signals were indicative of ROS formation.

ROS play a critical role in cancer biology, acting as a double-edged sword in tumour
development and treatment (Nakamura and Takada, 2021). As natural byproducts of cellular
metabolism, ROS regulate key signalling pathways involved in cell proliferation,
differentiation, and survival (Nakamura and Takada, 2021). While moderate ROS levels
promote cancer progression by enhancing proliferation, migration, and drug resistance,
excessive ROS formation induces oxidative stress, leading to DNA damage, apoptosis, and cell
death (Cui et al., 2018). Cancer cells often had elevated basal ROS levels due to increased
metabolic activity and oncogenic signalling, necessitating robust antioxidant systems to
maintain redox balance and prevent lethal oxidative stress. This redox adaptability is a major
factor in therapy resistance, as cancer cells exploit antioxidant pathways to evade ROS-induced
cell death. Consequently, targeting ROS homeostasis, either by increasing oxidative stress to
induce apoptosis or by inhibiting antioxidant defences, has emerged as a promising strategy for

cancer treatment (Cui ef al., 2018).

Building on this understanding of ROS in cancer biology, this study aimed to assess how G.
lucidum, T. versicolour, and doxorubicin influence ROS formation in A549 and HEK293 cells.
By evaluating fluorescence-based ROS detection, the results provide insight into the extent to
which these treatments induce oxidative stress in different cellular environments. The
following sections will discuss the observed ROS formation patterns in each treatment group,
comparing these findings to existing literature to better understand the implications for cancer

therapy and cellular redox regulation.

4.10.1 Doxorubicin
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Doxorubicin induced significant morphological changes and fluorescence in A549 cells,
indicating ROS formation. The fluorescence appeared granular and localized within organelles
such as mitochondria, lysosomes, or the endoplasmic reticulum. This aligns with previous
studies showing doxorubicin generates ROS through mitochondrial dysfunction, cytochrome ¢
release, and oxidative stress pathways (Upadhayay et al., 2020). The fluorescence pattern
indicates ROS generation within oxidative stress-related organelles, supporting findings that

anthracyclines induce high ROS levels in cancer cells (Mizutani et al., 2005).

In HEK293 cells, fluorescence was uniformly distributed across the nucleus and cytoplasm
without bright speckled regions, indicating minimal ROS formation. This contrasts with
Mehdizadeh et al. (2020), who reported significant ROS accumulation in HEK293 cells treated
with 5 uM doxorubicin for 30 h. The difference may stem from experimental conditions, such

as drug concentration, exposure time, or metabolic state.
4.10.2 G. lucidum

A549 cells treated with 0.5 mg/mL G. lucidum showed fluorescence localized in the cytoplasm,
while at 0.25 mg/mL, fluorescence appeared as specks, indicating ROS formation within
organelles. Literature indicates that G. lucidum polysaccharides increase ROS in A549 cells,
leading to apoptosis via mitochondrial and EGFR-related pathways (Gao and Homayoonfal,

2023). The observed fluorescence patterns in this study are consistent with these mechanisms.

In HEK293 cells, 0.5 mg/mL G. lucidum induced fluorescence, while 0.25 mg/mL did not,
indicating a concentration-dependent effect. Literature suggests G. lucidum has antioxidant
properties under hypoxic stress (Mishra ef al., 2018), contrasting with the ROS formation
observed here. Mishra et al. (2018) showed that only specific solvent fractions, particularly
ethyl acetate and diethyl ether extracts, demonstrated strong antioxidant properties, attributed

to high flavonoid and phenolic content. This indicates that its effects may be solvent dependent.
4.10.3 7. versicolour

T. versicolour induced ROS formation in both A549 and HEK293 cells, with fluorescence
appearing as specks in the cytoplasm. While direct studies on 7. versicolour in A549 cells are
lacking, related polysaccharides have been shown to enhance ROS generation and apoptosis in
cancer models (Jedrzejewski et al., 2019). In leukaemia cells, PSK enhances the cytotoxicity
of chemotherapeutic agents (doxorubicin and etoposide) through increased ROS production

and apoptosis. The effectiveness of PSK against Walker 256 fibrosarcoma tumour cells was
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linked to the ability to increase superoxide dismutase activity and ROS levels. Further, animal
studies have shown that 7. versicolour polysaccharides increase ROS production in rats

(Jedrzejewski et al., 2019).

In HEK293 cells, T. versicolour caused fluorescence at both concentrations, indicating an
increase in ROS formation. The absence of literature on 7. versicolour in HEK293 cells limits
comparisons, but the observed fluorescence indicates direct ROS formation or secondary stress

responses.
4.10.4 Summary and comparison

The fluorescence intensity was consistently higher in A549 cells across all treatments,
indicating greater susceptibility to ROS formation. This aligns with studies showing cancer
cells, including A549, are more prone to oxidative stress due to altered metabolism and genetic
instability (Yilmazer, 2018; Perillo et al., 2020). Yilmazer (2018) used hydrogen peroxide
(H202) treatments to induce oxidative stress in cancer cell lines, including A549, G361
(melanoma), and MCF-7 (breast cancer) cells. The study found that cancer cells form ROS
more readily than normal human primary melanocytes and underwent apoptosis at lower ROS
thresholds (Yilmazer, 2018). Yilmazer used fluorescence microscopy using CellROX Deep
Red to confirm that ROS levels increased in a concentration-dependent manner following H-0:
treatment, leading to significant reductions in cell viability. The lower ROS response in
HEK?293 cells indicates more efficient antioxidant defences or different metabolic pathways.
Further research is needed to clarify the molecular mechanisms underlying these differences,

particularly in non-cancerous cells.

4.11 The effect of doxorubicin, G. lucidum and 7. versicolour on P-glycoprotein expression

in A549 and HEK?293 cells

P-Glycoprotein a member of the ABC transporter family, is a well-established mediator of
multidrug resistance (MDR) in cancer cells. Acting as an efflux pump, P-glycoprotein actively
transports a wide range of chemotherapeutic agents out of cells, thereby reducing intracellular
drug accumulation and diminishing therapeutic efficacy (Housman et al., 2014).
Overexpression of P-glycoprotein has been linked to resistance against a variety of anticancer
drugs, including doxorubicin, paclitaxel, and vinblastine, among others, which significantly

hampers the effectiveness of chemotherapy (Bukowski et al., 2020).
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The aim of this experiment was to investigate the expression of P-glycoprotein in A549 and
HEK293 cells following treatment with doxorubicin, G. lucidum, and T. versicolour using
immunofluorescence techniques. This approach allowed for the visualization of P-glycoprotein

localization and expression levels within these cell lines.

In both A549 and HEK?293 cells, doxorubicin treatment there was in an increase in green
fluorescence. However, while fluorescence was detectable, it was not particularly intense,
indicating that this was a non-specific signal and not an increase in P-glycoprotein expression.
A study by Kibria ef al. (2014) found that A549 cells inherently had low or undetectable levels
of P-glycoprotein. The same study reported that A549 cells retain high levels of intracellular
doxorubicin, likely due to the absence of active drug efflux mechanisms like P-glycoprotein.
This aligns with our findings, as doxorubicin was frequently observed accumulating in the
perinuclear region of A549 cells following treatment. Research indicates that HEK293 cells do
not constitutively express high levels of P-glycoprotein, but they can be genetically engineered

or induced to overexpress it under certain conditions (Chen et al., 2024).

The results for G. lucidum and T. versicolour differed significantly from those observed with
doxorubicin. Neither G. lucidum nor T. versicolour in A549 and HEK293 cells caused any
observable green, fluorescent signal, indicating that these natural extracts did not upregulate P-

glycoprotein at the tested concentration (0.5 mg/mL) and exposure time (12 h).

Since P-glycoprotein is a key mediator of multidrug resistance by actively effusing
chemotherapeutic agents from cells (Housman et al., 2014), its absence indicates that these
extracts would remain inside the cells, potentially enhancing their cytotoxic effects. This
outcome is particularly favourable in A549 lung cancer cells, where intracellular accumulation
could improve anti-cancer efficacy. However, in non-cancerous HEK293 cells, this raises

safety concerns, as it may lead to unintended cytotoxicity in normal tissues.
4.12 Integrated discussion

The combined results from the ROS, caspase-3/7, and Annexin-V assays provided sufficient
evidence that in A549 cells, the mushroom extracts induced apoptosis. However, the presence

of necrotic cell death is present as well.

Elevated levels of reactive oxygen species (ROS) suggest that the extracts initiate oxidative
stress, which may activate the intrinsic apoptotic pathway. ROS-induced damage to

mitochondria and DNA is known to activate caspase-9, which subsequently leads to the
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activation of executioner caspases such as caspase-3 and -7. The increased activity of caspase-
3/7 observed in treated A549 cells supports this mechanism, indicating that the apoptotic
program had progressed to its execution phase. Annexin-V staining further confirmed apoptosis
by detecting the externalization of phosphatidylserine, a hallmark of early apoptosis, on the
outer leaflet of the cell membrane. Some cells were positive for both Annexin-V and propidium
iodide (PI) staining indicating late-stage apoptosis or secondary necrosis. Taken together, the
activation of oxidative stress, caspase-3/7 activation, and membrane alterations strongly
suggest that G. lucidum and T. versicolour extracts induce apoptosis in lung cancer cells

through a ROS-mediated, caspase-dependent pathway.

In the HEK293 non-cancerous cell line, Annexin-V staining revealed high levels of
phosphatidylserine externalization, and caspase-3/7 activity was detected in G. lucidum, but
not in 7. versicolour-treated cells. Cell morphology assessment together with Annexin-V
staining indicated that HEK293 cells were undergoing apoptosis; however, the absence of
caspase-3/7 activation in the 7. versicolour group may be attributed to the experimental

timeframe.
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CHAPTER 5: CONCLUSION

This study evaluated the effects of G. lucidum, T. versicolour, and I. obliquus on A549 lung
cancer and HEK293 non-cancerous cells. While G. lucidum and T. versicolour extracts were
cytotoxic to A549 cells, their impact on HEK293 cells raises significant safety concerns. These
findings underscore the importance of carefully evaluating natural products marketed as health
supplements, as their potential toxicity in normal cells is often overlooked. Although these
extracts had anticancer properties, their cytotoxicity in HEK293 cells suggests a lack of
selectivity, highlighting the need for further investigation into their mechanisms of action and

long-term effects on healthy tissues.

G. lucidum and T. versicolour extracts had dose- and time-dependent cytotoxicity, initially
showing stronger effects on A549 cells than on HEK293 cells. At lower concentrations, the
extracts induced apoptosis in A549 cells, a controlled form of cell death desired in cancer
treatment. However, at higher concentrations, the mode of cell death shifted toward necrosis.
Necrosis is particularly concerning because, unlike apoptosis, it results in the uncontrolled
release of intracellular components into the surrounding environment, triggering inflammation,
immune activation, and potential damage to neighbouring tissues. In a clinical context, this
inflammatory response could contribute to adverse effects such as increased toxicity, damage
to non-cancerous tissues, and the potential promotion of tumour growth through the recruitment
of inflammatory mediators that support cancer progression. The transition from apoptosis to
necrosis in non-cancerous cells further emphasizes the potential for unwanted toxicity. These
findings raise concerns about the widespread, unregulated use of such products, as consumers

may unknowingly be exposed to harmful compounds at certain doses or with prolonged use.

Doxorubicin, the positive control, showed the expected potent anticancer activity while also
inducing toxicity in HEK293 cells, reinforcing its known adverse effects on non-cancerous
tissues. Notably, the fungal extracts reduced doxorubicin’s efficacy in A549 cells while
increasing its toxicity in HEK293 cells, raising concerns about potential adverse effects. This
dual effect suggests that these extracts could not only compromise doxorubicin’s ability to kill

cancer cells but also exacerbate its toxicity, potentially leading to more severe adverse effects.

The interaction between 7. versicolour and doxorubicin further highlights the complexity of
combining natural extracts with chemotherapy. While T. versicolour is known for its
immunomodulatory and anti-tumour properties, its influence on chemotherapy outcomes

remains poorly understood. Although it initially had no effect on doxorubicin’s potency,
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prolonged exposure appeared to reduce the drug’s cytotoxicity in A549 cells while increasing
its toxicity in HEK293 cells. This effect may be linked to 7. versicolour's ability to alter DNA
conformation, potentially interfering with doxorubicin’s mechanism of action and limiting its
capacity to induce cytotoxic damage in cancer cells. Given that many cancer patients use
natural remedies alongside conventional therapy, these findings highlight the urgent need for

stricter regulatory oversight of dietary supplements claiming anticancer benefits.

Beyond their cytotoxic effects, the ability of G. lucidum and T. versicolour to induce ROS
production raises concerns about oxidative stress-related DNA damage. While moderate ROS
levels can promote apoptosis in cancer cells, excessive oxidative stress may contribute to
genomic instability, lipid peroxidation, and mitochondrial dysfunction, which could
paradoxically enhance cancer progression rather than suppression. This is particularly relevant
in the context of normal cells, as uncontrolled ROS production can trigger inflammation and
cell senescence, leading to tissue damage and an increased risk of secondary malignancies.
Given the widespread use of fungal extracts in dietary supplements, further investigations into

their pro-oxidative and antioxidant balance are necessary to ensure their safe use.

The lack of P-glycoprotein upregulation in both A549 and HEK293 cells following treatment
with G. lucidum and T. versicolour indicates that these extracts are not actively expelled from
cells via efflux mechanisms. As a key efflux transporter, P-glycoprotein plays a central role in
multidrug resistance by actively removing chemotherapeutic agents from cancer cells, thereby
reducing intracellular drug accumulation and decreasing treatment efficacy. The absence of P-
glycoprotein upregulation suggests that these fungal extracts are not actively expelled from
cells. In normal cells, the active principles may be that the accumulation over time may
contribute to off-target toxicity and adverse effects. Additionally, the lack of P-glycoprotein-
mediated drug efflux raises concerns about the potential for these extracts to interact with other
chemotherapeutic agents, potentially altering their intracellular concentrations and therapeutic
outcomes. Future studies should explore whether prolonged exposure to these extracts

influences other drug transporters or cellular detoxification pathways.

The interrelationship between the ROS, caspase-3/7, and Annexin-V assays further elucidates
the mode of cell death induced by the fungal extracts and highlights the complexity of their
biological activity. In A549 cells, elevated ROS levels preceded caspase-3/7 activation,
suggesting oxidative stress as an upstream trigger of apoptosis. This was followed by

phosphatidylserine externalization detected via Annexin-V staining, confirming the
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progression toward apoptotic cell death. In HEK293 cells, caspase-3/7 activation was observed
in G. lucidum-treated cells but not in those treated with T. versicolour, where the absence of
activation may be attributable to the experimental timeframe. Importantly, in both A549 and
HEK293 cells, G. lucidum and T versicolour occasionally induced necrosis rather than
apoptosis. This is of particular concern in HEK293 cells, as it indicates a lack of selectivity and
raises the potential for unintended cytotoxic effects in normal tissues. Collectively, these
findings highlight the dual apoptotic and necrotic potential of the extracts, reinforcing the need

for cautious and well-regulated use of such bioactive compounds.

Regulatory bodies must enforce stricter quality control measures to ensure commercially
available fungal extracts are standardized and free from misleading health claims. Given the
widespread use of natural supplements, it is crucial to prevent the distribution of products with
unverified and potentially harmful effects. This study underscores the need for continued
monitoring of supplement safety, particularly for products marketed with unverified anticancer

claims.

Ultimately, while G. lucidum and T. versicolour have some anticancer activity, their lack of
selectivity and potential toxicity in non-cancerous cells make them unsuitable for therapeutic
use without significant refinement. Future research should prioritize identifying active
compounds and their structures. Until such data is available, caution should be exercised in
their use, and regulatory agencies must ensure consumers are protected from the risks

associated with unregulated natural products.
5.1 Limitations

This study was conducted on A549 and HEK293 cell lines, in two dimensional cultures, which
do not fully capture the complexity of the in vivo tumour environments or normal tissues. Key
physiological factors, such as immune interactions, extracellular matrix dynamics, and
systemic metabolism, are absent in vitro. Additionally, the study does not address the
pharmacokinetics of these fungal extracts, including absorption, distribution, metabolism, and
excretion, limiting the ability to predict their in vivo effects. The compositional variability of
natural product extracts, influenced by extraction methods, fungal strain, and environmental

conditions, may affect reproducibility and hinder cross-study comparisons.

5.2 Future studies
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Advanced analytical techniques, such as mass spectrometry, HPLC, or NMR spectroscopy,
should be used to characterize the chemical composition of fungal extracts and identify key
bioactive compounds. Pharmacokinetic studies in animal models are essential to determine
absorption, distribution, metabolism, and excretion profiles and identify active metabolites
with potential therapeutic or toxic effects. Standardized extraction and purification protocols

must be developed to ensure reproducibility across studies.

Future studies should incorporate 3D cultures or organoid models to better mimic tumour
architecture and drug penetration, followed by animal studies in nude mice. Investigating
interactions between fungal extracts and extracellular matrix components may provide insights
into their effects on tumour progression and metastasis. Co-culture systems with immune cells
(e.g., macrophages, T cells) should be used to assess immunomodulatory properties, including

potential immunosuppressive or immunostimulatory effects.

To assess selectivity and toxicity, future research should evaluate the effects of fungal extracts
on normal human primary cells (e.g., fibroblasts, endothelial cells, and organ-specific cells)

and compare responses across multiple non-cancerous cell lines.
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Appendix B: The detection of P-glycoprotein levels in A549 cells
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Representative photomicrographs showing the effect of doxorubicin, Ganoderma lucidum
and Trametes versicolour on P-glycoprotein expression and localization. A549 cells were
treated with doxorubicin at 20 pM and Ganoderma lucidum and Trametes versicolour at 0.5
mg/mL. Alexa Fluor 488 was used for PGP detection. The Olympus BX41 microscope was used to
view cells and the DP72 digital camera was used to capture images (Magnification: 400x;
scalebar: 20 pm).
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Appendix C: The detection of P-glycoprotein levels in HEK293 cells.
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Representative photomicrographs showing the effect of doxorubicin, Ganoderma lucidum
and Trametes versicolour on P-glycoprotein expression and localization. HEK293 cells were
treated with doxorubicin at concentrations equivalent to the ICg values and Ganoderma lucidum
and Trametes versicolour at 0.5 mg/mL. Alexa Fluor 488 was used for PGP detection. The
Olympus BX41 microscope was used to view cells and the DP72 digital camera was used to
capture images (Magnification: 400x; scalebar: 20 um).
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