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Abstract
Organic solvents like 2-Pentanone and 2-Hexanone which are widely used in industrial production play an
important role in the source of chemical pollution. Based on the current gaps in 2-Pentanone and 2-
Hexanone cytotoxicity studies, the earthworms in the soil, which are susceptible to solvent leakage and
volatilization, were selected as the receptor. The cytotoxicity of 2-Pentanone and 2-Hexanone was
revealed by measuring the multiple intracellular indicators of oxidative stress. At the molecular level,
changes in the structure and function of antioxidant enzyme catalase (CAT) were characterized in vitro by
a variety of spectroscopy methods and molecular docking. The results show that 2-Pentanone and 2-
Hexanone that induced the accumulation of intracellular reactive oxygen species can eventually decrease
the cell viability of coelomocytes, accompanied by the regular changes of antioxidant activity and lipid
peroxidation level. In addition, the exposure of 2-Pentanone and 2-Hexanone can shrink the backbone
structure of CAT, quench the �uorescence and misfold the secondary structure. The decrease in enzyme
activity should be attributed to the structural changes induced by surface binding. This study discussed
the toxicological effects and mechanisms of commonly used organic solvents at the cellular and
molecular level, which creatively proposed a new combined method.

1. Introduction
Organic solvents are widely used in various industries, such as paints, adhesives, degreasing agents,
pesticides, cosmetics and cleaning products (Dick 2006, Pedersen et al. 2020). Both 2-Pentanone and 2-
Hexanone are organic solvents commonly used in industrial production. 2-Pentanone is not only a polar
solvent but also a good extractant that has excellent extraction e�ciency in extracting aliphatic acids
(including acetic acid and propionic acid) (Arce et al. 1995, Bianco et al. 1988, Hashemi et al. 2004). Chen
et al. (Chen et al. 2017) used 2-Pentanone to extract cresol from coal gasi�cation wastewater, thus
showing good extraction performance. The primary uses for 2-Hexanone involve its application as a
solvent in lacquers, which is also a useful solvent for oils, resins, fats, waxes and nitrocellulose (Couri
&Milks 1982). As volatile biomarkers, 2-Pentanone and 2-Hexanone are commonly used to quantitatively
evaluate lung cancer, gastric cancer, in�ammatory bowel disease and kidney disease (Brůhová
Michalčíková et al. 2016, Gopas et al. 2018, Mochalski et al. 2018, Santos et al. 2017, Wang et al. 2017b),
increasing the possibility of laboratory exposure.

In the early stage, ketone solvents were considered safer for industrial use (Couri &Milks 1982), but a
series of toxicological experiments showed that the exposure of such industrial solvents would cause
great harm to humans and laboratory animals. Hewitt et al. (Hewitt et al. 1980) proved that the degree of
liver damage is related to the carbon chain length of ketone solvent. Furthermore, Hewitt et al. (Hewitt et
al. 1983) also proved that both 2-Pentanone and 2-Hexanone can enhance liver damage caused by
halogenated hydrocarbons such as CHCl3 and CHCl through liver toxicity measurement experiment in
rats. For 2-Pentanone, researchers have produced mixed toxicological research conclusions. Pettersson et
al. (Pettersson et al. 2008) experimentally con�rmed that 2-Pentanone can inhibit the production of
prostaglandins and the activity of the enzyme cyclooxygenase-2 (COX-2) in colon cancer cells (HT-29).
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Therefore, they concluded that 2-Pentanone can be used as a chemopreventive agent for colon cancer,
which can provide recommendations for the human diet. For 2-Hexanone, Abdel-Rahman et al. (Abdel-
Rahman et al. 1976) found that the exposure of 2-Hexanone can lead to peripheral neuropathy in humans
and laboratory animals. Neurotoxic effects have been observed in workers who have to inhale 2-
Hexanone over long periods (Zimmermann et al. 1989). Abdel-Rahman et al. (Abdel-Rahman et al. 1978)
veri�ed that 2-Hexanone can destroy the pupil response, which can be used as an indicator of solvent
exposure in the working environment for workers. In addition, Kelce et al. (Kelce et al. 1990) proved that
the administration of 2-Hexanone to adult rats can inhibit the activity of 17a-hydroxylase in the testis,
thereby compromising steroidogenic function. Studies by Nakajima et al. (Nakajima et al. 1991)
con�rmed that 2-Hexanone can not only induce quantitative changes in rat constitutive cytochrome P450
(P450IIE1 and P450IIC11/6), but also affect different types of isoenzymes (P450IIB 1/2).

At present, researchers have done a lot of research on organic solvents (Pedersen et al. 2020) that are
listed as carcinogenic substances for humans by the International Agency for Research on Cancer (IARC).
What’s worrying is that the cellular and molecular toxicity of 2-Pentanone and 2-Hexanone have been
studied less and there is currently little attention to the pollution risk of organic solvents to the soil,
leading to research progress lagging far behind the increase in exposure routes. Taking into account the
possible leakage of organic solvents during production, transportation or use and that soil is often one of
the most important receptors when chemical production leaks and pollution occurs, this study selected
earthworms whose life activities are in direct contact with the soil as receptors and coelomocytes as
target cells to study the exposure hazards of 2-Pentanone and 2-Hexanone.

Oxidative stress is the commonly used indicator to evaluate the cytotoxicity of exogenous pollutants
(Cheng et al. 2017, Gao et al. 2020). The speci�c oxidative stress mechanism is shown in Fig. 1. This
stress response derived from the accumulation of reactive oxygen species (ROS) will force the body to
form an antioxidant defense system (Jing et al. 2020). Reducing the production and eliminating the
generation of ROS are the two lines of defense for organisms (Czarna &Jarmuszkiewicz 2006). Catalase
(CAT) and superoxide dismutase (SOD) as direct antioxidant enzymes are considered to be the second
line of defense against oxidative damage (El-Aal 2012, Shukla et al. 2014, Zhao et al. 2019). Transform in
the activity of CAT and SOD can disrupt the balance between the intracellular oxidation and antioxidant
defense systems, causing excessive accumulation of ROS, increased level of cellular lipid peroxidation,
ultimately resulting cell apoptosis (Hao &Liu 2019). Cell viability, ROS level and malondialdehyde (MDA)
content were determined to evaluate the physiological response of the cells when oxidative stress and
antioxidant defense systems are in a balanced and unbalanced state. In order to evaluate the antioxidant
stress ability of coelomocytes, we measured the activities of SOD, CAT, glutathione (GSH) and total
antioxidant capacity (T-AOC) in the cells. In addition, at the molecular level, through the direct interaction
of 2-Pentanone and 2-Hexanone with CAT, the activity changes of intracellular antioxidant enzymes under
the oxidative stress mechanism can be further responded.

Multiple spectroscopy techniques, enzyme activity determination methods and molecular docking were
used to identify the detailed mechanism of the direct binding of CAT with 2-Pentanone and 2-Hexanone.
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This research is expected to provide a method for studying the damage mechanism of ketone organic
solvents to humans and experimental animals at the cellular and molecular level and new strategies for
inhibiting and treating the damage caused by 2-Pentanone and 2-Hexanone to health.

2. Materials And Methods

2.1. Chemicals
2-Pentanone, 2-Hexanone and guaifenesin were obtained from Shanghai Macklin Biochemical Co., Ltd.;
Absolute ethanol was purchased from Sinopharm Chemical Reagent Beijing Co., Ltd.; Physiological
saline was purchased from Shandong Kelun Pharmaceutical Co., Ltd.; Fetal bovine serum, penicillin
mixture and Na2EDTA were provided by Beijing Solarbio Science & Technology Co., Ltd.; Phosphate
buffered solution (PBS, 0.02 M, pH = 7.4 ) and Roswell Park Memorial Institute (RPMI) 1640 medium were
purchased from Beijing Maichen Technology Co., Ltd.; Oxidative stress determination kit including SOD
and GSH, CCK-8 cell viability assay kit, T-AOC and total protein (TP) assay kit, reactive oxygen species
(ROS) and malondialdehyde (MDA) assay kit were bought from Nanjing Jiancheng Institute of
Bioengineering. In addition, CAT from bovine liver was gained from Beijing Solarbio Science &
Technology Co., Ltd. The NaH2PO4·2H2O and Na2HPO4·12H2O used to prepare the phosphate buffer
(0.02 M, pH = 7.4) were received from Tianjin Damao Chemical Reagent Factory. All reagents were of
analytical grade.

2.2. Intracellular oxidative stress analysis

2.2.1. Extraction and culture of coelomocytes
Take out 12 earthworms that have been domesticated for a week, and perform a 24-hour intestinal
cleansing. The earthworms were immersed in the coelomocytes extract, which include 5% absolute
ethanol, 95% normal saline, 2.5 mg mL− 1 Na2EDTA and 10 mg mL− 1 guaiacol glycerol ether (Eyambe et
al. 1991). After extraction, the cell sap was centrifuged (3500 rpm, 5 min) and the supernatant was
discarded. Then the precipitate was washed twice with normal saline and transferred to the complete
medium (RPMI 1640 medium: bovine serum albumin: penicillin solution = 89:10:1). The following is
pipetting the cell liquid evenly and diluting it to 105 cells of 1 mL. After the dilution was completed, 90 µL
of cell sap was transferred to the well plate, and 10 µL of 2-Pentanone and 2-Hexanone at concentrations
of 0, 0.1, 1, 5 and 10 mM were added to each well. In addition, the cell viability experiment set up blank
control wells and reference wells. The blank control wells contained 10 µL of physiological saline and 90
µL of cell suspension. And 10 µL of different concentration ligands solution and 90 µL of complete
medium were added to the reference wells. After the preparation was completed, the well plate was
incubated at 20°C without carbon dioxide for 24 h.

2.2.2. Determination of cell viability
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The coelomocytes culture plate was taken out and 10 µL CCK-8 reagent was added to each well with the
multichannel pipette. Then the plates were placed in a cell incubator and left in the dark for two hours.
The absorbance of each well was measured by a microplate reader (In�nite 200Pro, Tecan, Switzerland)
at a wavelength of 450 nm. The cell viability was calculated using the Eq. (1) (Xu et al. 2019a):

Cell viability (% control) = [(As-Ab) / ( Ac-Ab)] × 100% (1)

Where As is the OD value of the experimental group; the OD value of the reference group is represented by
Ab; and Ac represents the OD value of the control group. The experimental results are characterized by the
relative viability value which is the data of the experimental group divided by the control group.

2.2.3. Measurement of intracellular ROS level
After the poisoning work was completed, the number of living cells in each sample was determined by the
Countess  automatic cell counter (Thermo Fisher Scienti�c, Waltham, MA, USA). Then the cells were
mixed into a PBS solution containing 10 µM DCFH-DA probe, and then incubated at 37°C for one hour in
the dark. The sample was centrifuged at 3500 rpm for 5 min and resuspended in PBS solution. The
�uorescence intensity was measured with the microplate reader at the excitation and emission
wavelength of 485 and 538 nm, respectively. ROS levels per 10,000 living cells were obtained and
compared with blank controls.

2.2.4. Detection of SOD and CAT activity, and GSH content
The cultured cells were taken out and sonicated 20 times in frozen D-Hanks buffer (5s each time), and
then centrifuged at 5000 rpm for 5 min at 4°C. After standing for 5 minutes at room temperature, the
supernatant was taken to determine the intracellular SOD and CAT activities. The SOD activity was
determined by xanthine oxidase method (Sun et al. 2020). The superoxide anion radical (O2

−) produced
by the xanthine oxidase reaction system will oxidize hydroxylamine to nitrite, which can appear purple
under the action of the developer. The SOD contained in the sample can inhibit O2

−, accordingly reducing
the absorbance.

The CAT activity was obtained by measuring the rate of decrease in absorbance at 240 nm (Sun et al.
2014). The measurement sample included 0.2 mL supernatant and 2.8 mL 10 mM H2O2. Ultrapure water
was used as a reference. Based on the results of the change in absorbance at 240 nm within 3 min, a
scatter plot was created, which would be linearly �tted. The experimental results were characterized by
relative activity that was set to 100% of unexposed CAT activity.

Intracellular glutathione (GSH) level were determined by the method provided by the glutathione assay kit.
GSH can react with dithiodinitrobenzoic (DTNB) acid to produce the yellow compound that can be used
to ascertain the intracellular GSH content (Sun et al. 2020).

2.2.5. MDA and T-AOC assay at the molecular level
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Determine the content of Intracellular MDA and T-AOC according to the TBA and iron reduction methods.
MDA can be condensed with thiobarbituric acid to generate a red product with a maximum absorption
peak at 532 nm (Rafaela et al. 2010). After adding reagents to each sample according to the
requirements of the MDA assay kit, the centrifuge tubes containing the sample were placed in 95°C water
bath for 40 min, taken out and cooled with running water, then centrifuged at 3500–4000 rpm for 10 min,
and the supernatant was taken for absorbance measurement. Iron reduction method is used to measure
intracellular T-AOC. Antioxidant substances in the body reduce Fe3+ to Fe2+, which can form stable
complexes with phenanthrolines. The antioxidant capacity of the system is re�ected by colorimetry.

For Chaps. 2.2.2–2.2.4, it is necessary to measure the total protein (TP) content in the cell at the same
time as the measurement of each indicator, and compare the results of each indicator on the basis of the
same TP amount. The determination of TP content relied on Coomassie Brilliant Blue developer. The 100
µL supernatant was reacted with a chromogenic reagent for 10 min, and the absorbance was determined
at 595 nm with a microplate reader.

2.3. Analysis of the molecular mechanism of 2-Pentanone
and 2-Hexanone interaction with CAT

2.3.1. Fluorescence measurements
The speci�c parameters of �uorescence spectroscopy commonly used to evaluate the
microenvironmental changes of protein aromatic amino acids were set as follows (Zhao et al. 2017):
Both the �uorescence and synchronous �uorescence spectrum were measured by F-4600 �uorescence
spectrophotometer (Hitachi, Japan). The Photo multiplier tube (PMT) voltage was set to 650 V. The slit
width of the excitation and emission wavelengths were set at 5.0 nm. The data interval was set to 0.2 nm
and scanning was performed at a speed of 1200 nm min− 1. The �uorescence lifetimes of CAT in the
absence and presence of 2-Pentanone and 2-Hexanone were measured at λex = 280 nm and λem = 330
nm by the FLS920 �uorescence and steady-state spectrophotometer (Edinburgh, England).

Due to the internal �ltering effect (IFE) of CAT and ligands, the �uorescence intensity should be corrected
using the following formula. (Sur et al. 1979).

Fcor= Fobsd10(A
1

+A
2

)/2 (2)

where Fcor and Fobsd are the corrected and detected �uorescence intensities, respectively; whereas A1 and
A2 are the absorbance of reaction system at the excitation and emission wavelengths, respectively.

In the �uorescence lifetime experiment, the average �uorescence lifetime (τAV) that can determine the
way of �uorescence quenching was calculated by the following equation (Seidel et al. 1996).

τAV = α1τ1 + α2τ2 (3)
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where τ1 and τ2 are the double exponential decay �uorescence lifetime values, and α1 and α2 are the
proportions of τ1 and τ2, respectively (α1 + α2 = 1).

2.3.2. Research on the changes of CAT conformation
The Uv-vis absorption spectra re�ecting the information of protein skeleton structure were determined by
the UV-2450 spectrophotometer (Shimadzu, Kyoto, Japan) (Wang et al. 2019). The wavelength scanning
range was 190–500 nm. The data interval and slit width were set at 0.2 nm and 2.0 nm, respectively, with
high scanning speed.

The J-810 circular dichromatograph (Jasco, Japan) was used to reveal circular dichroism (CD) spectra.
The parameters are set as follows: scanning wavelength 190–250 nm; The scanning speed was set as
200 nm min− 1 and a 1 mm quartz cuvette was utilized. Each spectrum is the average of three
consecutive scans. CD Pro software was employed for data analysis of secondary structure content (Xu
et al. 2019a).

Resonance light scattering (RLS) is often used to characterize the volume of particles in the system, thus
re�ecting the aggregation tendency of enzymes (Wang et al. 2017a). F-4600 �uorescence
spectrophotometer was used to measure the RLS spectrum. Parameters settings were: PMT 550 V, data
interval 0.2 nm, scanning speed 1200 nm min− 1, excitation and emission slit width 5.0 nm. The scanning
range under the excitation wavelength equal to the emission wavelength used in the measurement was
200–600 nm.

2.3.3. Determinations of CAT activity
The change of CAT activity is characterized by the change of H2O2 absorption value at 240nm. Add 2.8
mL of H2O2 solution (10 mM) diluted with phosphate buffer solution and 0.2 mL of the sample solution
to a 10 mm optical diameter quartz cuvette. The measurement method is the same as Sect. 2.2.4. Three
independent repeated experiments were performed.

2.3.4. Statistical analysis
Statistical results of Sect. 2.2.2–2.2.5 and 2.3.3 are shown as the mean ± SEM of three independent
experiments. Multiple comparisons of blank control with ligands-treated groups were assessed by ANOVA
followed by the Tukey's multiple comparison test.

3. Results And Discussion

3.1. Cytotoxicity to coelomocytes of the earthworm induced
by 2-Pentanone and 2-Hexanone

3.1.1. Effect of 2-Pentanone and 2-Hexanone on cell
viability
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The cell viability of coelomocytes after being exposed to the ligands was evaluated to re�ect the
cytotoxicity (Zhao et al. 2019). As shown in Fig. 2(a), with the increase of 2-Pentanone and 2-Hexanone
concentration, the cell viability expressed the trend of �rst increasing and then decreasing. Speci�cally,
the maximum cell viability of 2-Pentanone and 2-Hexanone are 156.19% and 149.21%. On the contrary
but it makes sense that when the ligands concentration reached to 10 mM, the cell viability that was
signi�cantly inhibited was down to 80.33% and 60.79%, respectively. The results show that both 2-
Pentanone and 2-Hexanone will have a great impact on the cell viability. In the concentration range of 0–
1 mM, the ligands may stimulate cells to produce survival factors, making the cell viability higher than the
blank group. Mouse eosinophils, macrophages and monocytes have all been shown to secrete survival
factors to enhance plasma cell activity (Belnoue et al. 2012, Chu et al. 2011, Winter et al. 2010). It can be
speculated that the same mechanism occurs in coelomocytes. While the exposure concentration of 2-
Pentanone and 2-Hexanone is higher than 1 mM, a signi�cant inhibitory effect was exerted, which
reducing the cell viability.

3.1.2. Changes in intracellular ROS levels
The intracellular esterase can hydrolyze the DCFH-DA that has penetrated into the cell to DCFH carboxylic
anion and remain in the cell. ROS can oxidize DCFH-DA carboxylate anion to 2,7-dichloro�uorescein
which can be detected with high �uorescence (Eruslanov &Kusmartsev 2010, Kalyanaraman et al. 2012).
According to Fig. 2(b), the ROS content shows a trend of substantial increase with the exposure of 2-
Pentanone and 2-Hexanone. Speci�cally, when the concentration of 2-Pentanone and 2-Hexanone was
0.1 mM, the relative content of ROS was 174.27% and 81.75%, respectively. However, the above values
expanded to 729.64% and 607.84% when the exposure concentration increased to 10 mM. The results
show that both 2-Pentanone and 2-Hexanone can cause cells to produce a large amount of ROS, and the
continuous increase of ROS level can lead to oxidation of the intracellular environment. ROS plays an
irreplaceable role in intracellular signal transduction, and its imbalance can disrupt the expression of
genes activated by redox mechanisms (Ruiz-Ramos et al. 2009). That 2-Pentanone and 2-Hexanone
induce excessive ROS in coelomocytes may be one of the mechanisms that cause cytotoxicity. Excessive
ROS may destroy intracellular calcium homeostasis (Liu et al. 2017, Xu et al. 2019a) and induce lipid
peroxidation, eventually leading to cell death.

3.1.3. Exploring the activity of antioxidants (SOD, CAT and
GSH)
The antioxidant system consists of antioxidant enzymes and a variety of non-enzymatic substances.
Among them, SOD and CAT are direct antioxidant enzymes that play an important role in maintaining
redox homeostasis. The non-enzymatic substances that bear the antioxidant effect mainly include GSH,
pyruvate, �avonoids and carotenoids. The level of SOD, CAT and GSH in coelomocytes exposed to
different concentrations of ligands were measured to evaluate whether the antioxidant defense system is
involved in the cytotoxicity and oxidative stress induced by 2-Pentanone and 2-Hexanone.
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In Fig. 3(a), under the exposure of 2-Pentanone and 2-Hexanone, the SOD activity showed a decreasing
trend in general. When the concentration of 2-Pentanone and 2-Hexanone reached to 10 mM, the SOD
activity was down to 76.50% and 89.18%, respectively, indicating that the oxidative damage was occurred
and oxidative system was damaged in the cells. The exposure of high concentration 2-Pentanone and 2-
Hexanone induced more ROS than antioxidant enzymes could handle, causing a part of SOD to be
oxidized, thereby reducing its activity.

As shown in Fig. 3(b), as the concentration of 2-Pentanone and 2-Hexanone increase, CAT activity shows
a trend of �rst increasing and then decreasing. When coelomocytes were exposed to a lower
concentration of ligands (0–5 mM), the intracellular CAT activity exhibited a "bell-shaped" effect (Wang et
al. 2017a). Speci�cally, when the concentration of 2-Pentanone and 2-Hexanone were both 1 mM, the
CAT activity reached to the peak values, which were 105.19% and 130.98%, respectively. This result can
be explained from two aspects: on the one hand, the phenomenon shows that the exposure of 2-
Pentanone and 2-Hexanone can induce "hormetic response" of enzymatic systems (Hashmi et al. 2014).
On the other hand, the increase in CAT activity under low-concentration toxicant exposure is the result of
the direct antioxidant enzyme's adaptation to oxidative stress (Xu et al. 2019a), which is to remove
excess H2O2 induced by ROS in the cell. When the concentration of 2-Pentanone and 2-Hexanone reached
to 10 mM, the activity of CAT was inhibited and decreased to 78.11% and 87.04%, respectively. The
results can be attributed to the excessive H2O2 generated by exposure to high concentration of pollutants
that exceeded the processing capacity of CAT.

As shown in Fig. 3(c), the GSH activity showed a trend of �rst decreasing and then increasing as the
exposure concentration of 2-Pentanone and 2-Hexanone. Under low exposure concentration (0–1 mM),
the GSH level kept decreasing trend, with the lowest values being 43.31% and 16.66%, respectively. It can
be speculated that the decrease of GSH level was owed to the non-enzymatic substances in the
antioxidant system have poor antioxidant capacity in the early stage and fail to produce a large amount
of GSH, which led to the continuous consumption of GSH in the �ght against a large number of oxygen-
containing free radicals. It is worth noting that at high exposure concentration (1–10 mM), the
intracellular GSH activity continued to increase, and the maximum GSH values corresponding to 2-
Pentanone and 2-Hexanone were 145.90% and 101.62%, respectively. The results indicate that non-
enzymatic antioxidants have adapted to intracellular oxidative damage.

3.1.4. Determination of MDA and T-AOC level
Lipid peroxidation is considered to be a major mechanism of cytotoxicity (Teng &Liu 2013). Once the
intracellular redox balance is disrupted, the excess ROS will attack the lipid components in the body,
including phospholipids, enzymes and receptor proteins on the oxidized bio�lm, and form lipid
peroxidation products, causing oxidative damage (Reed 2011). As an important biomarker, the level of
MDA is often used to evaluate the degree of oxidative stress and damage in cells. As shown in Fig. 4(a),
with the exposure of 2-Pentanone, the intracellular MDA level continued to rise to 148.12%. For 2-
Hexanone, as the exposure concentration of 2-hexanone increased, the MDA level increased slightly,
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eventually reaching to 106.29%. Under the higher concentration exposure, more and more ROS were
produced, which could not be eliminated by the antioxidant system, so the lipid peroxidation level of
coelomocytes gradually increased.

As shown in the Fig. 4(b), the antioxidant capacity of coelomocytes �rst increased and then decreased as
the exposure concentration of 2-Pentanone and 2-Hexanone increased. Under low exposure concentration
(0–1 mM), the highest level of antioxidant capacity caused by 2-Pentanone and 2-Hexanone were
192.91% and 134.31%, respectively. As the exposure concentration increased, the antioxidant capacity
was signi�cantly inhibited, which led the antioxidant level decreased to 42.22% and 12.54%. Through
direct antioxidant enzyme activity determination, when exposed to low concentrations, the cells have high
direct antioxidant enzyme activity, so they have more powerful antioxidant capacity. Otherwise, the
opposite is true.

3.2. Effects of 2-Pentanone and 2-Hexanone on CAT

3.2.1. Investigation of �uorescence quenching mechanism
of CAT
Fluorescence spectrometry is often utilized to evaluate the changes in microenvironment of amino acids
and the quenching mechanism between proteins and ligands (Cheng et al. 2013, Zhao et al. 2015).
Preliminary experiments on the absorbance of the two ligands showed that the sum of the absorption
values of 2-Pentanone and 2-Hexanone at 280 nm (excitation wavelength) and 334 nm (emission
wavelength) were both greater than 0.05, and the error caused by the inner �lter effect (IFE) will exceed
5%, so the IFE cannot be ignored in this system (Lakowicz 2006, Zhao et al. 2011). After using the Eq. (2)
to correct �uorescence intensity, the �uorescence spectrums of CAT under the action of 2-Pentanone and
2-Hexanone are shown in Fig. 5(a), (b). After CAT was exposed to the ligands, the �uorescence intensity
decreased regularly, indicating that the ligands interacted with amino acid residues (Trp, Tyr and Phe)
(Lakowicz &Masters 1991). It is worth noting that there is no lateral shift of the absorption peak position,
so under the action of 2-Pentanone and 2-Hexanone, the microenvironment of aromatic amino acid
residues of CAT was not changed signi�cantly (Yuan et al. 1998). This reaction mechanism quenched the
endogenous �uorescence of CAT and resulted in the possibility of �uorescent residues contacting with 2-
Pentanone and 2-Hexanone (Zhao et al. 2019).

Fluorescence quenching mainly has two forms: static quenching and dynamic quenching (Cui et al.
2012). To determine the mechanism of �uorescence quenching of CAT, the time-resolved �uorescence
spectroscopy was introduced to measure the �uorescence lifetime of CAT after exposure to different
concentrations of ligands. The curve in Fig. S1 �tted the double exponential decay model. The average
�uorescence lifetime of amino acid residues was calculated by Eq. (3). According to Table 1, under the
increasing concentration of 2-Pentanone and 2-Hexanone, the average �uorescence lifetime values of
CAT did not change signi�cantly, proving that 2-Pentanone and 2-Hexanone induced static quenching of
CAT �uorescence and interacted with CAT by forming a complex (Lakowicz 2006).
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Table 1
Fluorescence lifetime of CAT exposed to 2-Pentanone and 2-Hexanone

Molar ratio Lifetime(ns) Amplitude(%) τAV(ns) χ2

τ1 τ2 α1 α2

CAT/

2-Pentanone

1:0 1.5189 4.9797 38.44 61.56 3.649368 1.106

1:100 1.6172 5.0610 41.37 58.63 3.636300 1.054

1:200 1.5987 5.1745 41.95 58.05 3.674452 1.064

1:500 1.6052 5.1909 43.27 56.73 3.639368 0.929

CAT/

2-Hexanone

1:100 1.6854 5.3122 44.22 55.78 3.708429 0.939

1:200 1.6361 5.1807 41.60 58.40 3.706146 1.116

1:500 1.5724 5.0845 42.23 57.77 3.601340 1.029

3.2.2. Exploring of the �uorescence changes of CAT
Synchronous �uorescence spectrum expresses the changes in the microenvironment of Tyr or Trp
residues when Δλ = 15 nm or 60 nm (Khan et al. 2008, Patra et al. 2012). As can be seen in Fig. S2, under
a short-term exposure to 2-Pentanone, the synchronous �uorescence spectrum of CAT showed a red shift
(from 291.0 nm to 292.2 nm, Δλ = 15 nm), indicating that the combination of 2-Pentanone and CAT
caused a slight change on Tyr residues microenvironment and reduced its hydrophobicity. On the
contrary, the interaction with 2-Hexanone resulted in a weak blue shift (from 291.6 nm to 290.6 nm, Δλ = 
15 nm) of the synchronous �uorescence of CAT, which veri�ed that the microenvironment of Tyr residues
became more hydrophobic. According to Fig. 5(c) and (d), the two ligands have little effect on the
hydrophilicity and hydrophobicity of Trp residues microenvironment (Δλ = 60 nm). The synchronous
�uorescence results is similar to the �uorescence spectrum, which veri�es that Trp residues make most of
the contribution to CAT �uorescence (Trp: Tyr: Phe = 100: 9: 0.5) (Xu et al. 2019b). It is noteworthy that all
of the results of synchronization and endogenous �uorescence spectrum can indicate that the
hydrophobicity of the aromatic amino acid residues microenvironment of CAT has not been changed
signi�cantly.

3.2.3. Structural changes of CAT induced by 2-Pentanone
and 2-Hexanone
The UV-Visible absorption spectroscopy can determine the changes of proteins conformation (Grante et
al. 2014). As shown in Fig. 6, CAT has three UV-vis absorption peaks. Among them, the strongest one
(200–230 nm) is the absorption peak of the CAT skeleton, which is caused by the π - π* electronic
transitions of the peptide backbone C = O (Teng &Liu 2013). As the concentration of 2-Pentanone
increased, the absorbance of CAT in the wavelength range of 200–230 nm increased signi�cantly,
accompanied by the blue shift of the maximum absorption peak. On the other hand, under the action of
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2-Hexanone, the skeleton absorption peak intensity of CAT increased with a blue shift followed by a slight
red shift. The above phenomenon indicated that in the presence of ligands, the reaction system
underwent a hyperchromic reaction, and the CAT skeleton structure was contracted. Absorption peaks
located at 260–290 nm re�ect the changes in the microenvironment of Trp, Tyr and Phe residues of
aromatic amino acids (Wu et al. 2007). As the exposure of 2-Pentanone and 2-Hexanone deepens, the
intensity of the absorption peak changed slightly, illustrating that the hydrophobicity of the aromatic
amino acid microenvironment of CAT has not been signi�cantly changed (Laurent &Assfeld 2010, Xu et
al. 2006). As the characteristic peak of Porphyrin-Soret band, the absorption peak at around 405 nm can
re�ect the conformational change of the polypeptide chain near heme groups of CAT (Bao et al. 2001,
Wang et al. 2018). Heme groups lie in the center of CAT enzyme activity and participate in the catalytic
reaction of CAT (Reid et al. 1981). Under 0–5 mM exposure of 2-Pentanone and 2-Hexanone, the
corresponding absorption peak intensity increased, but there was no lateral movement, indicating that the
interaction of 2-Pentanone and 2-Hexanone with CAT may have an impact on the enzyme activity but
exert little impact on polypeptide chain structure near heme groups. Heme groups are deeply embedded
20 Å below the surface of CAT (Reid et al. 1981). The above results suggest that because of steric
hindrance, there is no direct interaction between ligands and amino acid residues surrounding the heme
groups. (Zamocky et al. 1995).

3.2.4. Secondary structure changes of CAT
The changes in the secondary structure of CAT under the exposure of 2-Pentanone and 2-Hexanone were
re�ected by circular dichroism (CD) spectra (Lu et al. 2007, Tabassum et al. 2012). The n-π* and π-π*
transitions of α-helix are the reason for the presence of the two negative peaks around 209 nm and 219
nm in the CD spectrum of CAT (Li et al. 2015). Fig. S3 and Table. 2 show the CD spectra of CAT under
different concentrations of ligands exposure and the changes of CAT secondary structure content
obtained by CDPro analysis respectively. As shown in the Fig. S3, the negative peak signal of CD spectra
strengthened, revealing that the content of CAT secondary structure α-helix increased under the action of
the ligands. According to the information in Table 2, Under the exposures of 2-Pentanone and 2-
Hexanone, α-helix content increased from 19.4–22.6% and 22.2%, respectively, while β-sheet showed a
decreasing trend, from 31.1–27.4% and 29.4%, manifesting that the ligands make CAT misfold and
partially denature. Due to the speci�c correspondence between the structure of the proteins and
physiological function, any structural changes may cause the loss of physiological function (Koshland
1963). Based on the results, it can be deduced that the enzymatic activity of CAT may have changed due
to its structure.
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Table 2
Effects of 2-Pentanone and 2-Hexanone on the secondary structural

contents of CAT
Molar ratio Secondary structural elements in CAT(%)

α-helix β-sheet Turns Unordered

CAT/

2-Pentanone

1:0 19.4 31.1 20.9 28.6

1:1000 22.2 27.5 20.8 29.5

1:10000 22.6 27.4 20.7 29.3

CAT/

2-Hexanone

1:1000 20.4 30.2 20.7 28.7

1:10000 22.2 29.4 19.5 28.9

3.2.5. Evaluation of protein size changes
The particle size of CAT before and after exposure of 2-Pentanone and 2-Hexanone were re�ected by the
resonance light scattering spectrum (RLS). The intensity of RLS is proportional to the volume of the
system particles (Mandal &Ganguly 2009, Wang et al. 2000). As shown in Fig. 7, with the increase of the
concentration of 2-Pentanone and 2-Hexanone, the intensity of RLS showed a gradually increasing trend.
So both 2-Pentanone and 2-Hexanone can interact with CAT to form the ligand-protein complexes with
larger particle diameters. That is consistent with the result obtained by time �uorescence spectroscopy.
By comparing with the group of pure CAT, the increase of the RLS intensity can also con�rm that the
combination of CAT with 2-Pentanone and 2-Hexanone changed the properties of the solvent shell on the
protein surface (Chaturvedi et al. 2014), making the protein surface more viscous, and then enhancing the
aggregation effect among CAT molecules and increasing the particle size of the system gradually.

3.2.6. Detection of CAT activity
Changes in protein structure are often closely related to functional expression (Lavery &Sacquin-Mora
2007). It can be seen from the spectral results that under the action of 2-Pentanone and 2-Hexanone, the
structure of CAT was signi�cantly changed. To further verify whether the expression of CAT activity was
affected, an enzyme activity experiment with H2O2 as a substrate was carried out. As shown in Fig. 8,
CAT activity that maintained a continuous decreasing trend downed to 69.50% and 64.05% compared
with the control group at the maximum exposure concentration of 2-Pentanone and 2-Hexanone. The
decline of CAT enzyme function can be attributed to the contraction of CAT structure. Due to the binding
of ligands, CAT protein structure was contracted, which narrowed the molecular channel extending from
CAT surface to the heme group. So the substrate H2O2 could not smoothly pass through the molecular
channel to bind to the active center of CAT (Reid et al. 1981, Wang et al. 2015).

3.2.7. Binding model of 2-Pentanone and 2-Hexanone to
CAT
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To further explore the binding modes of 2-Pentanone, 2-Hexanone and CAT, the molecular docking which
can explain the changes of protein structure and activity was carried out with MOE software (Chemical
Computing Group V2009, Canada) (Xu et al. 2019b). CAT is composed of four identical subunits (one of
the subunits is shown in Fig. 9), and the heme group is located at the active site of the subunit. The
docking structure at the lowest Gibbs Free Energy was obtained by molecular docking calculation. As
shown in Fig. 9(a2) and (b1), both 2-Pentanone and 2-Hexanone bound to the surface of CAT and far
away from the active site. This simulated structure proves that the change in CAT activity is not the result
of the ligands acting directly on the active site. But the surface binding of ligands and CAT is the
inducement of changes in CAT skeleton structure and secondary structure. The amino acid residues listed
in Fig. 9(a1) and (b2) are related to the binding of CAT to 2-Pentanone and 2-Hexanone, respectively. The
oxygen atoms in 2-Pentanone and 2-Hexanone formed hydrogen bond structures with the Ser and Asp
residues in CAT with bond lengths of 2.82 Å and 2.55 Å, respectively.

4. Conclusions
This article reveals the toxic effects and mechanisms of 2-Pentanone and 2-Hexanone, which are
commonly used in the industry, at the cellular and molecular level. The cell experiments showed that as
the exposure of 2-Pentanone and 2-Hexanone, cell viability increased �rst and then decreased. A large
amount of ROS produced by exposure gradually reduced the activity of intracellular antioxidant enzyme
SOD and induced excessive H2O2. The antioxidant system had to secrete CAT to eliminate H2O2, which
made the intracellular CAT activity present a "bell-shaped" effect. The oxidative stress induced by ROS
ultimately increased the level of lipid peroxidation in coelomocytes, which indicates that the cell
membrane has been damaged. The regular changes in total antioxidant capacity are also the result of
oxidative damage of coelomocytes caused by exposure of 2-Pentanone and 2-Hexanone. Molecular level
experiments show that the combination of 2-Pentanone and 2-Hexanone with CAT contracted the protein
structure, which is related to the change in the secondary structure represented by the increase in α-helix
content. The above-mentioned changes in protein structure are the reasons for the decline in CAT activity.
Static quenching of CAT �uorescence further veri�ed the occurrence of surface binding which has been
revealed by molecular simulation. This study can provide systematic scienti�c data for exploring the
cellular and molecular toxicity mechanisms of organic solvents commonly used in industry, and issue
warnings for regulating the production, transportation and use of volatile solvents.
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The mechanism of oxidative stress in cells under external stimuli.

Figure 2

Viability changes (a) and ROS level (b) of coelomocytes induced by 2-Pentanone and 2-Hexanone for 24
h. Cells were exposed to 2-Pentanone or 2-Hexanone at gradients concentration: 0, 0.1, 1, 5, 10 mM for 24
h. Values are shown as mean ± SD of three independent experiments. Statistical differences from control
group: *, #p < 0.05, **, ##p < 0.01 and ***, ###p < 0.001.

Figure 3

Relative SOD (a), CAT (b) and GSH level (c) in coelomocytes after exposing to 2-Pentanone and 2-
Hexanone for 24 h. The pollutant concentration was set as follows: [2-Pentanone] or [2-Hexanone] (mM)=
0, 1, 5, 10. Values are shown as mean ± SD of three independent experiments. Compared with the control
group, differences are considered statistically signi�cant at *, #p < 0.05, **, ##p < 0.01 and ***, ###p <
0.001.
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Figure 4

Relative MDA (a) and T-AOC level (b) in coelomocytes after exposing to 2-Pentanone and 2-Hexanone for
24 h. Values are shown as mean ± SD of three independent experiments. Compared with the control
group, differences are considered statistically signi�cant at #p < 0.05, **p < 0.01 and ###p < 0.001.
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Figure 5

Endogenous �uorescence (a, b) and synchronous �uorescence of Trp residues (c, d) spectrum of CAT
under 2-Pentanone and 2-Hexanone. Conditions: [CAT]= 1 Μm; [2-Pentanone] (mM) or [2-Hexanone] mM)
a-e: 0, 0.1, 0.2, 0.5, 1; pH = 7.4; T = 310 K.

Figure 6

UV-vis absorption spectrum of CAT under exposure to 2-Pentanone (a) and 2-Hexanone (b). Conditions:
[CAT]= 1 μM; [2-Pentanone] (mM) a0-f0 or [2-Hexanone] (mM) a1-f1: 0, 0.1, 0.2, 0.5, 1, 5; pH = 7.4; T = 310
K.

Figure 7
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The resonance spectrum of CAT under exposure of different concentration of 2-Pentanone (a) and 2-
Hexanone (b). Conditions: [CAT]= 1 μM; [2-Pentanone] or [2-Hexanone] (mM) a-e: 0, 0.1, 0.2, 0.5, 1; pH =
7.4; T = 310 K.

Figure 8

Activity changes of CAT under the exposure to 2-Pentanone and 2-Hexanone. Experimental conditions:
[CAT]= 1 μM; [2-Pentanone] or [2-Hexanone] (mM) a-e: 0, 0.5, 1, 5, 10; pH = 7.4; T = 310 K. Compared with
the control group, differences are considered statistically signi�cant at *, #p < 0.05, **, ##p < 0.01 and ***,
###p < 0.001.
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Figure 9

Binding interaction between CAT and 2-Pentanone (a) or 2-Hexanone (b). Experimental conditions: (a1)
and (b2) show the combination of ligands and related amino acids residues of CAT; (a2) and (b1) re�ect
the binding sites of the ligands on the CAT. CAT molecule is shown in cartoon modes. the structure of
CAT was downloaded from http://www.rcsb.org/ (PDB code 1TGU).
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