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Abstract

Benzene metabolites (HQ and BQ) are toxic compounds and their presence in human cause alteration in cellular respiration
and kidney damage. In the current study, Saccharomyces cerevisiae has been used as a model organism and acute exposure of
hydroquinone (HQ) decreased cell growth and increased reactive oxygen species (ROS). The expression of apoptosis
regulatory genes (YCA1, NUC1, YSP1 and AIF1) were increased with HQ exposure in the wild-type cells. HQ exposure in the
wild-type cells altered both the phospholipid and neutral lipid levels. Phosphatidylcholine is a vital membrane lipid that has
a vital role in membrane biogenesis and was increased significantly with HQ. The neutral lipid results were supported with
lipid droplets data and mRNA expression study. The phospholipid knockouts (Kennedy pathway) accumulated neutral lipids
via the CDP-DAG (cytidine-diphosphate-diacylglycerol) pathway genes both in the presence and absence of HQ.
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Introduction
Hydroquinone (HQ, a benzene metabolite) is an environmental
toxicant and a human carcinogen, present in the chemical
industry, petroleum refineries, oil pipelines, cigarette smoke,
automobile exhaust and skin whitening cream [1–3]. The US
Cosmetic Ingredient Review [4] reported that <1% HQ is only
safe to be used in cosmetic formulations and National Institute
for Occupational Safety and Health (NIOSH) also has set a
recommended exposure limit of HQ at 2 mg/m3 for 15 min and
is health hazardous at the concentration of 50 mg/m [3, 5]. It is
primarily metabolized in the liver and lungs, and secondary in
bone marrow by cytochrome P450 2E1 (CYP2E1), and CYP2E1
knockout mice produce less hydroxylated metabolites [6, 7].

The 9, 10-phenanthrenequinone induces DNA deletions and
canavanine-resistance forward mutations in the presence
of oxygen [8]. Yeast S. cerevisiae is a well-established model
organism to elucidate the cytotoxic mechanisms of several
quinones [8–10] and the lipid metabolism, due to the well-known
biochemical pathways, easily available gene knockout strains,
and is similar to the mammalian system [11]. Multiple yeast
orthologs of essential mammalian apoptotic proteins YCA1,
NUC1, YSP1 and AIF1 have been identified. The YCA1 encodes
for metacaspase and is structurally and functionally analogous
to mammalian caspases [12]. NUC1 is a crucial mitochondrial
death effector with endonuclease G activity [13] and is involved
in cytochrome c release [14]. The mitochondrial protein Ysp1
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Table 1: Detail information of selected gene specific primers for mRNA expression

S. No Gene
name

Full name Primer sequence (5′-3′)

1 DGA1 diacylglycerol acyltransferase FP TGACTATCGCAACCAGGAATGT
RP AACGCACCAAGTGCTCCTATG

2 LRO1 lecithin cholesterol
acyltransferase

FP CGTACAACCCTGCCGCCGGAAT
RP GTCTACGTGTTCGGCGCTTT

3 ARE1 acyl-CoA, sterol acyltransferase-1 FP TGTTCCCCGTCCTCGTGTA
RP CGCACACCTTCTCCAACACA

4 ARE2 acyl-CoA, sterol acyltransferase-2 FP GCAACTCACCAGCCAATGAA
RP ATGCGACGTCTCCGTTTGA

9 ACT1 Actin FP GATATGGAAAAGATCTGGCATCATAC
RP CGCCATTTTGAGAATCGATTTG

is required for the mitochondrial thread-grain transition,
de-energization and the cell death in yeast. The decline of
cellular and organ function is associated with disturbed lipid
homeostasis and altered lipid metabolism resulting in cell
death [15].

In our earlier study, benzene metabolites {hydroquinone
(HQ) and benzoquinone (BQ)} increased the ROS, damaged the
macromolecules. BQ altered the lipid homeostasis in S. cerevisiae
[9, 10]. HQ is hydroxylated benzene, which is further oxidized to
para-benzoquinone [16], and in yeast acute exposure alters the
phospholipids and neutral lipids [9], membrane integrity, and
might also result in cell death [15]. Changes in phospholipids
and specifically the PC metabolism are linked to apoptosis
[17]. PC is the major phospholipid [18] serving as a structural
component in S. cerevisiae [19]; and is synthesized either via
the CDP-DAG (cytidine-diphosphate-diacylglycerol) pathway
or the Kennedy pathway [20]. In the CDP-DAG pathway, PC
is synthesized via the reactions catalyzed by PS synthase, PE
methyltransferases (Cho2p and Opi3p). In the Kennedy pathway,
PC is synthesized from choline via the reactions catalyzed
by choline kinase (Cki1p), phosphocholine-cytidyltransferase
(Pct1p), and choline phosphotransferase (Cpt1p) (Fig. 6) [18,
21]. We deleted the genes involved in the PC synthesis and
tried to elucidate the impact on lipid homeostasis with acute
HQ exposure.

Endoplasmic reticulum (ER) is involved in lipid biosynthe-
sis and Lipid droplets (LD) formation; and addresses the func-
tional, structural and metabolic aspects of the cell-compartment
[22]. In yeast, the neutral lipids triacylglycerol (TAG) serves as
a fatty acid donor for membrane and stored energy, along with
sterol ester (SE) forms LDs [23]. This current study also might
emphasize the toxic effect of HQ and its associated metabolic
dysregulations on human beings and so for future perspec-
tives, an increase in neutral lipid can be associated with biofuel
production.

Materials and Methods
Chemicals

Yeast extract, peptone, dextrose, H2O2 (hydrogen peroxide), and
HQ were purchased from Hi-media, India. Phospholipid stan-
dards were procured from Avanti Polar lipids, USA. Silica gel
60F254 TLC (thin layer chromatography) plates were purchased
from Merck, India. Remaining all other chemicals and solvents
were purchased from Sigma unless specifically mentioned. A
stock solution of HQ was prepared with dimethyl sulphoxide
(DMSO) as a solvent, and the final concentration of DMSO in the

Figure 1: Assessment of cell viability. Cell growth was measured at A600 nm in

the culture medium at frequent time intervals with H2O2 (50 μM) and HQ (400 μM)

exposure. Cells were serially diluted in the presence or absence of H2O2 (50 μM)

and HQ (400 μM) and incubated at 30◦C for spot test.

growth medium was 0.02% (v/v) and had no effect on yeast cells.
Wild-type cells were treated with 0.02% DMSO (v/v) and are the
control cells. The maximum concentration of HQ used in our
study is 400 μM (44 mg/l = 0.044%) within the range used for
humans [23].

Strains and culture conditions

The strains of S. cerevisiae wild-type BY4741 [MATα his3 �1 leu2
�0 met15 �0 ura3 �0], and single knockouts cho2�, opi3�, cki1�,
cpt1� and pct1� were gifted by Prof. Ram Rajasekharan, CFTRI,
India and this group procured the mutants from Euroscarf (Euro-
pean Saccharomyces cerevisiae archive for functional analysis, Ger-
many). The gene names and abbreviations are mentioned in the
previously published article [10]. The cho2opi3� double knockout
was gifted by Anton i. p. M. de Kroon, Institute of Biomembranes,
Utrecht University, the Netherlands. Yeast cells were grown in the
YPD medium (1% yeast extract, 2% peptone and 2% dextrose) and
incubated for 24 h (stationary phase) at 30◦C with orbital shaking
(120 rpm). Aliquot of 0.1 OD (A600 nm) cells were transferred to
fresh YPD medium, and grown up to the late logarithmic phase
(12 h) for all experiments, except for growth phenotypes and ROS
studies. To analyze the growth phenotypes, the wild-type cells
were grown for 6 h (until cells reached the exponential phase)
at 30◦C with orbital shaking of 120 rpm. The cells were then
exposed to various concentrations (10–70 μg/ml) of H2O2 [22] or
HQ (400 μM) and grown for 24 h. At the end of every 2 h, the
OD (A600 nm) of cells was taken to check the growth pattern.
In another set of experiments, cells were grown up to 12 h
centrifuged, washed thrice with sterile double distilled water,
and adjusted to 1.0 OD (A600 nm). Aliquots (3 μl) of 1:10 serial



216 Toxicology Research, 2021, Vol. 10, No. 2

Figure 2: ROS evaluation by Rhodamine B staining. (a) ROS generation was assessed by the laser scanning fluorescent microscope using Rhodamine B staining. Arrow

(↑) marks indicate Rhodamine-B stained cells. (b) ROS estimation—equal amount of cells were taken, and the pmol of DCF (min/mg protein) formed was calculated using

a spectrophotometer. (c) The expression of apoptosis genes (YCA1, NUC1, YSP1 and AIF1) were studied by qRT-PCR.

dilutions were applied to YPD solid media with or without H2O2

and HQ. Subsequently, for ROS studies, yeast cells were grown for
10 h (until cells reached the early logarithmic phase) and then
exposed to 50 μM H2O2, and the cells were grown up to 12 h,
which serves as a positive control for confirming the results with
control and HQ exposure. H2O2, as an individual ROS, can diffuse
freely into cells and is relatively more stable compared with
O2

•− and •OH and used as a positive control [25]. Subsequently,
for ROS studies, yeast cells were grown for 10 h (until cells
reached the early logarithmic phase) and then exposed to 50 μM
H2O2, and the cells were grown up to 12 h, which serves as

a positive control for confirming the results with control and
HQ exposure.

Lipid extraction and quantification

Total lipids were extracted from yeast cells by the modified
Bligh and Dyer method [24]. In short, chloroform, methanol
and, 2% orthophosphoric acid were added to the cell pellet
in the ratio 1:2:1 and vortexed. The upper organic phase
containing the lipids was separated by centrifugation and
dried under nitrogen and the different type of lipids separated
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Figure 3: Effect of hydroquinone on lipid composition. Wild-type cells were grown in the presence or absence of HQ for 12 h, and the lipids were extracted and resolved

on TLC. (a) The graphical representation of neutral lipids profile. (b) Neutral lipid synthesizing genes expression (DGA1, LRO1, ARE1 and ARE2) using qRT-PCR. (c) The

figure shows the graphical representation of the phospholipid profile of wild-type cells.

[26]. Phospholipids were separated by two-dimensional TLC
using chloroform/methanol/ammonia (65:25:5, v/v) in the first
dimension and chloroform/methanol/acetone/acetic acid/water
(50:10:20:15:5, v/v) in the second dimension. Individual separated
phospholipid spots were scraped off from the plate and subjected
to phosphorus quantification [27]. Neutral lipids were separated
by single-dimensional TLC using petroleum ether/diethyl
ether/acetic acid (70: 29: 1, v/v) and densitometric values were
obtained using ImageJ software.

The mRNA expression studies by quantitative real-time
polymerase chain reaction

The total RNA (DNase-treated) was isolated from yeast cells using
the RNeasy kit from Qiagen. The total RNA (1 μg) was used to syn-
thesize cDNA (First-strand cDNA Synthesis Kit, Applied Biosys-
tem, India) with random hexadeoxy nucleotides and reverse
transcriptase. Quantitative real-time polymerase chain reaction
(qRT-PCR) was performed with LightCycler FastStart DNA Master
PLUS SYBR Green I kit (Roche applied science, Meylan, France),
according to the manufacturer’s instructions, and the data were

analyzed with the ICycler IQ5 software. Gene expression was
studied using the cycle threshold-based method [28]. The relative
expression of each target gene was normalized with the refer-
ence gene, actin (Table 1).

Laser scanning confocal microscopy and
dichlorodihydro-fluorescein diacetate estimation

Wild-type control and PC knockout yeast cells were washed and
resuspended in phosphate-buffered saline (PBS). Wild-type cells
were stained with Rhodamine B/Nile Red (0.0005% in PBS) for
15 min at room temperature in the dark, and the cells were
washed six times with PBS to remove the surplus dye. After
the washes with PBS buffer, cells were resuspended in 50 μl
PBS and observed with a laser scanning confocal microscope.
The measurements were carried out for Rhodamine B with an
excitation (Ex) of 490 nm and emission (Em) of 516 nm and for
Nile Red staining, with an excitation (Ex) of 490 nm and emission
(Em) of 528 nm [29].

The ROS level was quantified using a nonpolar compound
DCF-DA, which reacts with ROS to form the highly fluorescent
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Figure 4: Neutral lipid levels in PC knockouts. PC knockouts of yeast were grown in the presence or absence of HQ for 12 h, and the lipids ware extracted and separated

using TLC. Panels (d) and (e) show the quantity of TAG and SE in all the PC knockouts. Values were obtained using ImageJ software.

dichlorofluorescein (DCF). The samples (100 mg) were incubated
with Locke’s solution (NaCl 154 mmol, KCl 5.6 mmol, NaHCO3

3.6 mmol, HEPES 5.0 mmol (pH 7.4), CaCl2 2.0 mmol, glucose
10 mmol ml−1, containing DCF-DA 5 mmol ml−1 for 30 min
at 37◦C and the fluorescence was measured with Ex and Em
wavelength at 480 nm and 530 nm [30]. ROS levels were also
quantified from a DCF standard curve and expressed as pmol
DCF (min/mg protein).

Statistical analysis

Statistical data were analyzed using the programs of SPSS 18.0
software (SPSS Inc., Chicago, IL, USA), and significant differences
were determined by ANOVA test, and shown data were
mean ± SD values from three independent experiments.
GraphPad Prism 7 data processing software was used to
perform statistical analyses and graph the data. The control
cells were compared with the HQ and, or H2O2 exposed
groups with a statistical significance of ∗P ≤ 0.05, ∗∗P ≤ 0.01,
∗∗∗P ≤ 0.001.

Results
Exposure of hydroquinone on cell growth

To check the effect of H2O2 and HQ on wild-type cells, different
concentrations of H2O2 (10–70 μM) and HQ (100–500 μM) were
exposed (data not shown); from that 50 μM H2O2 treatment and
400 μM HQ exposure notably decreased the growth and viability
of cells (Fig. 1). The growth of the cells with HQ exposure and

H2O2 treatment was significantly reduced, when compared to
wild-type control cells (Fig. 1).

Hydroquinone exposure increased the ROS in yeast cells

ROS determines the cellular redox status, and was measured
using Rhodamine B staining. The staining was higher with
the H2O2 and HQ exposed cells compared to wild-type control
cells (Fig. 2a). Similarly, the DCF-DA estimation also depicted
an increase of ROS levels, ∼70% with H2O2, and ∼30% with HQ
(Fig. 2b).

Hydroquinone induces yeast cell death accompanied by
the hallmarks of apoptosis

There was a reduction in cell growth with HQ exposure, and
so, we studied the impact of HQ on apoptosis genes. In yeast,
the stress is induced by increased ROS and results in apoptosis
[31]. Here we studied the mRNA expression of yeast apoptosis
inducible genes YCA1, NUC1, AIF1 and YSP1 upon HQ exposure.
The mRNA expression of all apoptotic genes was significantly
increased with HQ exposure, namely YCA1 (∼0.63 fold), NUC1
(∼0.48 fold), YSP1 (∼0.46 fold) and AIF1 (∼0.58 fold) with HQ
exposure (Fig. 2c).

Increased lipid levels on hydroquinone exposure

The effect of HQ exposure on neutral lipid metabolism was
explored, and we observed an increase in the TAG and a decrease
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Figure 5: Lipid droplet morphology studies with/without hydroquinone exposure. Cells were grown in YPD media for 12 h. Nile red-stained cells were observed under

a fluorescence microscope as described in material and methods. (a) Wild-type, cho2�, opi3�, cho2opi3� (b) cki1�, cpt1�, pct1�.

in SE, sterol and free fatty acid in the wild-type cells (Fig. 3 a).
In S. cerevisiae, four acyltransferase genes are involved in neutral
lipid formation, the LRO1 and DGA1 form TAG [29], whereas the
other two genes acyl-CoA sterol acyltransferase-1 (ARE1) and
−2 (ARE2) are involved in SE formation [32]. Using the qRT-PCR
analysis, the gene expression of DGA1 (∼0.86 fold) and LRO1
(∼1.13 fold) were upregulated, but the expression of ARE1 (∼0.51
fold), and ARE2 (∼0.66 fold) encoding the SE acyltransferases were
down-regulated in HQ exposed cells supporting the TLC results
(Fig. 3b).

The phospholipids, including the major phospholipids PC,
PI and PS, were increased significantly with the HQ exposure
(Fig. 3c). In lipid metabolism, there is a link between phos-
pholipids and neutral lipids [18]. In the current study with HQ
exposure, both the neutral lipids (TAG) and phospholipids were
increased. So, using the PC knockouts we were interested in
studying the neutral lipid pattern with HQ exposure. During the
deletion of CDP-DAG pathway genes, the Kennedy pathway genes
are active and vice-versa.

Neutral lipid profiles in the PC knockouts

In the absence of HQ, TAG levels in the Kennedy pathway
knockouts were higher, whereas lower in the CDP-DAG knockouts
(Fig. 4a and b), suggesting that TAG is mainly accumulated
via the CDP-DAG genes. With HQ exposure also, TAG levels
were increased in the wild-type control cells (∼0.25 fold),
opi3� (∼0.58 fold), and the Kennedy pathway knockouts
[cki1� (∼0.25 fold), cpt1� (∼0.28 fold), pct1� (∼0.15 fold)], but
decreased in the cho2� (∼0.20 fold) and cho2opi3� (∼0.43 fold)
(Fig. 4a and b).

In the absence of HQ, SE level in the CDP-DAG pathway
knockouts [cho2� (∼0.25 fold), opi3� (∼0.22 fold) and cho2opi3�

(∼0.10 fold) and Kennedy pathway knockouts [cki1� (∼0.08 fold),
cpt1� (∼0.07 fold), pct1� (∼0.10 fold)] were lower when compared
with the WT control cells. In the presence of HQ exposure SE level
was increased in the Kennedy pathway knockouts [cki1� (∼0.35
fold), cpt1� (∼0.30 fold), pct1� (∼0.21 fold)] but decreased in the
CDP-DAG pathway knockouts [cho2� (∼0.25 fold), opi3� (∼0.20
fold) (Fig. 4a and c).
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Table 2: Number of LDs in wild-type cells and PC knockouts with
exposure of HQ

Average number of LDs/Cell

Strains Control HQ exposure

Wild-type 9.4 ± 0.17 12.27 ± 0.47∗∗∗
cho2Δ 5.62 ± 0.15 4.18 ± 0.56∗∗
opi3Δ 5.49 ± 0.51 8.33 ± 0.15∗∗∗
cho2opi3Δ 10.04 ± 0.20 5.67 ± 0.26∗∗
cki1Δ 12.17 ± 0.3 13.97 ± 0.35∗∗
cpt1Δ 8.50 ± 0.26 10.72 ± 0.26∗∗
pct1Δ 8.37 ± 0.30 9.45 ± 0.25

∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; all the wild-type control cells were
compared with HQ treatment (n = 20).

Lipid droplet formation

Increased LD numbers with HQ exposure was observed in the
wild-type, CDP-DAG pathway knockout (opi3�, and Kennedy
pathway knockouts [cki1�, and cpt1�] whereas decreased in
some CDP-DAG pathway knockouts [cho2�, and cho2opi3�]
(Fig. 5a and b, Table 2). Interestingly our quantitative results
showed increased TAG levels, and LDs in the Kennedy pathway
knockouts with HQ exposure and TAG and LDs were decreased
in the CDP-DAG pathway knockouts (Figs. 4a and b and 5 a and
b, and Table 2).

Discussion
The balance between oxidant and antioxidant in the system is
essential for cellular homeostasis, and disruption in the antiox-
idant redox system results in the accumulation of ROS, such
as super oxygen ions, H2O2 and hydroxy free radicals. ROS are
detrimental to mammalian and yeast cells, due to the formation
of oxidized cellular macromolecules, including lipids, proteins
and DNA, thereby disrupting cellular function and initiating
subsequent cell death via necrosis or apoptosis [11, 31, 33]. HQ
at concentrations <200 μM had a moderate cytotoxic effect on
the HepG2 cells and at 400 μM showed about 40% decrease in cell
viability [34]. Exposure of glycolic acid and H2O2 also considerably
reduced the growth rate of S. cerevisiae [35, 36]. The exposure of
H2O2 and HQ reduced the cell growth (Fig. 1) and a similar reduc-
tion in cell growth was observed with benzene metabolites [9, 37].

Several quinone-derived drugs generate ROS through redox
cycling. In yeast, apoptosis is a highly regulated cellular suicide
program and dysfunction of apoptosis occurs during several dis-
eases. AbA (aureobasidin A) administration was demonstrated to
induce apoptotic cell death that was inhibited by deletion of the
yeast metacaspase YCA1. The toxicity of cadmium-induced yeast
caspase Yca1p [12]. A homolog of human AIF1, is mitochondrial
apoptotic factor WAH1 in the C. elegans, and was affected during
cell corpse engulfment [38]. In our laboratory, we observed that
under cadmium exposure, NUC1 mRNA level was upregulated
in yap1� cells (unpublished data). It is reported that the low
doses of H2O2 increased ROS generation and induced apoptosis
[12]. The current work showed that HQ exposure inhibited cell
growth, increased ROS and enhanced apoptosis gene expression
(Fig. 2a–c).

Apoptotic cell death was induced during ER stress, LD accu-
mulation [39]. In Schizosaccharomyces pombe, blockage of TAG syn-
thesis led to fatty acid accumulation and resulted in lipotoxicity
and is dependent on ROS levels [40]. In the current study, we
analyzed the effect of HQ on the neutral lipid and phospholipid

Figure 6: Schematic representation of hydroquinone induced lipid alteration.

composition in wild-type S. cerevisiae (Figs. 3 and 4). In the neutral
lipid with HQ exposure, TAG was increased and SE was decreased
(Fig. 3a). The upregulation of DGA1 and LRO1 [41] and downregu-
lation of ARE1 and ARE2 genes suggested HQ increased the TAG
and reduced the SE synthesis (Fig. 3b). The mRNA expression pat-
tern supported the obtained TLC pattern (Figs. 3a and b and 4a–c).
In our laboratory with Cd exposure, there was an accumulation
of the major phospholipid PC, and also, the neutral lipid TAG
was increased that resulted in LD accumulation in zrt2� yeast
strain [42]. In the current study also, there was an increase in
TAG and LDs that were accompanied by the accumulation of the
major phospholipid PC with HQ exposure (Figs. 3c and 5 a and b,
Table 2).

BQ exposure channelized the neutral lipids synthesis through
the CDP-DAG pathway genes [10]. In the cells, with HQ exposure
TAG levels were increased in the Kennedy pathway cki1�, cpt1�

and pct1� and was reduced in CDP-DAG knockout (cho2�) (Fig. 4a
and b and Table 2). SEs are the storage form of sterols, and in
our study, the SE levels were also accumulated in the Kennedy
pathway knockouts with HQ exposure compared to the control
cells (HQ unexposed strains) (Fig. 4c), These results support our
previously published data [10], and suggests TAG accumulation
mainly took place via the CDP-DAG pathway genes both in the
absence and presence of HQ. However, SE accumulation mainly
took place via the CDP-DAG pathway genes in the absence and
presence of HQ.

So, we believed that HQ accumulated ROS altered the
membrane lipid PC, storage lipid TAG, and disturbed the defense
mechanism against lipo-toxicity [43, 15] and also activates
signaling pathways during stress conditions [44]. This current
report demonstrated that CDP: DAG genes under HQ exposure is
an effective strategy to improve the TAG production and is also an
alternative approach in metabolic engineering to increase biofuel
production in S. cerevisiae, and can contribute to the production
of sustainable liquid fuel.

Summary
HQ decreased cell growth, increased ROS and increased the neu-
tral lipid accumulation and was due to activation of the CDP-DAG
pathway genes (Fig. 6). The present study attempts to understand
the effect of HQ on neutral lipid alteration.
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