Abstract

Antiretroviral therapy (ART) is highly effective in suppressing human immunodeficiency
virus (HIV) replication. Still, it is frequently associated with adverse side effects with long-term
use of the drugs, including oxidative stress from mitochondrial dysfunction. This study aimed to
investigate whether Thymus vulgaris (garden thyme) could serve as a viable source of
antioxidants to reduce ART-induced oxidative stress. Antioxidant capacity assays were
conducted to quantify and verify phenolic content and free radical-neutralizing potential of
extracts. Hepatocytes were used to assess the cytotoxicity of thyme and to determine the effect of
the combined treatment with thyme and tenofovir disoproxil fumarate (TDF), a commonly
prescribed nucleoside reverse transcriptase inhibitor (NRTI) for HIV that is associated with
mitochondrial toxicity. Cell viability and oxidative stress assays were performed to evaluate
whether thyme could reduce the adverse effects of TDF. Results demonstrate that thyme extracts
possess antioxidant capacity and affect cellular viability in a concentration-dependent manner,
suggesting the potential use of Thymus vulgaris in mitigating oxidative stress associated with
ART treatment. The combined treatment of thyme and TDF yields inconclusive results and needs
further testing. While further investigation is needed, these findings suggest that antioxidants
such as Thymus vulgaris may be useful to combat ART-related oxidative stress. This work
contributes to ongoing efforts to identify supportive interventions that improve treatment

tolerance and adherence, particularly for populations disproportionately affected by HIV.
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Chapter 1: Introduction

Antiretroviral drugs are used to combat retroviral infections by disrupting viral
replication. A key feature of retroviral infection is viral reverse transcription and genomic
integration into the host chromosome (Ganguly, 2025). Treatment with antiretroviral drugs does
not entirely eradicate the virus from the host, but suppresses it to an undetectable,
nontransmissible level (Arts & Hazuda, 2012). One of the most prevalent applications of
antiretroviral drugs is against human immunodeficiency virus (HIV) infection. The HIV
epidemic is one of the world’s largest public health challenges, resulting in the infection of 91.4
million and the death of 44.1 million people since 1981, with 40.8 million people living with
HIV (PLWH) worldwide as of 2024 (WHO, 2025). Advancements in antiretroviral therapy
(ART) have reduced mortality and viral transmission. However, the cytotoxicity of these drugs
may also increase the concentration of free radicals in the body, known as reactive oxygen
species (ROS), leading to oxidative stress, with resulting damage to proteins, DNA, and cell
membranes (Pham-Huy et al., 2008; Saki et al., 2023). These effects may manifest in PLWH
using ART through a weakened immune system, renal failure, liver disease, lipodystrophy,
diabetes, and insulin resistance (Chen et al., 2013).

To address concerns about ROS-induced damage from these drugs, antioxidants derived
from natural sources and plant products have been tested for their ability to reduce ART-related
side effects (Sharma, 2014). Several studies have demonstrated that oral antioxidant supplements
are effective in reducing oxidative stress in ART patients and in other conditions associated with
high free radical concentrations (Allard et al., 1998; Gambo et al., 2021; Kumar et al., 2013).

However, there have been limited or conflicting findings in studies on whether these
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supplements improve quality of life for PLWH treated with ART (Bepe et al., 2011; Saki et al.,
2023). Therefore, further research is necessary to explore the relationship between antioxidants
and the adverse effects of ART, and to assess whether antioxidant supplementation is a viable
approach to reduce oxidative stress induced by ART.

This study hypothesizes that antioxidant-rich plants, such as Thymus vulgaris, reduce
ROS levels in ART-treated cells, thereby mitigating the adverse effects of antiretroviral
treatment. Although previous literature shows a correlation between antioxidant use and reduced
ROS in the body, Thymus vulgaris is a novel antioxidant that has not been tested for its ability to
reduce oxidative stress induced by ART regimens (Proskurnina et al., 2020). This research
therefore aims to analyze the antioxidant effect of Thymus vulgaris on ART-related adverse
effects. The broader implications of the benefits of antioxidant supplementation in drug therapy
may extend to other illnesses and treatments, underscoring the importance of further research on
antioxidant use. Overall, this research will contribute to the current knowledge of antioxidants

and their therapeutic uses.
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Chapter 2: Literature Review

2.1: HIV Infection and Treatment

2.1.1 HIV Infection

HIV-1 is a retrovirus that attacks the body’s immune system and stays with hosts for the
duration of their lives. If left untreated, it can lead to acquired immunodeficiency syndrome
(AIDS). Although HIV-1 infection is no longer considered a fatal diagnosis with treatment, it
remains a chronic and life-long illness as HIV establishes latent viral reservoirs. Current
treatment options can reduce the level of the virus in the blood to an undetectable,
nontransmissible level, but cannot eliminate it. Most PLWH acquire it through anal or vaginal
sex, or by sharing drug injection equipment such as needles or syringes. HIV can also be
transmitted from mother to child during pregnancy, birth, or breastfeeding (CDC, 2022).

HIV infection begins when it fuses with the host cell’s membrane. The main receptor for
HIV is CD4+ T-lymphocytes (CD4), found on the surface of many immune cells, including
helper T-lymphocytes, monocytes, macrophages, and dendritic cells. The membrane surrounding
the virus consists of surface and transmembrane glycoproteins. The viral glycoprotein on the
HIV surface, gp120, binds to the host CD4 receptor. Attachment of gpl120 to CD4 induces
conformational changes in the glycoprotein surface, creating a bridge between the HIV particle
and the host cell. Binding to a co-receptor (CCR5 or CXCR4 chemokine receptor) consequently
triggers conformational changes in gp41, a subunit of the viral envelope glycoprotein complex,
allowing fusion of the viral envelope with the host cell membrane (Volberding & Deeks, 2010).

HIV variants use either CCR5 or CXCR4, or sometimes both; these are termed R5, X4,

or R5X4 viruses (Deeks et al., 2015). CCRS and CXCR4 are expressed differently in T-cell
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subsets: CCRS5 is expressed in memory T-lymphocytes but not in naive ones, whereas CXCR4 is
present in both. Macrophages and dendritic cells also express CCRS. The virus primarily targets
activated T-lymphocytes, which are more susceptible to infection than resting cells, although
dendritic cells can capture the virus and spread it to nearby T-lymphocytes. HIV can also attach
to the follicular dendritic cells, concentrating infectious virus within B-cell follicles in lymph
nodes. Additionally, HIV induces lymphoid tissue fibrosis by increasing chronic immune
activation, regulatory T-cells, and transforming growth factor-f signaling (Deeks et al., 2015).

Following fusion of the viral envelope with the host cell membrane, the viral capsid
enters the cytoplasm. HIV’s viral RNA genome is then reverse transcribed into complementary
DNA by viral reverse transcriptase (RT), followed by conversion to proviral double-stranded
DNA. This proviral DNA, along with viral proteins, forms the preintegration complex that enters
the nucleus and is inserted into the host chromosome by viral integrase. After being inserted into
the host cell genome, the viral genetic information can be transcribed by the host cell's RNA
polymerase and then converted to proteins (Sierra et al., 2005). The newly synthesized viral
RNA and proteins assemble into new virions that bud from the cell. HIV protease cleaves viral
polyproteins into functional proteins, producing mature and infectious virions that can infect
other cells (NIH, 2025a).

Overall, HIV infection is harmful for host cells, efficiently replicates within the body, and
is easily transmitted to other individuals. If left untreated, HIV infection can affect more cells in
the body and lead to critical conditions such as AIDS, which is typically shown by a CD4 T-cell
count of less than 200 cells/mm® (Battistini Garcia et al., 2025). The attack on CD4
T-lymphocytes weakens the immune system’s ability to defend against infections, illnesses, and

cancers, further worsening the disease. Thus, ART is a crucial treatment strategy (NIH, 2025a).
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2.1.2: Current Controls & Treatments

HIV “cures” do not yet exist for several reasons. HIV’s high mutation rate, ability to
infect immune cells, integration into the host genome, and capacity to remain dormant in cells
for extended periods of time all make permanent cures difficult to achieve (Richman et al.,
2009). However, ART reduces infectious HIV RNA to undetectable levels and has been
advancing over several decades, greatly improving the prognosis and quality of life of PLWH.
The standard treatment regimen consists of a combination of two to three antiretroviral drugs that
target different stages of the HIV life cycle (Eggleton & Nagalli, 2023). There are eight distinct
categories of antiretroviral drugs based on their mechanism of action: nucleoside/nucleotide
reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors
(NNRTIs), protease inhibitors (PlIs), fusion inhibitors, integrase inhibitors (II), CCRS
antagonists, post-attachment inhibitors, and capsid inhibitors. The most common treatments
include two NRTTIs, one NNRTI, and one PI or II (Kemnic & Gulick, 2023).

For each class of drugs, structure plays a key role in how HIV replication is inhibited. For
example, NRTIs and NNRTIs target viral RT to inhibit replication. NRTIs act as
chain-terminating nucleoside analogs that are incorporated into viral DNA to terminate
elongation during reverse transcription. In contrast, NNRTIs are small, hydrophobic compounds
that bind allosterically to the p66 subunit of the RT p66/p51 heterodimer. This interaction
induces conformational changes that inhibit the polymerase activity and indirectly affect RNase
H function, reducing viral replication in HIV-1 (Sluis-Cremer & Tachedjian, 2008). PIs target a
later stage of the viral life cycle by inhibiting HIV protease, the enzyme required for cleavage of

viral precursor for maturation into functional viral proteins (Sluis-Cremer & Tachedjian, 2008).
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Building on this mechanism, NRTIs require intracellular activation to terminate
retro-transcribed DNA. Once inside the host cell, NRTIs are phosphorylated by cellular kinases
into their active triphosphate forms, NRTI-TPs, which then compete with natural nucleotides
during DNA synthesis and terminate chain elongation due to the absence of a 3’ hydroxyl group
and lack of phosphodiester bond formation (Patel & Zulfigar, 2023). Despite their effectiveness,
NRTIs are associated with mitochondrial toxicity, particularly due to off-target effects on
mitochondrial DNA (mtDNA) polymerase (White, 2001). Regardless, NRTIs remain an essential
part of most ART regimens, making it a challenge to find a balance between viral suppression
and side effects. This dilemma has led to the exploration of antioxidant supplementation as a
potential strategy to mitigate ROS production and mitochondrial damage, specifically associated

with NRTI treatment for PLWH.

2.2: Adverse Effects of Antiretroviral Therapies

2.2.1 NRTIs & Mitochondrial Toxicity

Drug development in recent decades has brought increased ART efficacy and reduced
toxicity. Still, the treatments remain associated with a range of adverse effects that reduce quality
of life for PLWH (NIH, 2024b). These side effects can include hepatitis and hepatic failure due
to hepatotoxicity, insulin resistance, reduced bone density, lipodystrophy, chronic kidney disease,
lactic acidosis, and cardiovascular disease (NIH, 2024b, 2025b; Pedro et al., 2018; Wei et al.,
2025). Many can be attributed to ART interruptions of mitochondrial function and subsequent
mitochondrial toxicity (White, 2001).

Mitochondria are essential for adenosine triphosphate (ATP) production. The reduction of

mitochondrial activity caused by NRTIs leads to increased electron leakage and the generation of
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ROS, including superoxide, peroxide, and hydroxyl radicals (Apostolova et al., 2011). Although
low levels of ROS are produced during normal mitochondrial function and play roles in cellular
signaling, excess ROS leads to damage of vital biological molecules, including lipids, proteins,
and DNA (Pizzino et al., 2017). These free radicals can interact with these components through
oxidation, thereby disrupting biological processes. Specifically, excess ROS can impair
mitochondrial respiratory chain (MRC) function and lead to observable clinical symptoms,
including myopathy, neuropathy, hepatic failure, and lactic acidosis. Additionally, mitochondrial
toxicity is especially apparent in cells that require high energy levels, such as muscle cells,
neurons, and liver cells, which helps explain the prevalence of these specific symptoms and
underscores the overall detrimental effects of mitochondrial toxicity and excess ROS on cellular
functions (Apostolova et al., 2011).

The major contributor of ARTs leading to mitochondrial toxicity is the mechanism of
NRTIs, as aforementioned (Mufioz-Muela et al., 2025; White, 2001). mtDNA polymerase
gamma (Pol-y) activity is highly affected by NRTIs (Bienstock & Copeland, 2004), leading to
reduced mtDNA replication, and consequently, the production of dysfunctional mitochondrial
proteins. Because the mitochondrial genome encodes proteins necessary for mitochondrial
function, this interruption prevents the formation of enzyme complexes essential for
mitochondrial function (Taanman, 1999). The accumulation of dysfunctional proteins affects the
MRC, increasing ROS production (Margolis et al., 2014), impairing MRC function, decreasing
ATP production, and causing further damage to cellular components, resulting in insufficient

energy production and the manifestation of clinical symptoms (White, 2001).
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2.2.2 ROS Production

ROS are produced as a byproduct of oxidative phosphorylation when electrons
prematurely react with oxygen, particularly at complexes I and III, in the electron transport chain
(ETC) (Shadel & Horvath, 2015). The imbalance between ROS and cellular antioxidant
mechanisms may lead to oxidative stress (Pizzino et al., 2017). This stress may result from the
overproduction of ROS under hyperoxia, when electron concentration in the ETC is elevated.
This stress can also occur under hypoxic conditions, in which ROS increase due to altered
electron flow and partial reduction of oxygen, leading to an accumulation of electrons (Burton &
Jauniaux, 2011). ROS production can become self-amplifying, meaning that environments with
excess ROS encourage further ROS production, making the side effects of mitochondrial toxicity
even more dangerous (Kudin et al., 2004).

The most commonly produced ROS in mitochondria is superoxide, and its production has
been linked to two specific complexes in the ETC: complex I and complex III (Kudin et al.,
2004). Though the transfer of electrons to O, is highly regulated, a small percentage of electrons
leak out to react with O, to form superoxide (Mittal et al., 2014). In a correctly functioning cell,
superoxide dismutase (SOD) enzymes detoxify the superoxide, converting it into hydrogen
peroxide. The function of these enzymes is significant due to a shift in the concentrations of
these two species, which can form via reactions involving hydrogen peroxide and transition
metals, to cause the formation of a much more dangerous ROS: a hydroxyl radical. Under
conditions of excess superoxide, it can react with nitric oxide to form peroxynitrite, which is

significantly more reactive than superoxide (Kudin et al., 2004).
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2.2.3 Impact of ROS on Cells

ROS are important signaling molecules in a variety of cellular processes, including cell
proliferation and differentiation, as well as homeostatic and oxidation signaling pathways (De
Almeida et al., 2022). However, they can also activate inflammatory, apoptotic, and necrotic
pathways, leading to cell death and physical symptoms. ROS modulate signaling cascades that
regulate redox-sensitive transcription factors, including p53, NF-kB, and AP-1, which regulate
pro-inflammatory cytokines. Activation of these pathways leads to increased levels of
pro-inflammatory enzymes and tumor necrosis factors such as TNF-a, and activation of the
apoptotic cascade. This condition can ultimately lead to cell death through necrosis or apoptosis
(Burton & Jauniaux, 2011). Necrosis causes cellular degradation through swelling and loss of
membrane integrity, triggering an inflammatory response from the body (Kanzler & Galle,
2000), while apoptosis plays a significant role in liver injury and, along with necrosis, can lead to
liver failure due to the susceptibility of certain liver cells, specifically hepatocytes and
cholangiocytes, to death receptor-mediated apoptosis (Guicciardi et al., 2013). Apoptosis is also
induced by the activation of ASK1, which activates the mitogen-activated protein kinase p38 and
stress-activated protein kinase—c-Jun N-terminal kinases (Burton & Jauniaux, 2011). These
pathways are adaptive at physiological ROS levels and help restore homeostasis, but high levels
can trigger apoptosis and necrosis, ultimately causing greater damage.

Cell and organelle membranes are more susceptible to damage by ROS because they
contain polyunsaturated fatty acids (PUFAs) (Su et al., 2019). This process is referred to as lipid
peroxidation, which involves free radical species removing hydrogen atoms from lipids, resulting
in more reactive intermediates that destabilize the membrane. This peroxidation directly damages

these phospholipids and can induce cell death, including ferroptosis, a type of cell death
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dependent on iron. Lipid peroxidation can be induced via two mechanisms, one being
non-enzymatic and the other being enzymatic. In the non-enzymatic mechanism,
PUFA-containing phospholipids undergo a free-radical chain reaction involving oxygen, in
which a compound spontaneously loses electrons to the surrounding air (Su et al., 2019). This
process forms many reactive electrophilic products that can disrupt cellular processes. In the
enzymatic mechanism, membrane peroxidation is catalyzed by lipoxygenase (LOX), which
forms hydroperoxides (R-OOH). This process acts on specific PUFAs within certain
phospholipids, which serve as substrates for the LOX enzyme, which uses molecular oxygen to
create hydroperoxyl groups at varying positions along the acyl chain.

In the mitochondrial membrane, ROS can cause damage to the cells through a positive
feedback mechanism (Zorov et al., 2014). ROS can induce the opening of the mitochondrial
permeability transition pore, leading to further ROS generation and mitochondrial release,
sometimes resulting in mitochondrial and cellular damage. This process of mitochondrial ROS
inducing the further release and formation of ROS is referred to as ROS-induced ROS release
(Zorov et al., 2014). ROS production and antioxidant defenses can become imbalanced, in some
cases from therapies like ART, which creates oxidative stress on the cells. Generally, the effects
of ROS can be differentiated by classifying them as either physiological signaling ROS, which
are beneficial to the cell, or pathological ROS, which are detrimental to the cell.

ROS interactions with proteins result in changes in folding, hydrophobicity, and charge,
which affect catalytic, structural, and communication functions. While nucleic acids have robust
repair mechanisms and proteins can sometimes be repaired or refolded to counteract oxidative
damage, severely damaged proteins are often marked and targeted for degradation (Stringfellow

et al., 2014). This process can cause significant damage to the cell, as proteins are responsible for
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the majority of cellular work. ROS affect proteins in three main ways: oxidation of amino acid
residues, cleavage of peptide bonds, and protein aggregation. There are many functional groups
present on amino acid residues susceptible to oxidation. One significant target of ROS is
sulfur-containing groups in amino acids like methionine and cysteine. The oxidation of these
groups can yield reversible or irreversible products, including sulfenic, sulfinic, or sulfonic acids,
which can impair function and, if severe, target the protein for permanent degradation by the
proteasome. Another is aromatic groups, especially in tyrosine which can alter protein function
and promote aggregation or degradation (Kehm et al., 2021).

As described, highly damaging ROS can cause direct effects to nucleic acids in mtDNA,
as well as attack chromosomal DNA bases, alter DNA double helix structure, and alter
corresponding bonds between nitrogenous base pairs (Sakai et al., 2006). The attack by hydroxyl
radicals, one of the most reactive and damaging ROS, causes oxidative stress to both purine and
pyrimidine bases. ROS interaction can, for example, change a guanine base in DNA to an
8-0x0-7,8-dihydroguanine (8-0xoG lesion) base, which has the mutational ability to mispair with
adenine instead of a cytosine (Hebert & Schlegel, 2019). Other ROS can also interact with
guanine and other bases to cause different oxidative products. 8-0xoG lesion is one of the most
common oxidative DNA lesions in cells and is caused by the oxidation of guanine via a hydroxyl
radical, which modifies it so that it can mispair with adenine at transcription forks, replication
bubbles, and DNA double helix strands (Fleming et al., 2012). Mutations by ROS can cause
these spontaneous mutations, including transversions, base substitutions, and small frameshift
deletions (Sakai et al., 2006). Overall, the presence of ROS can interact with DNA base pairs,
causing structural mutations in bases and increasing the likelihood of defects, cellular

dysfunction, and cell death. This further exacerbates the effect of increased ROS concentration
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from mitochondrial toxicity of ART drugs as seen through the structural changes to DNA, a vital

component of every cell.

2.2.4 Potential NRTI Drug of Interest

A common NRTI used for ART treatment of HIV is tenofovir disoproxil fumarate (TDF).
Although to a lesser extent than some older NRTIs, TDF has been associated with mitochondrial
toxicity. This antiretroviral drug is often used as part of a first-line treatment regimen for PLWH
(Fioroti et al., 2022). In addition, TDF is one of two drugs in the combination anti-HIV medicine
Truvada, a widely used combination ART according to Gilead Sciences, a pharmaceutical
company leading in the research and development of HIV drugs (Contract Pharma, n.d.). Despite
its efficacy in reducing the viral load of HIV, TDF has been associated with nephrotoxicity (i.e.
renal toxicity) as well as bone toxicity, leading to bone density issues (Hashwin Singh et al.,
2024). In some cases, studies have revealed severe hepatic adverse effects associated with long
term use of NRTIs such as TDF, rarely associated with lactic acidosis and liver failure (NIH,
2020). In severe cases, TDF has been identified as a significant contributor to cases of proximal

tubulopathy (a form of renal disease) found in PLWH taking ART treatment (Fioroti et al., 2022).
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Scheme 1. Chemical structure of tenofovir disoproxil fumarate. (Image source: TCI Chemicals)
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The mechanisms of these adverse side effects are not fully understood at this time. One
explanation for TDF-induced nephrotoxicity is that mitochondrial toxicity through inhibition of
mtDNA Pol-y in proximal tubular cells may cause oxidative stress, apoptosis, and other negative
effects on the kidney (Fioroti et al., 2022). This is supported by another study, which indicated
that damage to proximal tubular mitochondria in rats led to antioxidant depletion and oxidative
stress, causing renal damage (Abraham et al., 2013). However, an in vitro study contradicted this
theory and reported relatively low levels of oxidative stress in different types of TDF-treated
cells (Cihlar et al., 2002). Therefore, more research is needed to elucidate these conflicting
results. In addition, the causes of TDF-related bone density loss are less clear, with some
potential explanations including imbalances of growth factors, alteration of gene expression, and
various factors influencing the complex interactions of osteoblast and osteoclast activity
(Hashwin Singh et al., 2024).

Given that this is such a widely used drug with adverse effects that may be caused by
mitochondrial toxicity, TDF is a strong ART candidate for investigation of the impact of
antioxidants on the resulting oxidative stress, which may provide insight into mechanisms of this
drug’s adverse effects and a potential strategy to counter them to improve drug adherence and

improve the quality of life for PLWH.

2.3: Mitigating ART Toxicity

2.3.1: Drug Structure-Activity Relationships

One method used in past studies to reduce the cytotoxicity of ART is altering drug
structure to modulate resulting activity (Kaur et al., 2020). NNRTIs have been an important class

of anti-HIV therapies due to their strong antiviral activity and high selectivity. The NNRTI
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compound 4ab has been shown to exhibit similar antiviral activity with reduced cytotoxicity
compared to original JX-7 (Jin et al., 2022). This method provides one possible starting point for
improving current therapies. Unfortunately, it is also known that these NNRTIs can exhibit
cytotoxicity in certain contexts in addition to rapid drug resistance and can limit long-term
effectiveness in some cases. This issue highlights the need for further exploration, as it calls for
the development of improved ARTs with simultaneous high potency and low toxicity.

In efforts to take an existing ART and manipulate its structure, it could be incredibly
helpful to incorporate structural elements from natural compounds that have previously been
shown to demonstrate antiviral activity. As mentioned, bulky substituents at the C4 position in
calanolides promote the ability of calanolide molecules to inhibit RT. It is therefore considered to
add bulky substituents at a similar molecular position in a selected antiretroviral drug structure as
a methodology. Regardless, understanding the activity of naturally derived agents against HIV
will serve as a solid foundation for future endeavors investigating synthetically derived

compounds.

2.3.2: Antioxidant Supplements

Another potential method to reduce or prevent ART-induced cytotoxicity is antioxidant
supplementation. Antioxidants are molecules that neutralize reactive molecules such as ROS,
thereby protecting cellular components from oxidative stress. These compounds can be classified
into three groups: endogenous enzymatic antioxidants, endogenous non-enzymatic antioxidants,
and exogenous non-enzymatic antioxidants (Losada-Barreiro et al., 2022).

Endogenous antioxidants are naturally produced by the body. They include enzymatic

antioxidants such as SOD, glutathione peroxidase, and glutathione reductase, as well as
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non-enzymatic antioxidants like melatonin and coenzyme Q10 (Losada-Barreiro et al., 2022).
These molecules work through a variety of mechanisms, including limiting ROS formation,
scavenging ROS, or supporting antioxidant systems. Endogenous compounds are assisted by
exogenous non-enzymatic antioxidants, which originate from outside the body (Munteanu &
Apetrei, 2021). They act cooperatively with endogenous antioxidants to maintain the balance of
ROS in cells, either scavenging free radicals or supporting endogenous antioxidant systems
(Bouayed & Bohn, 2010). Some examples of exogenous antioxidants include vitamins C and E,
carotenoids, and polyphenols. Naturally found in plants, they are obtained through dietary intake
and contribute to cellular antioxidant defenses.

Many antioxidant-rich plants are already used in traditional medicine for their wide range
of bioactive components, and have been investigated both in vitro and clinically for potential
therapeutic effects against cancer, microbial infection, respiratory conditions, heart disease, and a
variety of viruses. For example, antioxidants derived from P. hysterophorus leaves have
demonstrated anti-HIV and cytoprotective effects in vitro, as well as moderate success when
assayed in relation to breast cancer and leukemia (Parham et al., 2020). Another antioxidant-rich
leaf, Moringa oliefera, has been studied for its antioxidant and immunomodulatory properties,
with some studies suggesting potential improvements in immune markers such as CD4 counts in
a clinical trial with PLWH (Gambo et al., 2021; Nworu et al., 2013). Overall, plant-based
antioxidant supplementation may be an effective way to reduce the negative effects of oxidative
stress induced by HIV and ART.

However, while some studies regarding the use of antioxidants in managing HIV have
yielded encouraging results, others provide conflicting or insufficient evidence. In a review of

trials using zinc, vitamins, and other micronutrient supplements to combat HIV, it was concluded
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that these studies show inconsistent outcomes and instead rely on an individual’s micronutrient
status (Wilkinson et al., 2018). Additionally, a survey of 151 ART patients found that those
taking herbal supplementation were more likely to develop adverse side effects such as rashes
and abdominal pain, likely due to unforeseen interactions between the drug and natural
supplement (Bepe et al., 2011). These findings suggest that naturally derived antioxidants may
influence health outcomes of PLWH, but further research is necessary to understand the role and
the entire effects of antioxidant supplementation.

While clinical studies investigating the impact of antioxidants on diseases such as HIV
have yielded mixed or inconclusive results, a number of studies have suggested that antioxidants
can mitigate drug toxicity caused by oxidative stress. Antioxidant compounds such as vitamin E
have been shown to reduce the neurotoxic effects in certain chemotherapy contexts (Stankovic et
al., 2020). However, the results of antioxidant supplementation on health outcomes in cancer
patients have been inconsistent, as antioxidants have also been found to reduce the efficacy of
these drugs (Khurana et al., 2018). Therefore, when investigating antioxidant sources as a means
to reduce drug toxicity, it is essential to consider the involvement of the antioxidant in both the
mechanisms of side effect development and those of drug function.

Thymus vulgaris, commonly known as garden thyme, is a rich source of antioxidants with
high radical scavenging activity (Assiri et al., 2016). It contains many phenolic compounds, such
as thymol, carvacrol, and glycosides, which have been studied and characterized not only for
their antioxidant capabilities but also for their therapeutic and antimicrobial properties
(Hammoudi Halat et al., 2022; Nagoor Meeran et al., 2017). One study examined the effect of
Thymus vulgaris essential oil on the function of HIV-Tat, a transcriptional regulatory protein, and

found that the essential oil reduced Tat-mediated transcription (Feriotto et al., 2018). Some
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antioxidant-rich plants such as Arctium lappa, Syzygium cumini, and Tribulus terrestris have
similarly been previously studied and have demonstrated anti-HIV activity in vitro (Parham et
al., 2020). In addition to its potential anti-HIV activity demonstrated by these studies, the high
concentration of antioxidant compounds present in Thymus vulgaris makes it a promising
candidate for investigating the mitigation of oxidative stress induced by HIV treatment.

Given that thymol, one of the main phenolic compounds of Thymus vulgaris, has shown
exceptional antioxidant abilities (Nagoor Meeran et al., 2017), it is therefore reasonable to also
investigate whether its other individual compounds also contribute to these antioxidant effects.
Thymol has shown anti-inflammatory effects by modulating inflammatory signaling, reducing
cytokine and chemokine production, and also through free radical scavenging and enhancement
of endogenous enzymes as well as chelation of metal ions. Reviews of in vitro and in vivo data
suggest potential therapeutic benefits of thymol as a dietary supplement to be used concurrently
with agents to treat various diseases (Nagoor Meeran et al., 2017). The properties of thymol are
specifically tied to the phenolic hydroxyl group, which transiently forms a resonance-stabilized
phenoxyl radical after thymol donates a hydrogen atom. This pathway protects against free

radicals by neutralizing them, thereby preventing deleterious effects.
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Scheme 2. Chemical structure of thymol. (Image source: Sigma-Aldrich)
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The scavenging of free radicals can be assessed through measurements of endogenous
antioxidant enzyme activity, such as SOD, glutathione-S-transferase, and through non-enzymatic
antioxidant levels like reduced glutathione (GSH) (Nagoor Meeran & Stanely Mainzen Prince,
2012). Studies have shown thymol to have an exceptional ability to scavenge superoxide anion
and hydroxyl radicals in a concentration-dependent manner, as demonstrated using assays such
as 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Nagoor Meeran et al., 2015; Nagoor Meeran &
Stanely Mainzen Prince, 2012).

Through evaluating the effect of thymol treatment on hepatotoxicity, studies have
suggested thymol as a protective agent against oxidative stress. A previous study showed 30
mg/kg thymol dosage co-administered with hydrocortisone in rats led to a decrease in important
liver enzymes such as aspartate aminotransferase and alanine transaminase, tumor necrosis
factor-a. in the serum and liver, indicative of a significant reduction in liver damage,
inflammation, and oxidative stress (Aboelwafa & Yousef, 2015). Another study showed
decreased cytotoxicity, apoptosis, and ROS, resulting in reduced oxidative damage in Chang
liver cells after treatment with 50 pg/ml thymol (Kim et al.,, 2014). Given the established
antioxidant properties of thymol, this study evaluates whether these effects can mitigate
oxidative stress associated with TDF treatment, a clinically relevant source of drug-induced
oxidative damage.

This study aims to mitigate ART-induced oxidative stress, which remains underexplored
in conjunction with thyme supplementation. Antioxidant supplementation represents a promising
strategy to reduce treatment-associated adverse effects without directly altering the
pharmacological activity of ART. In addition, these antioxidants can be naturally derived from

plants, providing a potentially more accessible and cost-effective approach for reducing
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ART-induced oxidative stress for under-resourced populations with high HIV prevalence
(Parham et al., 2020). Further investigation of thyme and its active compound, thymol, may
advance understanding of their antioxidant properties and their potential use in pharmaceutical

applications.

2.4 Assessing Antioxidant Capacity & Oxidative Stress

There are numerous methods for quantifying antioxidant compounds and measuring
antioxidant activity in plant extracts. The antioxidant potential of plant extracts is often
correlated with the levels of phenolic compounds (such as phenolic acids, lignin-related
compounds, tannins, lignins, and flavonoids), which act as exogenous antioxidants. Phenolic
compounds can be quantified by gas chromatography or high-performance liquid
chromatography, as well as by spectrophotometric assays such as the Folin-Ciocalteu total
phenolic content (TPC) assay (Khoddami et al., 2013).

Additional assays are needed to directly measure the antioxidant activity of a sample.
Many of these assays measure the ability of the antioxidant to perform either hydrogen atom
transfer (HAT) or single-electron transfer to neutralize ROS that contain unpaired electrons
(Munteanu & Apetrei, 2021). Oxygen Radical Absorption Capacity (ORAC) is a commonly used
and physiologically relevant assay that measures the ability of a sample to neutralize a peroxyl
radical via HAT by monitoring fluorescence decay relative to a standard such as the vitamin E
analog, Trolox. Another commonly used assay is the DPPH radical-scavenging assay, which
measures antioxidant capacity by assessing the ability of compounds to donate electrons or
hydrogen atoms to reduce the stable free radical DPPH, resulting in a measurable color change.

The 2,2'-Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) assay functions similarly,
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measuring the transfer of both hydrogen atoms and electrons (Munteanu & Apetrei, 2021). These
analytical methods have been widely used to evaluate plant extracts, including Thymus vulgaris.
Studies have shown that extracts of Thymus vulgaris contain high concentrations of phenolic
compounds and exhibit strong antioxidant potential in these assays (Assiri et al., 2016).

Oxidative stress can also be evaluated in cellular systems using biological assays that
assess cell health and redox balance. One indirect method of assessing oxidative-stress-induced
damage is through cell viability assays, which measure the proportion of living cells after
exposure to a stressor. Oxidative stress can impair mitochondrial function, damage cellular
molecules, and ultimately reduce cell survival, making decreased cell viability a commonly used
indicator of oxidative toxicity (Katerji et al., 2019). However, while cell viability assays can
provide some information about the overall impact of damage, they do not directly measure
antioxidant activity or intracellular redox status. For this reason, more specific biochemical
assays are often used in conjunction with viability measures.

In cellular systems, oxidative stress can also be assessed using assays that measure redox
balance and cell viability. One important indicator of oxidative status is glutathione, a key
intracellular antioxidant that plays a central role in maintaining cellular redox homeostasis.
Glutathione-based assays measure the relative levels of reduced and oxidized glutathione within
cells, providing insight into oxidative stress and mitochondrial function. Because glutathione is
directly involved in detoxifying reactive oxygen species and maintaining redox balance, changes
in its levels serve as indicators of cellular health and oxidative damage (Owen & Butterfield,
2010). As a result, assays measuring the ratio of reduced to oxidized glutathione are frequently
used in studies investigating antioxidant interventions and plant-derived compounds to assess

their ability to mitigate oxidative stress in biological systems (Ndlovu et al., 2023).
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2.5: Social Impact

Due to the transmission mechanism of HIV, social context and human behavior are
extremely significant in the spread of HIV. Since the start of the epidemic in 1981, HIV has
disproportionately impacted certain populations, including men who have sex with men (MSM),
transgender individuals, people who inject drugs, incarcerated individuals, and sex workers. In
2019, 66% of new HIV diagnoses were the result of MSM contact despite gay and bisexual men
making up less than 5% of the US population (NIH, 2026). Fear and lack of knowledge,
especially at the beginning of the epidemic, contributed to stigma and discrimination against
people living with HIV, or PLWH, as well as against groups that were perceived as being
associated with HIV transmission (De Cock et al., 2011). In 1983, the CDC defined the high-risk
populations as the four H’s: homosexuals, hemophiliacs, heroin addicts, and Haitians, which
further influenced the public’s perceptions of HIV (Gonsalves & Staley, 2014). Homophobia and
stigma against PLWH have created a barrier in the prevention and treatment of HIV among
MSM. Fear of being perceived as sexually promiscuous, as well as family and social rejection,
may cause MSM to avoid testing and hide their HIV status, increasing risk of transmission and
limiting their care (Lott et al., 2022).

In the United States, the general population has relatively low HIV rates. However, there
are areas with higher HIV prevalence, particularly in populations involving marginalized
demographics. Communities with lower socioeconomic status not only experience higher HIV
rates but also experience worse health outcomes. Specifically, higher rates of HIV are prevalent
among individuals at or below the poverty line, individuals with less than a high school diploma,
and unemployed individuals (Pellowski et al., 2013). Socioeconomic factors also intersect with

race, contributing to the significant racial disparities seen, such that Black/African American and
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Hispanic/Latino populations are disproportionately aftected. In 2022, Black/African American
people made up 12% of the population and 37% of people newly infected with HIV (CDC,
2024a) and Hispanic/Latino people made up 19% of the population and 32% of people newly
infected with HIV (CDC, 2024b). This is in contrast to the white population, which made up
60.1% of the U.S. population and 28.5% of PLWH (CDC, 2024a). Further, the most affected
populations are Black/African American MSM, and Hispanic/Latino MSM. Additionally,
Black/African-American women are significantly more impacted than other groups of women, as
they account for a disproportionate share of 54% of U.S. women with HIV while only
accounting for 13% of the country’s female population (NIH, 2024a).

This inequity is shaped by structural determinants of health, including systemic
disparities and discrimination in housing, education, the criminal justice system, and immigration
policy. Lack of resources and environmental stressors have made it more difficult for Americans
living in low-income, predominantly minority communities to receive HIV testing and treatment.
Additionally, disadvantaged communities often face higher incarceration rates, which increases
the rate of HIV transmission, as prisons create a high risk for HIV contraction through
unprotected sexual activity, needle sharing, and tattooing (Robinson & Moodie-Mills, 2012).

There are also significant gaps in the quality of treatment between racial groups. One
study found that only 11% of African Americans and 21% of Hispanic/Latinos eligible for HIV
preventative pre-exposure prophylaxis (PrEP) were prescribed, compared to 78% of white people
(Kamitani et al., 2024). Viral suppression is observed at lower rates in African American
populations, with 38.9% of African American PLWH and 47.3% of white PLWH reaching viral
suppression. This may be in part due to lower ART persistence in Black populations. Studies

have shown that young people, women, Black and Latino individuals, and people who had spent
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less time living with HIV were more likely to self-discontinue treatment (Gwads et al., 2021).
Additionally, a study comparing ART regimens of those with Medicare and Medicaid (which
accounts for over half of PLWH receiving treatment) found that only 45% of African American
patients had sufficient supplies to maintain an ART regimen compared to 52% of white patients
(Landovitz et al., 2017).

These disparities may be due to discrimination and microaggressions linked to worse
health outcomes and maladaptive health behaviors, lack of trust in providers, and low health
literacy (Simoni et al., 2012). Studies have found inequities in African American populations due
to reduced engagement in care and nonadherence influenced by medical mistrust and perceived
discrimination. Racial discrimination within and outside the medical system is known to reduce
trust in healthcare among African Americans, and a combination of lack of trust in healthcare
systems, individual physicians, and HIV-specific doubts plays a significant role in the treatment
and outcomes of PLWH. In addition to discrimination in the medical field, other issues such as
financial insecurity (such as lack of adequate housing), the social stigma surrounding HIV
diagnosis, and negative perceptions of ART also influenced people’s ability and willingness to
pursue ART (Gwads et al., 2021). In one study, a quarter of eligible patients refused treatment,
and a third had low adherence after 12 months of treatment. Based on patient questionnaires, this
was due to both fear of side effects and disbelief that the drug was necessary (Horne et al., 2007).
Furthermore, another study found that the longer it took people to receive their HIV test results,
the less likely they were to begin ART (Wood et al., 2006). The combination of these physical
and mental barriers that individuals face, particularly marginalized communities, makes the

consistent use of ART very difficult and demonstrates a need for change.
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These disparities in HIV care demonstrate a clear requirement for consideration of
socioeconomic status in HIV research. One important barrier this research may address is the
increase in adverse effects associated with cheaper treatments. The general cost of HIV care is a
significant barrier to well-being and virus suppression, as the lifetime median cost of HIV care
was estimated to be $420,285 discounted and $1,079,999 undiscounted in the US in 2019
(Bingham et al., 2021). While there are state and federal programs (such as ADAP and
Medicaid) that assist people with paying for HIV care, these programs are often restricted to
people with very low incomes and limited or no health insurance, leaving others to pay high
out-of-pocket costs. The price of ART drugs is often associated with newer drug development
and formulation complexity, which makes effective medications more expensive and difficult to
access. Recent advancements in HIV treatment include long-acting injections administered every
two months. This treatment offers many advantages, including lower side effect burden and
increased adherence. However, being a new treatment, it is typically less accessible than current
common treatments due to limited healthcare infrastructure (Lupina et al., 2025). Because this
treatment must be administered by a medical provider, it can place additional burdens on patients
such as clinic and administration fees, insurance benefit determination and prior authorization
requirements, inadequate insurance reimbursement, and additional medication costs incurred by
clinics (NIH, 2021). In addition, these long-acting treatments can only be used in individuals
who have already reached viral suppression, meaning those who face barriers to current HIV
treatments may not be able to benefit from these advancements.

Aside from financial limitations, groups disproportionately affected by HIV may face
other barriers to treatment. As discussed previously, one of the barriers to effective HIV care is a

lack of trust in medication and healthcare providers due to factors such as discrimination and
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lack of representation in drug trials. Natural supplements may have the potential to improve the
acceptability of ART regimens to those who have doubts in its safety. While this research project
will not utilize human clinical trials, it is essential that future research uses a diverse testing
population to understand reactions to antioxidant treatment across multiple groups.

Although HIV treatments are continuously advancing to improve ease of adherence and
reduce side effects, there are many existing barriers that prevent equitable access to these
treatments. By investigating natural supplements to offset adverse effects rather than contributing
to the development of a new treatment with fewer adverse effects, this study aims to find a more

affordable and accessible way to improve the quality of life of those taking ART.

2.6: Research Objective

The objective of this research is to investigate whether a common antioxidant-rich plant,
Thymus vulgaris, can mitigate the adverse effects associated with the widely prescribed ART,
tenofovir disoproxil fumarate (TDF), for the treatment of HIV infection. This study analyzes the
effects of Thymus vulgaris and TDF on cellular oxidative stress and cell death in a hepatocyte
cell model. It is hypothesized that dual treatment with TDF and Thymus vulgaris will improve
cell viability compared with TDF alone, thereby reducing the adverse effects of ART. This
research intends to provide a social benefit to PLWH by reducing adverse side effects and
improving medication compliance, therefore reducing the viral load and spread of HIV through a
non-invasive, covert treatment method. Specifically, this research explores the use of accessible
supplements for medicinal purposes to assist communities disproportionately affected by HIV.
The outcome of this research can inspire further research into antioxidant supplementation to

mitigate the adverse effects of various medications.
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Chapter 3: Materials & Methods

3.1: Thyme Extraction

Thyme extracts were prepared by using finely powdered dried thyme, sourced from
Frontier Co-op (Norway, IA, USA). 2.5 g of powdered thyme, weighed on an analytical balance,
were suspended in 25 mL of deionized (DI) water to achieve a 1:10 solid-to-solvent ratio. Water
was the solvent of choice for the extracts used in subsequent in vitro testing due to the potential
cytotoxicity of ethanol extractions. For antioxidant capacity assays only, an additional extract
was prepared using 2.5 g of thyme and 25 mL of 30% ethanol solution. The solution was then
vortexed for 2 minutes, and the resulting mixture was stored at 4°C overnight.

The prepared solution was then centrifuged at 1055 X g for 10 minutes at 4°C. The
supernatant was decanted into a new 50 mL centrifuge tube and the pellet was discarded. The
new solution was centrifuged at 2700 X g for 10 minutes at 4°C. Gravity filtration was
subsequently performed using filter paper and a plastic funnel.

To sterilize the thyme extract and prevent contamination during cell treatment, the
solution was syringe-filtered with a 0.22 um filter under sterile conditions. The sterilized extract
was aliquoted into 1.5 mL microfuge tubes, and subsequently stored at -20°C for no more than
four months at a time, as informed by longevity studies of other thyme extract compositions
(Usai et. al, 2011). Antioxidant capacity assays not involving cells used freshly prepared thyme

extract, stored at 4°C for no more than one week.

3.2: Assessing the Antioxidant Capacity of Thyme Extracts

All chemical reagents used in the following assays were generously provided by Dr. Liangli Yu.
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3.2.1: TPC Assay

The TPC of the thyme extracts was determined using the Folin—Ciocalteu method (Moore
et al., 2005) adapted by Dr. Yu’s lab. A standard curve was generated using gallic acid dilutions
ranging from 50 to 800 ug/mL. Gallic acid is a known antioxidant with a high concentration of
phenolic hydroxyl groups. Thyme extracts in water and ethanol were diluted in seven 10-fold
dilutions. The Folin—Ciocalteu reagent and ultrapure water were mixed with the gallic acid
standards or thyme extract samples and vortexed. After one minute, a 20% Na,CO; solution was
added and the samples rested for two hours in the dark. Absorbance was then read at 765 nm

using a spectrophotometer.

3.2.2: ABTS Assay

The 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) cation radical
scavenging capacity assay (Miller et al., 1996) was performed using a protocol adapted by Dr.
Yu’s lab. An ABTS solution was made by dissolving MnO, and ABTS salt in ultrapure water. A
working solution was then prepared by diluting the ABTS solution in phosphate buffer (PB) to
an absorbance value of 0.700 at 734 nm. Five 10-fold thyme extract dilutions in water and
ethanol were tested and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)
dilutions between 0 and 300 uM were used as a standard. The ABTS working solution was
added to the samples and immediately vortexed for 30 seconds. Absorbance was read after an

additional 60 seconds at 734 nm.
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3.2.3: ORAC Assay

The oxygen radical absorbance capacity (ORAC) assay (Moore et al., 2005) was also
conducted using a protocol adapted by Dr. Yu’s lab. The relative ability of thyme extract to
neutralize peroxyl radicals and prevent fluorescein quenching compared to a Trolox standard was
determined. A working fluorescein solution of 81.63 nM was prepared in PB and pipetted into
each utilized well of a 96-well plate, along with either a thyme extract sample, blank, or
standard. Five 10-fold thyme extract dilutions in water and ethanol were tested and Trolox
dilutions between 0 and 100 uM were used as a standard. The plate fluorescence was then read
using an excitation wavelength of 485 nm and an emission wavelength of 528 nm. 0.36 M
2,2°-Azobis(2-amidinopropane) dihydrochloride (AAPH) in PB was added to each well, mixed

by pipetting, and plate readings were taken using the same protocol every minute for 45 minutes.

3.3: In Vitro Assessment of Thyme, Tenofovir, & Combined Treatments

3.3.1: Cell Culturing

Huh7.5.1 cells (and later Vero cells) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS, 1% Penicillin-Streptomycin, 2 mM
L-Glutamine, and 1 mM sodium pyruvate. Cells were incubated at 37°C with 5% CO, and
passaged after reaching 80-90% confluency using Trypsin EDTA.

For each experiment, an opaque-walled 96-well plate was seeded with 30,000 cells per
well. The plate was then placed in the incubator to grow to a cell confluency of at least 70%

before treatment.
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3.3.2: Thyme Treatment

An aliquot of previously prepared thyme extract was removed from a -20°C freezer and
thawed to room temperature using a 25°C water bath. Once thawed, the tube was disinfected and
brought into the biosafety cabinet. The extract (serving as a 100,000 ug/mL stock solution) was
then serially diluted with DMEM to make solutions of thyme ranging from 50 to 10,000 pug/mL.
Volumes of 96-well plate wells previously seeded with Huh7.5.1 cells were aspirated, and 200
uL of the treatment solution was pipetted into each well. Each plate included a group of
untreated controls and a group of vehicle controls containing the same percentage of DI water as
the treatment group with the highest concentration of thyme extract. The plate was then
incubated for either 24 or 48 hours before a CellTiter-Glo® 2.0 Assay (purchased from Promega)

was performed to assess cytotoxicity and cell death.

3.3.3: Thymol Treatment

Thymol crystals (supplied by Ward’s Science) were dissolved in a small volume of 99%
ethanol and vortexed for 5 seconds or until completely dissolved. Ethanol was used as the initial
solvent because thymol is more soluble in ethanol than in water. This amount of ethanol was not
expected to produce cytotoxic effects during subsequent cell treatment. This solution was
sterilized by syringe-filtering using a 0.2 um filter, and then subsequently diluted with DMEM to
generate a 10,000 pg/mL stock solution. The stock solution was then serially diluted with
DMEM to make solutions of thymol ranging from 10-250 pg/mL. Volumes of 96-well plate
wells previously seeded with Huh7.5.1 cells were aspirated, and 200 pL of treatment solution
was pipetted into each well. Each plate included a group of untreated controls and a group of

vehicle controls containing the same percentage of ethanol as the treatment group with the
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highest thymol concentration. The plate was then incubated for 48 hours before a CellTiter-Glo®

2.0 Assay was performed to assess cytotoxicity and cell death.

3.3.4: Tenofovir Treatment

TDF (supplied by Ambeed) was dissolved in phosphate-buffered saline (PBS, pH 7.2) to
create a 5000 pg/mL stock solution. This solution was vortexed for 5 seconds or until completely
dissolved and syringe-filtered using a 0.2 pum filter to sterilize. A small volume of the stock
solution was diluted with DMEM to generate a new solution of 480 pg/mL TDF. This solution
was then serially diluted with DMEM to prepare solutions of 360, 240, 120, 60, and 30 pg/mL
TDF. These specific concentrations are multiples of the C,,, of TDF after oral administration
(0.3 pg/mL), scaled up to induce oxidative stress and/or cytotoxicity in a cell culture model
(Ndlovu et al., 2023). Volumes of 96-well plate wells previously seeded with Huh7.5.1 cells
were aspirated, and 200 pL of treatment solution was pipetted into each well. Each plate included
a group of untreated controls and a group of vehicle controls containing the same percentage of
PBS as the treatment group with the highest TDF concentration. The plate was then incubated for

48 hours before a CellTiter-Glo® 2.0 Assay was performed to assess cytotoxicity and cell death.

3.3.5: Dual Treatment with Thyme & Tenofovir

Stock solutions of thyme extract and tenofovir were prepared in the same manner as
indicated in Sections 3.3.2 and 3.3.4, and subsequently diluted with DMEM to the appropriate
concentrations required for each dual treatment experiment. Volumes of 96-well plate wells
previously seeded with Huh7.5.1 cells were aspirated, and 200 pL of treatment solution was

pipetted into each well. For dual treatment groups, this included 100 pL of thyme solution and
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100 puL of TDF solution (each original solution was doubled in concentration to achieve the
intended dual-treatment concentrations upon mixing in the plate). Each plate also included a
group of untreated controls and a group of vehicle controls containing the same percentage of DI
water and PBS as the treatment group with the highest concentration of thyme extract and TDF.
The plate was then incubated for 48 hours before a CellTiter-Glo® 2.0 Assay was performed to

assess cytotoxicity and cell death.

3.3.6: Dual Treatment with Thymol & Tenofovir

Stock solutions of thymol and tenofovir were prepared in the same manner as indicated in
Sections 3.3.3 and 3.3.4, and subsequently diluted with DMEM to the appropriate concentrations
required for each dual treatment experiment. Volumes of 96-well plate wells previously seeded
with Huh7.5.1 cells were aspirated, and 200 pL of treatment solution was pipetted into each well.
For dual treatment groups, this included 100 pL of thymol solution and 100 pL of TDF solution
(each original solution was doubled in concentration to achieve the intended dual-treatment
concentrations upon mixing in the plate). Each plate also included a group of untreated controls
and a group of vehicle controls containing the same percentage of EtOH and PBS as the
treatment group with the highest concentrations of thymol and TDF. The plate was then
incubated for 48 hours before a CellTiter-Glo® 2.0 Assay was performed to assess cytotoxicity

and cell death.
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3.4: In Vitro Assays of Cultured Cells

3.4.1: CellTiter-Glo Viability Assay

Cell viability was quantified using the CellTiter-Glo® 2.0 Assay, which generates a
luminescent signal proportional to the ATP concentration in each well. Because cells were
seeded and treated in opaque-walled 96-well plates, this assay could be performed and read in
the same plate at the end of each treatment period. A volume of the CellTiter-Glo reagent
equivalent to volume of cell culture media in each well was added to each well. Wells with just
DMEM alone (no cells) were included and served as a blank to measure background
luminescence. The plate was mixed on an orbital shaker for 2 minutes, then incubated at room
temperature for 10 minutes to induce lysis. The plate was then read using a luminescence

microplate reader to determine cell viability.

3.4.2: Glutathione (GSH) Assay

Dual treatment of Huh7.5.1 cells with thyme and TDF (or thymol and TDF) was carried
out as detailed in Section 3.3.6. After 48 hours of treatment, a GSH-Glo™ Glutathione Assay
(purchased from Promega) was performed. This assay produces a luminescent signal based on
the amount of reduced glutathione (GSH) present in each well. Because cells were seeded and
treated in an opaque-walled 96-well plate, the GSH-Glo assay could be performed and read in
the same plate at the end of the treatment period. Solutions of known glutathione concentrations
were prepared and added to empty wells on the plate, later used to generate a standard curve.

GSH-Glo and reconstituted luciferin detection reagents were prepared using solutions

provided in the assay kit. After aspirating all cell culture media from the treated plate, 100 uL. of
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GSH-Glo reagent was added to each well (including those designated for the glutathione
standard curve). This also included a set of empty wells, which served as a blank to measure
background luminescence. The plate was briefly mixed with an orbital shaker and then incubated
for 30 minutes at room temperature. At the end of the incubation period, 100 puL of reconstituted
luciferin detection reagent was added to all of the wells that had also received the GSH-Glo
reagent. The plate was briefly mixed with an orbital shaker and then incubated for 15 minutes at
room temperature. Finally, the plate was read using a luminescence microplate reader to
determine intracellular GSH levels. The luminescence of each well after GSH reaction was
measured, along with that of the glutathione standards. Using the GSH standard curve, the
concentration of GSH remaining in each well post-reaction was calculated to determine relative

levels of oxidative stress among treatment groups.

3.5: Data & Statistical Analyses

3.5.1: TPC Assay Analysis

Absorbance values from the TPC assay were recorded for both gallic acid standards and
thyme extract samples. Absorbance values of gallic acid at 765 nm were plotted against their
concentrations to generate a linear standard curve. The regression equation of this curve was
used to convert the average absorbance value (£ SD) calculated for each thyme extract sample to
the concentration of thyme (expressed as pg gallic acid equivalent (GAE)/mL). This value was
then converted to mg GAE/mL and multiplied by the volume (in mL) of solvent used for sample
extraction/grams of sample (where the mass of thyme is based on the dry weight used for

extraction) to produce a TPC value in mg GAE/g thyme.
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3.5.2: ABTS Assay Analysis

Absorbance values from the ABTS radical scavenging assay were recorded for both
Trolox standards and thyme extract samples. Absorbance values of Trolox were plotted against
their concentrations to generate a linear standard curve. The regression equation of this curve
was then used to convert the average absorbance value (= SD) calculated for each thyme extract
sample to Trolox equivalent antioxidant capacity (TEAC) values, expressed as pmol Trolox
equivalent (TE)/g thyme (where the mass of thyme is based on the dry weight used for
extraction). These TEAC values assess the radical scavenging ability of Thymus vulgaris extracts

relative to a known antioxidant reference standard.

3.5.3: ORAC Assay Analysis

Fluorescence decay curves were recorded for both Trolox standards and thyme extract
samples over the 45-minute assay period and used to calculate the area under the curve (AUC)
for each well. Net AUC values were determined by subtracting the blank AUC from each sample
and standard measurement. A linear standard curve was generated by plotting the net AUC
values of Trolox standards against their concentrations, and the resulting regression equation was
used to convert the average net AUC value (+ SD) calculated for each thyme extract sample to
TEAC values, expressed as umol TE/g thyme (where the mass of thyme is based on the dry
weight used for extraction). These TEAC values assess the peroxyl radical scavenging ability of

Thymus vulgaris extracts relative to a known antioxidant reference standard.
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3.5.4: Cell Viability Assay Analysis

Each experiment’s treatment groups were performed in triplicate. Average luminescence
readings (as measured by the CellTiter-Glo® 2.0 Assay) and standard errors were calculated per
treatment group for each experiment, with adjustment for background luminescence. These
values were then normalized to represent a percentage of the control group’s average
luminescence (expressed as % control cell viability). These percent control values were then
averaged across multiple independent experiments for each experimental design and graphed as
the mean = SE. A one-way ANOVA test was run on each set of averaged data, with p < 0.05
considered statistically significant. If the ANOVA produced a p-value less than 0.05, Dunnett’s
post hoc test was subsequently performed to determine which specific treatment groups differed
significantly from the control. An additional one-way ANOVA test was also used to verify that
the viability of the vehicle control(s) was not significantly different from the viability of the

untreated control.

3.4.5: GSH Assay Analysis

Each treatment group produced four replicates. Average luminescence readings (as
measured by the GSH-Glo® Glutathione Assay) and standard errors were calculated per
treatment group, with adjustment for background luminescence. Luminescence values of
glutathione standard dilutions (ranging from 0-5 pM) were plotted against their concentrations to
construct a linear standard curve. The equation for the standard curve was used to convert the
average luminescence and standard error for each treatment group to the average intracellular
glutathione concentration and standard error (expressed in pM GSH). A one-way ANOVA test

was run on the dataset, with p < 0.05 considered statistically significant. If the ANOVA produced
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a p-value less than 0.05, Dunnett’s post hoc test was subsequently performed to determine which
specific treatment groups differed significantly from the control. An additional one-way ANOVA
test was also used to verify that the viability of the vehicle control(s) was not significantly

different from the viability of the untreated control.
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Chapter 4: Results

4.1: Assessing Antioxidant Capacity of Thyme

Phenolics are major bioactive compounds in plants that act as antioxidants. Therefore, the
TPC and antioxidant capacity of powdered Thymus vulgaris in water and ethanol extracts (1:10
solid:solvent ratio) were assessed with three in chemico assays: TPC, ABTS, and ORAC. One
trial of triplicate for pure water and ethanol thyme extracts (0.1 g/mL) and five serial dilutions
ranging from 1:10 to 1:100000 were performed for TPC and ORAC, while one trial of duplicates

was performed for ABTS.

Table 1. Assessing total phenolic and antioxidant capacity of Thymus vulgaris with TPC, ABTS, and ORAC assays.

Extract & Dilution TPC (mg GAE/g ABTS (umol TE/g  ORAC (umol TE/g

Thyme) Thyme) Thyme)
Water (pure extract) 7.54 +£0.18? = -
Water (1:10) 0.96 £0.12 - -
Water (1:100) - 193.98 + 6.34 199.50 £2.96
Ethanol (pure extract) 7.73 +£0.07 - -
Ethanol (1:10) 1.08 £0.13 - -
Ethanol (1:100) 0.28 +£0.01 365.76 + 3.41 169.37 + 13.56

*Values are presented as mean + SD.

®Dilutions with absorbances that fell outside of the standard curve were omitted (-), including all dilutions greater
than 1:100. Values are presented as mean = SD.

A TPC assay was used to assess the total phenolic content of the extracts. Due to the
limited range of dilutions tested, several values fell outside of the detection or calibration range.

However, within the range of detection, thyme extracted with water (pure extract) and ethanol
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(pure extract) exhibited GAE values of 7.54 + 0.18 and 7.73 = 0.12 mg GAE/g thyme,
respectively (Table 1). An ABTS assay was used to assess the radical-scavenging capacity of the
thyme extracts. As with TPC, most dilutions fell outside the detectable range. Within the range
of detection, 1:100 dilutions of the water extract provided a TEAC value of 193.98 + 6.34 umol
TE/g thyme, whereas 1:100 dilutions of the ethanol extract provided a TEAC value of 365.76 +
341 pumol TE/g thyme. Finally, an ORAC assay was used to assess the peroxyl radical
scavenging capacity of the thyme extracts. TEAC values of 199.50 + 2.96 and 169.37 + 13.56
umol TE/g thyme extract were found for the water and ethanol extracts (1:100 dilution),
respectively. To avoid potential negative side effects of ethanol in a cell model, the thyme extract

prepared with water was used in subsequent in vitro testing.

4.2: Cytotoxicity Induced by Thyme Extract, Thymol, & Tenofovir

4.2.1: Cell Viability After Thyme Extract Treatment

Herbal extractions may exhibit cytotoxic effects in high doses. Therefore, a series of in
vitro assays was performed to determine the maximum possible concentration of thyme extract
that could be administered to Huh7.5.1 cells without inducing cell death. Effects on cell viability

were assessed at 24 and 48 hours with concentrations ranging from 0 to 10,000 pg/mL.
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Viability of Huh7.5.1 Cells Treated with Thyme for 24 Hours
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Figure 1. Thyme treatment for 24 hours maintains cell viability in Huh7.5.1 cells. Huh7.5.1 cells were treated with
increasing concentrations of thyme extract (010,000 pg/mL) for 24 hours (n = 3). Control groups (0 pg/mL thyme)
are labeled as C and C + H,0O, where C is an untreated control and C + H,O serves as the vehicle control. Cell
viability is quantified and expressed as a percentage relative to C. Data are shown as mean + SE, and statistical
differences were assessed by a one-way ANOVA. No significant differences were found between the tested

concentrations (p = 0.6345).

Across three independent trials, thyme extract treatment for 24 hours did not induce
significant cytotoxicity in the cell model. As shown in Figure 1, cell viability remained
consistently above 100% of the untreated control across the majority of tested concentrations.
Although some fluctuations were observed, there is no apparent dose-dependent decline in
viability, as confirmed by a one-way ANOVA analysis revealing no significant difference
between treatment groups. These results suggest that thyme extract maintains cell viability even

at high concentrations over a 24-hour period.
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Viability of Huh7.5.1 Cells Treated with Thyme for 48 Hours
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Figure 2. Low to moderate concentrations of thyme extract maintain cell viability in Huh7.5.1 cells following
48-hour treatment. Huh7.5.1 cells were treated with increasing concentrations of thyme extract (0—10,000 pg/mL)
for 48 hours (n = 6). Control groups (0 pg/mL thyme) are labeled as C and C + H,0, where C is an untreated control
and C + H,O serves as the vehicle control. Cell viability is quantified and expressed as a percentage relative to C.
Data are shown as mean + SE, and statistical differences were assessed by a one-way ANOVA (p = 0.0005) and
subsequent Dunnett’s test. * Represents a significant difference between the viability of the thyme concentration and
the viability of C (p < 0.05).

After 48 hours of treatment, Huh7.5.1 cells displayed a concentration-dependent decline
in viability in response to treatment with the thyme extract (Figure 2). Treatments between 50
and 2500 pg/mL concentrations consistently resulted in cell viability above 100% of the control,
indicating preserved cellular health and potential efficacy at these doses. In contrast, higher
concentrations resulted in a gradual reduction in viability, with a statistically significant
difference between the control and 10000 pug/mL (p = 0.0057). These findings suggest that low
to moderate thyme concentrations between 50 and 2500 pg/mL represent a safe range that
balances biological activity with minimal toxicity, making them suitable for further studies.

Given that viability at 500 pg/mL was significantly higher than the control (p = 0.0285), an
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optimal range of 500-2000 pg/mL of thyme was selected for subsequent experiments on dual

treatment with TDF.

4.2.2: Cell Viability After Thymol Treatment

Thymol is a major bioactive phenolic compound in Thymus vulgaris that may contribute
to the alleviation of TDF-induced oxidative stress. Therefore, this isolated compound was
selected for in vitro dual treatment with TDF. To identify thymol concentrations that do not
induce cell death, thymol solutions ranging from 50 to 250 pg/mL were prepared and used to
treat Huh7.5.1 cells. Cell viability was then measured after a 48-hour period, and the results were

used to determine the concentrations to be used in the dual treatment.

Viability of Huh7.5.1 Cells Treated with Thymol for 48 Hours
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Figure 3. Thymol induces no significant negative effects on cell viability after 48 hours of treatment. Huh7.5.1 cells
were treated with increasing concentrations of thymol (0-250 pg/mL) for 48 hours (n = 3). Control groups (0 pg/mL
thymol) are labeled as C and C + EtOH, where C is an untreated control and C + EtOH serves as the vehicle control.
Cell viability is quantified and expressed as a percentage relative to C. Data are shown as mean =+ SE, and statistical
differences were assessed by a one-way ANOVA. No significant differences were found between the tested
concentrations (p = 0.7709).
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Across three independent trials, Huh7.5.1 cells treated with thymol at concentrations
between 0 and 100 pg/mL had, on average, higher cell viability than untreated controls after 48
hours of treatment (Figure 3). As with thyme, cell wviability declined in a
concentration-dependent manner, with concentrations >200 pg/mL showing reduced viability.
However, given the lack of statistical significance between the control and the tested thymol
concentrations, concentrations ranging from 0 to 250 pg/mL were still used in subsequent dual

treatments with TDF and thymol.

4.2.3: Cell Viability After Tenofovir Treatment

Cells were treated with varying concentrations of TDF to determine a dose that would
induce enough cytotoxicity without completely killing the tested population. Doses ranging from

0 to 480 pg/mL were tested over 48 hours.

Viability of Huh7.5.1 Cells Treated with Tenofovir for 48 Hours
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Figure 4. TDF induces dose-dependent cytotoxicity in Huh7.5.1 cells after 48 hours of treatment. Huh7.5.1 cells
were treated with increasing concentrations of TDF (0-480 pg/mL ) for 48 hours (n = 3). Control groups (0 pg/mL
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TDF) are labeled as C and C + PBS, where C is an untreated control and C + PBS serves as the vehicle control. Cell
viability is quantified and expressed as a percentage relative to C. Data are shown as mean + SE, and statistical
differences were assessed by a one-way ANOVA (p = 0.00006) and subsequent Dunnett’s test. * Represents a
significant difference between the viability of the TDF concentration and the viability of C (p < 0.05). ** Represents
a significant difference between the viability of the TDF concentration and the viability of C (p <0.1).

As shown in Figure 4, TDF exposure for 48 hours produced a clear
concentration-dependent cytotoxic effect in the cell model. Cell viability gradually decreases
across concentrations of 30 (p = 0.0998), 60 (p = 0.0768), and 120 pg/mL TDF (p = 0.0082)
before dropping to much lower levels at 240 (p = 0.0001), 360 (p = 0.0001), and 480 (p =
0.0000) pg/mL. The consistent decrease in viability at elevated doses confirms that TDF exerts
measurable toxicity that can act as a drug control for dual treatments in this cell model. The toxic
effect observed at 30, 60, and 120 ug/mL suggests it could serve as a model of moderate cell
injury while preserving partial cell survival. Consequently, subsequent dual-treatment
experiments use some or all of those doses to investigate the recovery effects of thyme. Some
experiments also included testing at 240 pg/mL to evaluate recovery at much more cytotoxic

levels.

4.3: Thyme & Thymol Influence on Cell Viability in TDF-Treated Cells

4.3.1: Cell Viability After Dual Thyme & Tenofovir Treatment

Huh7.5.1 cells were treated with three concentrations of TDF: 60, 120, and 240 pg/mL,
and non-toxic concentrations of thyme (determined from the optimal range in Figure 2) to
identify the optimal conditions for mitigating TDF toxicity. Cell viability was assessed after 48

hours of exposure.



Viability of Huh7.5.1 Cells Treated with Thyme & TDF for 48 Hours
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Figure 5. Effects of thyme on TDF-induced cytotoxicity. Huh7.5.1 cells were treated with 60, 120, and 240 pg/mL
TDF and varying concentrations of thyme extract (500-2,000 pg/mL) for 48 hours (n =1 for 60 pg/mL TDF, n=3
for 120 pg/mL TDF, and n = 2 for 240 ug/mL TDF). The drug control (0 ng/mL thyme) is labeled as TDF only. Cell
viability is quantified and expressed as a percentage relative to an untreated control without thyme or TDF. Data are
shown as mean = SE, and statistical differences were assessed by a one-way ANOVA. No significant differences
were found between the dual treatment groups for 60 (p = 0.4570), 120 (p = 0.6595), or 240 (p = 0.9628) pg/mL
TDF.

Following dual-treatment trials with 60, 120, and 240 pg/mL TDF, it was observed that
120 pg/mL and 60 pg/mL consistently produced the moderate level of toxicity desired for
testing. Averaging the three independent trials using 60 png/mL TDF, there was no clear visible
trend in viability across the tested concentrations of thyme, with 2000 pg/mL and 1000 pg/mL
displaying decreased viability and 1500 pg/mL and 500 pg/mL displaying increased viability.
The 120 pg/mL trials also showed no clear trend across thyme concentrations, with 2000 pg/mL
and 500 pg/mL showing decreased viability and 1500 pg/mL and 1000 pg/mL showing
increased viability. All 240 pg/mL thyme treatments showed decreased viability compared with

the TDF-only control. Considering these averaged values of the three independent runs, no
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concentration of thyme exhibits a significant increase or decrease in cell viability for any
concentration of TDF.

However, some significant differences were observed within individual runs (evaluated
first by a one-way ANOVA, and subsequently with Dunnett’s test if p < 0.05). The first
experiment tested dual treatment groups for 60 and 120 pg/mL TDF. While no significant
differences were found for any concentrations of thyme combined with 60 pg/mL TDF (p =
0.4570), cells treated with 120 ug/mL of TDF produced a significant increase in viability at 2000
pg/mL of thyme (p = 0.0015) and a significant decrease in viability at 1500 (p = 0.0041) and
1000 pg/mL of thyme (p = 0.0343). The second experiment tested dual-treatment groups at 120
and 240 pg/mL TDF. While no significant differences were found for any concentrations of
thyme combined with 120 pug/mL TDF (p = 0.0669), cells treated with 240 pg/mL of TDF
produced a significant increase in viability at 500 ug/mL of thyme (p = 0.0193). The third
experiment again tested dual-treatment groups at 120 and 240 pg/mL TDF. While no significant
differences were found for any concentrations of thyme combined with 240 pg/mL TDF (p =
0.6040), cells treated with 120 pg/mL of TDF produced a significant decrease in viability at 500
pg/mL of thyme (p = 0.0030). All of these points to a high degree of variability in the cell culture
model, or to the need for further study of the mechanism underlying these interactions.

In order to preliminarily assess the ability of thyme treatment to mitigate ART-induced
nephrotoxicity, a lineage of kidney epithelial cells from the African green monkey, known as
Vero cells, were dually treated with thyme and TDF for 48 hours (Ammerman et al., 2008). Cells
were treated with concentrations of 30, 60, 120, and 240 ug/mL of TDF in order to gauge the

range in which this new cell line would react to the drug. Data collected from cells treated with


https://www.zotero.org/google-docs/?FmDEyt

46

120 pg/mL TDF has been omitted due to contamination of the dual treatment groups during the

experiment.

Viability of Vero Cells Treated with Thyme & TDF for 48 Hours
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Figure 6. Effects of thyme on TDF-induced cytotoxicity in Vero cells. Vero cells were treated with 30, 60, and 240
pg/mL TDF and varying concentrations of thyme extract (500-2,000 pg/mL) for 48 hours (n = 1). The drug control
(0 pg/mL thyme) is labeled as TDF only. Cell viability is quantified and expressed as a percentage relative to an
untreated control without thyme or TDF. Data are shown as mean = SE, and statistical differences were assessed by
a one-way ANOVA (p = 0.0277 for 30 ug/mL TDF, p = 0.2743 for 60 pg/mL TDF, p = 3 x 10~ for 240 pg/mL TDF)
and subsequent Dunnett’s test if p < 0.05. * Represents a significant difference between the viability of the dual
treatment group and its corresponding TDF-only group (p < 0.05).

As shown in Figure 6, Vero cells treated with TDF alone exhibit the same pattern as
Huh7.5.1 cells in Figure 4: increasing concentrations of TDF reduce cell viability relative to the
control, with 240 ug/mL producing the most cytotoxicity. However, within this concentration,
both 2000 pg/mL (p = 0.0000) and 1000 ug/mL (p = 0.0472) of thyme produced significantly
higher viability than the TDF-only control. No concentration of thyme exhibited a significant
difference in cell viability for 30 or 60 ug/mL TDF (although p = 0.0277 for 30 ug/mL TDF,

Dunnett’s test did not yield any p-values < 0.05), but a visible increase in viability was observed



47

with increasing concentrations of thyme for the 60 pg/mL thyme treatment, similar to the 240

pg/mL treatment.

4.3.2: Cell Viability After Dual Thymol & Tenofovir Treatment

Thymol was tested for its ability to reduce cytotoxicity in TDF-treated Huh7.5.1 cells
through an experiment similar to dual treatment with thyme and TDF in section 4.3.1. As no
thymol concentration was found to significantly harm cell viability in Figure 3, the thymol
concentrations used in dual treatment ranged from 25 to 200 pg/mL. The TDF concentrations

tested were 60 and 120 pg/mL, and cell viability was assessed after 48 hours.

Viability of Huh7.5.1 Cells Treated with Thymol & TDF for 48 Hours
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Figure 7. Effects of thymol on TDF-induced cytotoxicity. Huh7.5.1 cells were treated with 60 and 120 pg/mL TDF
and varying concentrations of thymol (25-200 pg/mL) for 48 hours (n = 1). The drug control (0 pg/mL thymol) is
labeled as TDF only. Cell viability is quantified and expressed as a percentage relative to an untreated control
without thymol or TDF. Data are shown as mean + SE, and statistical differences were assessed by a one-way
ANOVA (p = 0.0544 for 60 ug/mL TDF, p =0.0073 for 120 ug/mL TDF) and subsequent Dunnett’s test if p <0.05.
* Represents a significant difference between the viability of the dual treatment group and its corresponding
TDF-only group (p < 0.05).

As shown in Figure 7, thymol significantly increased viability at 200 ug/mL for cells

treated with 120 pg/mL TDF (p = 0.0007). This TDF treatment also exhibited a general increase
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in viability at higher thymol concentrations (excluding 50 and 75 pg/mL). However, the 60
pg/mL treatment group showed the opposite visual trend, with viability decreasing as thymol
concentration increased (except for the 200 pg/mL treatment), and no significant differences
among treatments. More trials are needed to confirm the reliability of the results observed in this

experiment.

4.4: Thyme’s Influence on TDF Treatment via Glutathione (GSH) Assay

To gain a deeper understanding of the intracellular oxidative changes taking place during
dual treatment with thyme and TDF, a GSH assay was performed. Huh7.5.1 cells were treated
with concentrations of thyme ranging from 0-2000 ug/mL (within the optimal range established
by Figure 2) alongside three concentrations of TDF: 30, 60, and 120 pg/mL. Intracellular GSH

levels were assessed after 48 hours of exposure.

GSH Levels of Huh7.5.1 Cells Treated with Thyme & TDF for 48 Hours
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Figure 8. Effects of thyme on oxidative stress levels of TDF-treated cells. Huh7.5.1 cells were treated with varying
concentrations of thyme extract (0—2,000 pg/mL) and TDF (30-120 pg/mL) for 48 hours (n = 1). The drug control (0
pug/mL thyme) is labeled as TDF only, and the untreated control is labeled as C. Intracellular glutathione levels are
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quantified and expressed in units of pM. Data are shown as mean + SE, and statistical differences were assessed by a
one-way ANOVA (p = 0.0802 for 30 pg/mL TDF, p = 0.0959 for 60 pg/mL TDF, p =0.0013 for 120 pg/mL TDF)
and subsequent Dunnett’s test if p < 0.05. * Represents a significant difference between the GSH levels of the dual
treatment group and its corresponding TDF-only group (p < 0.05).

Higher GSH concentrations are indicative of lower oxidative stress levels. As shown in
Figure 8, increasing thyme concentrations led to higher GSH concentrations in the 60 pg/mL
TDF and 120 pg/mL TDF treatments. Confirming this trend, intracellular glutathione levels were
significantly greater in the presence of 2000 pg/mL thyme and 120 pg/mL TDF than in the
presence of 120 pg/mL TDF alone (p = 0.0005). However, no thyme concentration showed a
significant difference in GSH levels at 30 or 60 pg/mL TDF. These results suggest that higher
thyme concentrations may reduce oxidative stress levels, but further trials are necessary. These
results also support the idea that changes in oxidation may be better assessed at the molecular
level rather than through a broad endpoint such as cell viability, though future study could assess
the exact mechanism by which antiretroviral drugs such as TDF produce cytotoxicity, and if
interventions such as antioxidants can mitigate the toxicity through this mechanism.

A GSH assay was also performed to evaluate changes in oxidative stress during dual
treatment with thymol and TDF. Two concentrations of thymol (100 and 200 ng/mL) were tested
alongside three concentrations of TDF: 30, 60, and 120 pg/mL. Intracellular GSH levels were

assessed after 48 hours of exposure.
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GSH Levels of Huh7.5.1 Cells Treated with Thymol & TDF for 48 Hours
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Figure 9. Effects of thymol on oxidative stress levels of TDF-treated cells. Huh7.5.1 cells were treated with varying
concentrations of thymol (100 and 200 pg/mL) and TDF (30-120 pg/mL) for 48 hours (n = 1). The drug control (0
pg/mL thymol) is labeled as TDF only, and the untreated control is labeled as C. Intracellular glutathione levels are
quantified and expressed in units of M. Data are shown as mean + SE, and statistical differences were assessed by a
one-way ANOVA (p = 0.4665 for 30 pg/mL TDF, p = 0.0060 for 60 pg/mL TDF, p = 0.0008 for 120 pg/mL TDF)
and subsequent Dunnett’s test if p < 0.05. * Represents a significant difference between the GSH levels of the dual
treatment group and its corresponding TDF-only group (p < 0.05).

Preliminary GSH assay results involving thymol and TDF dual treatment demonstrate
that intracellular glutathione levels are significantly greater in the presence of 200 pg/mL thymol
and 60 pg/mL TDF than in the presence of 60 pg/mL TDF alone (p = 0.0098). However, these
results also show that GSH levels are significantly lower in the presence of 100 pg/mL thymol
and 120 pg/mL TDF than in the presence of 120 pg/mL TDF alone (p = 0.0005). No
concentration of thymol exhibits a significant difference in GSH levels for 30 pg/mL TDF.

Overall, these preliminary results are contradictory and require further testing.
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Chapter 5: Discussion

HIV-1 infection is a prevalent global health challenge, affecting millions of people every
year. This study aimed to address some of the social, economic, and physical factors that inhibit
ART adherence among PLWH by testing an accessible antioxidant source, garden thyme, to
assess its ability to mitigate the harmful side effects associated with the antiretroviral medication
TDF. Since oxidative stress plays a central role in the development of ART-induced toxicity,
antioxidant supplementation has been proposed as a potential strategy to mitigate these adverse
effects. Antioxidants function by neutralizing ROS and supporting endogenous antioxidant
defense systems within the cells. Plant-derived antioxidants are of particular interest due to their
accessibility and high concentrations of bioactive compounds such as polyphenols and
flavonoids (Bouayed & Bohn, 2010; Munteanu & Apetrei, 2021). This study specifically aimed
to evaluate whether this antioxidant capacity could translate into a measurable reduction in
TDF-induced cytotoxicity.

Garden thyme was selected as an antioxidant source based on previous literature
reporting high levels of phenolic compounds and strong antioxidant capability (Roby et al.,
2013). In an effort to investigate these claims, the TPC of thyme extracts prepared using both
water and ethanol as solvents was evaluated, in the hope of quantifying total phenolic content,
since phenolic hydroxyl groups are primary contributors to plant-derived antioxidant activity.
Demonstration of high phenolic content would support the mechanistic plausibility that Thymus
vulgaris extracts could mitigate ART-induced oxidative stress via radical-scavenging pathways.
TPC assay results yielded values of 7.54 mg GAE/g (water) and 7.73 mg GAE/g (ethanol) for

thyme. These values were comparable to previously reported literature values of 7.30 mg GAE/g
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for thyme extracted in ethanol and 8.10-8.89 mg GAE/g for thyme extracted in methanol
(Mokhtari et al., 2023; Roby et al., 2013). These findings suggest that the extraction process
successfully preserved at least some of the phenolic antioxidant compounds responsible for
thyme’s antioxidant activity. However, it is important to note that the TPC assay mentioned here
was performed with n = 1 sample due to time and resource constraints.

Because ART-induced mitochondrial dysfunction increases ROS production, assays that
quantify radical scavenging ability (ABTS, ORAC) were selected to evaluate whether Thymus
vulgaris extracts could neutralize physiologically relevant oxidative species. The ABTS assay
was selected since it measures both hydrogen atom transfer and single-electron transfer
antioxidant mechanisms, allowing evaluation of multiple radical-neutralization pathways
relevant to ROS generated during mitochondrial dysfunction. The ethanol extract of thyme was
found to have an ABTS value of 366 umol TE/g thyme, indicating high antioxidant activity
consistent with previous studies (Assiri et al., 2016; Yao et al., 2023). The thyme extract in water
showed a lower value of 194 umol TE/g thyme; however, this is attributed to error from the
water-diluted Trolox standard curve rather than a true reduction in antioxidant activity in the
water sample. Additional trials should be conducted to more accurately assess the antioxidant
potential of the thyme extracts. Literature values also demonstrate that thyme has ABTS
radical-scavenging capability comparable to other known antioxidants, such as green tea
(Khnissi et al., 2025; Sieniawska et al.,, 2017). The ORAC assay complements ABTS
measurements by specifically quantifying peroxyl radical scavenging capacity, which is
particularly relevant because peroxyl radicals are major contributors to lipid peroxidation during
ART-induced oxidative stress. Upon antioxidant evaluation using the ORAC assay, thyme

extracts in water and ethanol were found to have values of 200 and 170 umol TE/g thyme,
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respectively. Although this does indicate antioxidant activity, it does not demonstrate the very
high antioxidant activity expected based on previous studies (Brewer, 2011). The limited
antioxidant capacity data provided by the ORAC assay were attributed to insufficient replicates
and experimental errors (e.g. errors in standard curves) rather than to a conclusive lack of high
antioxidant potential in our samples.

Given support from various literature sources, in vitro experiments were conducted,
assuming the strong antioxidant activity of the chosen sample. The thyme extracts prepared in
water were selected for subsequent in vitro testing over the ethanol extractions, despite
exhibiting similar antioxidant capacity, due to concerns of the potential cytotoxic effects of
ethanol. For the cell studies, it was important to isolate the impacts of the thyme antioxidant and
TDF on the cell toxicity. The use of ethanol could have introduced an additional variable
affecting cell viability. Therefore, water was chosen as the extraction solvent for thyme due to its
inert, non-toxic nature, ensuring minimal variability across cell treatments. For the thymol
extractions, however, only a minimal amount of ethanol was used because thymol is significantly
less soluble in water than in ethanol.

Following evaluation of antioxidant activity, Huh7.5.1 cell viability assays were
conducted to determine the range of thyme concentrations that could be safely administered
without inducing cytotoxicity. The thyme extract maintained high cellular viability across a wide
range of concentrations at shorter exposure times (24 hours), while moderate decreases in
viability were observed at higher concentrations (above 2500 pg/mL) after longer treatment
durations (48 hours). Other literature concentrations found to be nontoxic for thyme were lower,
ranging from 50-160 pg/mL for HepG2 cells treated with methanolic extract and up to ~125

pg/mL for THP-1 cells treated with ethanolic extract (Ayesh et al., 2014; Firat et al., 2025).
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Higher values than those reported in other studies are observed, and the trend established by
Figure 2 suggests that between 500 and 2500 pg/mL of thyme is the optimal range, most likely
capable of balancing antioxidant strength with minimal cytotoxic effects.

To establish a model for ART-induced cellular stress, cells were treated with increasing
concentrations of TDF. TDF treatment produced a clear concentration-dependent reduction in
cell viability after prolonged exposure, demonstrating that the drug induces measurable cytotoxic
death in this cell model within 48 hours. TDF concentrations of 30 and 60 pg/mL resulted in an
approximately 30% decrease in cell viability and were subsequently considered appropriate for
inducing moderate cellular injury while preserving a sufficient population of viable cells to
evaluate potential protective effects of thyme supplementation (Figure 4). The same was true for
120 pg/mL of TDF, which demonstrated an approximately 50% decrease in cell viability.
Subsequent experiments also tested thyme's recovery at 240 pg/mL TDEF, which induces
significantly lower cell death after 48 hours.

Following optimization of thyme and TDF treatments, dual treatment experiments
assessed whether thyme extracts could mitigate cellular stress induced by TDF exposure. Cells
treated with both thyme and TDF showed mixed results relative to cells treated with TDF alone,
with no clear or statistically significant trend in cell viability as thyme concentration increased
(Figure 5). Of the three trials conducted at 120 pg/mL TDF for 48 hours, treatment with thyme
showed increased cell viability in one, decreased in another, and no effect in the third. Therefore,
it is unclear from these experiments whether thyme extract may mitigate TDF-induced
cytotoxicity in the Huh7.5.1 cell line. The explanation for such variability could be complex and
multifaceted, including technical errors, variability in using non-pure dried thyme samples, or

cell death caused by factors other than oxidative stress, as initially proposed in this paper.
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To address potential confounding factors associated with the use of dried thyme extract,
an additional compound was later introduced into this study: pure thymol, a major phenolic
compound present in thyme and reported to have high antioxidant potential (Nagoor Meeran et
al., 2015). Cells treated with varying concentrations of thymol alone for 48 hours did not display
any significant reductions in viability. Still, they did exhibit a concentration-dependent decline
similar to that of thyme extract (Figure 3). Thymol significantly increased viability at 200 pg/mL
in cells treated with 120 pg/mL TDF, but Figure 7 shows an otherwise unclear trend between the
thymol concentration in dual treatment and resulting cell viability. This observation led to an
investigation of the reasons why the phenolic compound did not significantly benefit the cells as
previously expected.

Upon review of the literature, the application of thymol in in vivo studies has shown that
thymol is absorbed primarily in the upper gastrointestinal tract (Nagoor Meeran et al., 2017). The
rapid metabolism and limited bioavailability may reduce its concentration and efficacy in target
tissues. This finding is significant for two reasons: 1) it is possible that treatment of thymol on
the selected Huh7.5.1 liver cells did not show an effect due to the lack of cellular response and
interaction between the cells and thymol, and 2) given the held belief that TDF cytotoxicity
affects liver function of individuals, thymol would not be applicable in a real world treatment
setting due to the lack of absorption found in the liver. This finding is supported by other studies,
in which oral administration of thymol showed 24-hour elimination, with low concentrations of
thymol recovered in the liver, lungs, kidneys, and muscles (Nieddu et al., 2014). Another
significant consideration is the possibility of thymol degradation during storage or during
suspension preparation in water, leading to reduced antioxidant activity over the course of

experimentation and resulting in inconsistent outcomes. Additionally, thymol has poor solubility


https://www.zotero.org/google-docs/?PBdKnP
https://www.zotero.org/google-docs/?PBdKnP
https://www.zotero.org/google-docs/?dQGbxS
https://www.zotero.org/google-docs/?Jb8dik

56

in aqueous solutions. While the thymol solution was initially prepared in ethanol, it was then
further diluted in aqueous DMEM to reduce the ethanol concentration to a physiologically safe
level, which may have caused thymol to precipitate out of solution and created variability in
thymol concentration.

Vero cells, a lineage of kidney epithelial cells, were selected for further preliminary
testing in order to evaluate how different cell types would react to dual treatment. Kidney cells
were selected due to the prevalence of renal toxicity in ART-induced side effects. Specifically,
this renal toxicity has been associated with mitochondrial dysfunction induced by TDF
(Mufioz-Muela et al., 2025; White, 2001). Similar to Huh7.5.1 cells, Vero cells were treated with
both thyme and TDF for 48 hours before measuring cell viability. Across all treatment groups,
the only groups that were significantly higher than their TDF-only control were those treated
with 240 pg/mL TDF + 2000 pg/mL thyme and 240 pg/mL TDF + 1000 pg/mL thyme.
However, because this preliminary testing was n = 1, and the cell viability across the entire 240
pg/mL TDF group was below 20%, little can be concluded from this result. Further testing is
needed to assess the effects of TDF and thyme treatment on kidney cells.

Given the lack of consensus from thyme and thymol dual treatments, other potential
causes of our inconsistent results were considered. First, it is important to note that cell viability
assays may not have fully captured biochemical changes associated with oxidative stress, and
were too broad to fully capture the effects of thyme and thymol treatment. The CellTiter-Glo
assay was used as an indirect indicator of mitochondrial integrity because ATP production
depends on intact oxidative phosphorylation. Since ART-associated toxicity disrupts
mitochondrial function, changes in ATP-linked viability provide a functional readout of oxidative

stress-related cytotoxicity. However, mitochondrial dysfunction and oxidative damage can occur
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prior to detectable reductions in cell viability. Cells therefore, may maintain ATP production
through compensatory metabolic pathways even when mitochondrial function is impaired. As a
result, oxidative stress may be present even when viability measurements appear relatively
unchanged. To better assess the consistency of suspension preparation, the initial antioxidant
assays (TPC, ORAC) should be run before pursuing the cell viability assays to determine
whether antioxidant activity is consistent with measured viability. Unfortunately, the scope of
this initial experiment was not feasible due to lack of resources and time availability, but is
recommended for further investigation.

In an attempt to evaluate the shortcomings of the cell viability experiments, assays
measuring intracellular antioxidant systems, such as glutathione, were later introduced in this
study to provide additional insight into the earlier stages of drug-induced cellular stress.
Intracellular glutathione levels were measured because reduced glutathione is a central regulator
of cellular redox balance and is depleted during oxidative stress. Restoration of GSH levels
following thyme treatment would provide mechanistic evidence of supporting
antioxidant-mediated mitigation of ART-induced oxidative damage. Unfortunately, the results of
the GSH assay did not provide consistent trends. Oxidative stress levels in cells undergoing dual
treatment with thymol and TDF show conflicting data: GSH levels are higher in dual treatment
groups at 30 pg/mL TDF than in TDF alone, but lower in dual-treatment groups at 60 and 120
pg/mL TDF than in TDF alone (Figure 9). As for the thyme and TDF-dual-treated cells, the
results varied similarly to the cell viability data. Interestingly, GSH levels in TDF-only-treated
cells ranged from higher (120 pg/mL) to lower (60 pg/mL), to similar (30 pg/mL) to those in
control cells. This result was entirely at odds with the expected trend, in which TDF-only-treated

cells should, as previously investigated, have demonstrated a significant decrease in GSH levels
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due to oxidative stress (Ndlovou et al., 2023). Furthermore, a concentration-dependent decline in
GSH levels would be expected as TDF concentrations increase, but this was not observed in
Figures 9 or 10.

However, some significance was observed when comparing TDF-only-treated cells with
cells dually treated with thyme and TDF. Intracellular GSH levels in cells treated with 120
pg/mL TDF and 2000 pg/mL thyme are significantly higher than in cells treated with TDF alone,
suggesting potential improvement with this dual-treatment approach. Based on these results, it is
reasonable to consider 2000 pg/mL the optimal tested concentration for combating oxidative
stress in these dual-treated cells. It is likely that more significant findings could be observed at
concentrations above this level, however, Figure 2 showed increasing cell death at thyme
concentrations greater than 2500 ug/mL. It is inconclusive whether the cell death viewed above
2500 pg/mL is due to oxidative stress or to other cellular processes. Further investigation is
needed to explore the effects of dual treatment conditions on these cells at higher thyme
concentrations. As for GSH levels in thymol- and TDF-dual-treated cells, the data are too
contradictory to draw any preliminary conclusions, further supporting the previous claim that
thymol is not effective in this application.

Because antioxidant activity cannot be fully characterized using a single assay, multiple
complementary approaches were used. TPC quantified total phenolic antioxidant potential;
ABTS and ORAC assessed radical scavenging via distinct mechanisms; and cellular assays
(CellTiter-Glo and GSH) evaluated whether these chemical antioxidant properties translated into
biologically meaningful protection against oxidative stress in hepatocyte models. However,
given the lack of consistent and significant trends in both the cell viability and GSH assays, it is

important to consider other potential causes of adverse effects from ARTs beyond oxidative



59

stress. Firstly, although the models created in vitro provide insight into radical scavenging
potential, they likely did not replicate the intracellular antioxidant dynamics or the conditions
experienced by the human body during HIV infection and subsequent long-term ART treatment.
The lack of reproducible cell viability from in vitro dual treatment, as well as the lack of
improvement with increasing thyme concentrations, may have reflected the chosen study
environment rather than indicating how the human body would react to this treatment. The
cellular environment was established after 48 hours of TDF treatment, rather than the daily
dosing required for PLWH taking this medication. Likely, the oxidative stress and inflammatory
response by liver cells in vivo is much different than that created within Huh7.5.1 cells after such
short exposure. It may be possible to obtain more consistent and significant results after much
longer in vitro treatment of both TDF and thyme. Therefore, the lack of an observed effect in this
in vitro model does not necessarily preclude potential benefits in vivo, where chronic exposure,
immune interactions, and systemic metabolism play significant roles.

In addition, it is possible that the mechanism by which TDF induces toxicity or produces
side-effects in clinical applications is not solely through induction of oxidative stress, and thus
cannot be addressed solely by antioxidant supplementation. The prevailing model of toxicity
involves depletion of mtDNA and inhibition of a mitochondrial polymerase, but TDF is also
implicated in activation of apoptotic signaling pathways, leading to cell death via a mechanism
distinct from oxidative stress or mitochondrial dysfunction. If this mechanism of cell death is
responsible for a significant portion of toxicity, then antioxidant supplementation will be less
effective in addressing TDF-induced toxicity, as it primarily mitigates toxicity related to
oxidative stress and radical formation. In addition, even if ROS generated by mitochondrial

dysfunction is neutralized by an antioxidant, the basal mitochondrial dysfunction, a currently
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immutable property of TDF treatment, will not be resolved. Antioxidant supplementation serves
as a means of neutralizing cellular radicals and preventing toxicity, but cannot currently address
all mechanisms of toxicity.

Another consideration is the complex relationship between ART treatment and HIV
infection. This study explored non-infected cells to independently analyze the effects of TDF as
an ART on cell viability from oxidative stress. However, it is known that ARTs work by reducing
HIV replication, subsequently decreasing chronic inflammation and immune activity from HIV.
Overall, this lowers the initially high levels of oxidative species caused by the HIV virus itself.
Due to the mechanism of action of this medication, it may be possible that adverse effects and
oxidative stress is only observed within cells after HIV infection and long-term ART usage.
Although ARTs prove capable of viral suppression, redox imbalances persist due to the lack of
the ART’s ability to repair oxidative damage fully, and are only observed after long-term
treatment with an ART for HIV infection. Our study, therefore, may have been limited in scope
in analyzing non-HIV-infected cells and TDF treatment without HIV infection.

Although herbs such as thyme contain antioxidant compounds that may alleviate
oxidative stress in cells, the clinical relevance of our findings remains unclear. Previous studies
have found that antioxidant supplementation has had no significant effect on HIV outcomes,
possibly due to variation in individual baseline serum micronutrient levels that limit the efficacy
of supplementation (Wilkinson et al., 2018). Further, it is widely accepted among nutrition
researchers that overall dietary patterns have a greater impact on health outcomes than
supplementation with specific nutrients. Balanced diets high in fruits and vegetables, which
contain high amounts of bioactive compounds (including antioxidants), significantly improve

overall health and reduce risk of disease (Woodside et al., 2005). This suggestion is an important
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consideration, especially given that our research specifically aims to find an accessible
supplementation option for demographics often affected by low socioeconomic status (Pellowski
et al., 2013). Income level is strongly associated with diet quality, and individuals with lower
socioeconomic status tend to have reduced intake of fruits and vegetables due to factors such as
limited physical access to grocery stores in food deserts (McCullough et al., 2022). While
antioxidant supplementation may show promise in reducing ART-induced oxidative stress, lack
of access to a complete, nutritious diet may continue to pose a barrier for individuals with HIV
and limit the efficacy of antioxidant supplementation using a single source.

There are several directions for further research in this field. For example, in a 2023
study, Moringa oleifera extract was shown to reduce cellular ROS and upregulate expression of
proteins involved in oxidative stress protection, including nuclear factor erythroid 2 p45-related
factor 2 and superoxide catalase, as well as mitochondrial protective proteins such as Sirt3 in
TDF-treated cells (Ndlovu et al., 2023). Another known antioxidant and dietary supplement,
Spirulina platensis, relieves oxidative stress by inhibiting NADPH oxidase, a source of cellular
ROS, and by radical scavenging through antioxidant compounds such as chlorophyll and
phycocyanin (Sibiya et al., 2022). Comparative studies could be conducted on the effectiveness
of various antioxidant herbs used in combination as treatments. In addition, while this study
largely focused on the effects of thyme and TDF treatment on liver cells and, preliminarily,
kidney cells, clinical studies of TDF have also been associated with high levels of bone toxicity.
Further research could be done comparing the impact of thyme treatment on bone cells.

Future studies should also investigate whether the antioxidant capacity of Thymus
vulgaris translates into direct reductions in intracellular ROS levels using fluorescent

ROS-detection assays. Because ART-associated toxicity is closely linked to mitochondrial
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dysfunction, additional measurements of mitochondrial membrane potential, oxygen
consumption rate, and mtDNA copy number would further clarify the mechanism of protection.
Expanding the analysis to include endogenous antioxidant enzymes, such as superoxide
dismutase and catalase, would help determine whether thyme enhances intrinsic redox defenses.
Furthermore, chromatographic characterization of thyme extracts could identify specific
bioactive compounds responsible for the observed antioxidant effects.

Another extrapolation of this data concerns antioxidant supplementation for cancer
patients undergoing chemotherapy to improve prognosis (Wieland et al., 2021). A 2016 study
concluded that although antioxidant supplementation reduces chemotoxic adverse effects of
chemotherapy, inconsistencies were found and warrant further exploration (Yasueda et al., 2016).
Testing alternative treatment schedules, additional cell types affected by TDF toxicity, and
eventual in vivo models will also be essential for evaluating the effectiveness and relevance of
thyme supplementation. Finally, future work should assess whether antioxidant treatment alters
the antiviral efficacy of TDF to ensure compatibility with ART regimens.

This research can serve as a starting point for future studies investigating thyme's ability
to mitigate the toxicity of oxidative stress-inducing medications, including ART, chemotherapy,
antipsychotics, and analgesics (Deavall et al., 2012). Bridging the gap between modern medicine
and herbal treatment may make HIV treatment more comfortable and reduce the burden
associated with maintaining strict treatment adherence. The possible use of antioxidant
supplementation to treat the harmful side effects of ART highlights the importance of and
connection between nutrition and health. Overall, these findings suggest that although Thymus
vulgaris demonstrates antioxidant potential, its ability to mitigate TDF-induced cytotoxicity in

this model remains inconclusive and likely depends on factors not captured in this study.
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Chapter 6: Conclusion

This study evaluated the antioxidant capacity of Thymus vulgaris and its potential to
mitigate oxidative stress associated with treatment with TDF, a widely used antiretroviral
therapy. Results from ORAC, ABTS, and TPC assays confirmed that thyme extracts possess
measurable antioxidant activity, supporting their suitability for further investigation as a
plant-derived antioxidant source. While antioxidant activity was supported by phenolic content
and assay results, variability in antioxidant measurements suggested this activity was not
consistently  quantified across all assays. [In vitro experiments demonstrated
concentration-dependent effects of thyme on hepatocyte viability. They suggested that
co-treatment with thyme may modulate cellular responses to TDF-induced oxidative stress, as
reflected in changes in cell viability and GSH levels. These effects suggest a potential role for
thyme in modulating cellular redox balance, possibly through reactive oxygen species
scavenging or maintenance of intracellular antioxidant systems such as glutathione. However,
these mechanisms were not directly confirmed. Overall, our results suggest that further
investigation is needed to conclude if thyme has a protective effect against TDF-induced toxicity
under the conditions tested.

While these findings do not establish therapeutic efficacy, they provide preliminary
evidence that Thymus vulgaris may help reduce the oxidative burden associated with ART
exposure. This study is limited by the variability of antioxidant assay results, a limited number of
experimental replicates, reliance on cell viability as an indirect measure of oxidative stress, and
the use of a single hepatocyte line. Because thyme is inexpensive and widely accessible, it
represents a promising area of exploration for future investigation as a supportive antioxidant

intervention, particularly for populations disproportionately affected by HIV and barriers to
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treatment access. This work contributes to ongoing research by identifying Thymus vulgaris as a
potentially accessible antioxidant candidate to mitigate ART-associated toxicity. Further studies
are needed to clarify mechanisms of action, including direct measurements of ROS and
mitochondrial function, optimization of dosing conditions, and evaluation of potential effects in

more complex biological models before clinical relevance can be concluded.
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