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Ceftiofur (CEF) is a cephalosporin antibiotic and is a commonly used drug in animal food production. As
a heat-labile compound, the residual CEF toxicity after thermal treatment has rarely been reported. This
study was to investigate the potential toxicity of thermally treated CEF and determine the toxic
components. By cytotoxicity tests and liquid chromatography-mass spectrometry (LC-MS) assays, the
cytotoxicity of the thermally treated CEF (TTC) and the components of TTC was identified, respectively.
Our results showed that TTC exhibited significantly increased toxicity compared with CEF towards LO2
cells by inducing apoptosis. Through LC-MS assays, we identified that the toxic compound of TTC was
CEF-aldehyde (CEF-1). The ICso value of CEF-1 on LO2 cells treated for 24 h was 573.1 ng mL~%,
approximately 5.3 times lower than CEF (3052.0 ug mL™Y) and 3.4 times lower than TTC (1967.0 ug
mL~1). Moreover, we found that CEF-1 was also present in thermally treated desfuroylceftiofur (DFC), the
primary metabolite of CEF, indicating that residual CEF or DFC could produce CEF-1 during the heating
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1. Introduction

Antibiotics are widely used in livestock production to prevent
disease and promote growth." According to reports, approxi-
mately 70% of antibiotics are used in food producing animals*
around the world. It is estimated that the consumption of
antibiotics in livestock production will continue to increase as
a consequence of growing demand for animal protein.® Studies
have showed that antibiotic residues in food can have adverse
effects on humans.*® Thus, contamination of animal products
with antibiotics has become an important threat to public
health.

CEF is a third-generation animal-specific cephalosporin
antibiotic which has broad activity spectrum due to its bulky
imino-methoxy side chain.® CEF has no mutagenicity biologi-
cally’® and possess a short drug withdrawal time. The
preslaughter withdrawal time of CEF was four days in cattle or
swine and zero days in milk cow, sheep or goats.'>'* Based on
the high efficacy, safety and short drug withdrawal period, CEF
has become one of the most commonly used antibiotics in
animal husbandry to control infection and increase animal

Key Laboratory of Zoonosis Research, Ministry of Education, Institute of Zoonosis,
College of Veterinary Medicine, Jilin University, 5333 Xi'an Road, Changchun, Jilin,
130062, PR China. E-mail: hupan84@163.com; zsliu1959@sohu.com; Tel:
+86-431-8783-6716; +86-431-8783-6703

T Electronic  supplementary  information available. See DO
10.1039/c9ra10289b

i These authors contributed equally to this work.

(EST)

This journal is © The Royal Society of Chemistry 2020

a potential threat to food safety or public health.

production,*>* especially for the treatment of mastitis in dairy
cattle by intramammary (IMM).>*>* However, IMM CEF treat-
ment of mastitis in dairy cows may result in the concentration
of CEF in milk higher than the tolerance set by the FDA.>’** CEF
was reported to be the predominant violative residues which
account for 29% in the United States,*' Thus, food safety issues
caused by CEF residues should be fully studied.

Cooking procedure is important for the reduction of antibiotic
residues in food.*** The majority of animal-derived foods, such as
meat, can only be eaten by high-temperature cooking. In China or
some countries, foods sometimes will be cooked for a long time to
get delicious taste as well. However, like other B-lactams, CEF is an
unstable antibiotic.**** Reports showed that CEF was highly
unstable under high temperature condition (such as cooking
process) and the degradation of CEF was time-dependant.®**”
Furthermore, CEF is susceptible to acidic, alkaline, and enzyme-
catalyzed hydrolysis.**** Thus, the degradation and the potential
toxicity of the thermally treated CEF (TTC) are topics worthy of
study. In this paper, we investigated the cytotoxicity of the TTC,
and further analyzed the components of the thermal degradation
products of CEF and desfuroylceftiofur (DFC), which is the primary
metabolites of CEF.*

2. Materials and methods

2.1 Chemicals and reagents

Ceftiofur sodium (CEF, purity > 98%, CAS# 104010-37-9) was
purchased from Meilunbio (China). Desfuroylceftiofur (DFC)
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was obtained from Toronto Research Chemicals (Canada).
RPMI 1640, DMEM and MEM culture medium were provided by
Gibco (USA). Fetal bovine serum (FBS) was purchased from BI
(Israel). Cell Counting Kit-8 (CCK-8) was obtained from Dojindo
(Japan). Hoechst 33342/PI fluorescent dye, JC-1 probe and
trypsin were provided by Solarbio (China). Annexin V-FITC/PI
apoptosis kit was purchased from BD (USA). High-
performance liquid chromatography grade acetonitrile and
formic acid were obtained from Tedia (USA).

2.2 Preparation of test substances

CEF was diluted in distilled water resulting in a stock solution at
concentration of 100 mg mL™" and kept in the dark at —20 °C.
Stock solution was thawed at room temperature and diluted
with distilled water to the concentrations required for the
experiments (0.5 mg mL ', 2.5 mg mL ', 5 mg mL ™', 10 mg
mL ' and 20 mg mL"). Diluted solutions were heated in
boiling water bath for 10 min, 20 min, 30 min (TTC30), 40 min,
50 min and 60 min (TTC60) to obtain the TTC. Absorbance of
TTC were measured at 450 nm by a microplate reader. DFC was
diluted with physiological saline to a concentration of 200 pg
mL " and heated in boiling water for 60 min (DFC60).

2.3 Cell culture conditions

Human normal liver cell LO2 cells (American Type Culture
Collection, ATCC), human embryonic kidney cells 293 cells
(ATCC), human embryonic lung diploid MRC-5 cells (ATCC),
Mouse renal tubular epithelial cells (mTEC) were purchased
from the China Cell Line Bank (Beijing, China) and cultured in
RPMI 1640, DMEM, MEM and RPMI 1640 containing 10% FBS
and 1% penicillin-streptomycin, respectively. Cells were
cultured in a humidified incubator at 37 °C with 5% CO,.

2.4 Cytotoxicity assays

Cytotoxicity was detected by the CCK-8 method according to the
manufacturer's instructions. Briefly, LO2 cells, 293 cells or
MRC-5 cells was seeded at a density of 1.0 x 10%, 1.0 x 10* or 5.0
x 10° cells per well in the 96-well plates, respectively. After
cultured overnight, CEF or TTC was added to the wells (10 pL
per well) to make the final concentration of each well equal to
125 pg mL™", 250 ug mL™, 500 ug mL~" or 1000 pg mL™*,
respectively. The wells without CEF and TTC were served as
control group. After 24 h, 48 h or 72 h of treatment, the culture
medium in the wells was aspirated and the cells were washed
gently twice with PBS. CCK-8 (10 pL per well) and culture
medium (100 pL per well) were added to the wells, and followed
with an incubation from 1 h to 1.5 h (based on the different cell
lines and cell intensity) at 37 °C. Absorbance was measured at
450 nm by a microplate reader. The ICs, values at the different
time points of 24 h, 48 h and 72 h were calculated according to
the obtained OD values.”™** The cell inhibition rate (%) was
calculated by the following formula described by the
manufacturers:

(ODcontrol - ODtest/ODcontrol - ODblank) x 100%

18408 | RSC Adv, 2020, 10, 18407-18417

View Article Online

Paper

where ODq.: is the absorbance of the test wells, ODcontrol
represents the absorbance of the control wells, and ODpjap is
the absorbance of the well containing just culture medium and
CCK-8.

2.5 Assessment of nuclear morphological changes by
Hoechst 33342/PI staining

LO2 cells were seeded in 48-well plates with round coverslips at
a density of 2.0 x 10* cells per well. After cultured overnight,
CEF or TTC30 was added to the wells to make the concentration
to 1000 pg mL . After incubation for 24 h, cells were gently
washed three times with cold PBS, and resuspended with 1 mL
of PBS. Then 5 puL of Hoechst 33342 stain and 5 pL of PI stain
were added to each well, and followed with a dark incubation at
37 °C for 20 min. After the dark incubation, the cells were
washed once with PBS. Fluorescence microscopy was used to
observe the morphological changes of the nucleus (Olympus).

2.6 Analysis of cell death by flow cytometry

The cell death of LO2 cells caused by TTC was identified using
Annexin V-FITC/PI dyes and quantified through flow cytometry
method. Cells were placed in 6-well plates at a density of 1 x 10°
cells per well and cultured overnight. CEF, TTC30 or TTC60 was
added to the wells to make the concentration to 1000 pg mL™".
Cells were collected and resuspended in 500 pL detection
buffer, and then stained with 5 pL. Annexin V-FITC and 5 pL PI
dyes based on the manufacturer's instructions.*> Samples were
quantified by using a flow cytometer (BD, C6) within 1 h.

2.7 LC-MS analysis

Five microliters of the samples (500 pg mL ™" of CEF, TTC30 and
TTC60, 200 pg mL ' of DFC) were injected onto an Agilent1290
HPLC. The analytical column was a reversed-phase C18 column
(ZORBAX, 2.1 x 50 mm, 1.8 um). A binary gradient with a flow
rate of 0.7 mL min~ " was used in the tests. 0.1% formic acid (v/
v) in water was used as mobile phase A, and 0.1% formic acid (v/
v) in acetonitrile was used as mobile phase B.** The gradient
started with 5% mobile phase B for 0.5 min, increased to 50% B
from 0.5-5.0 min, to 95% B from 5.0-6.0 min. All target
compounds were eluted out of the column within 6 min. Triple
injections were made for each sample.

The mass spectrometry (MS) measurements were carried
out on a Bruker microTOF-Q II equipped with an electrospray
ionization (ESI) source operating in Auto-MS™ mode to obtain
fragment ions. Analyses were performed in positive mode for
all target compounds. The scanned range was the m/z 50—
1500 Da in high sensitivity mode. The dry gas heater was
200 °C and dry gas flow was 5.0 L min~'. The nebulizer
pressure was 0.4 bar and capillary was 4500 V. The collision
cell RF was 100.0 Vpp.

2.8 Synthesis and cytotoxicity assay of CEF-1

The synthetic route and structural identification results were
shown in the ESI (Fig. S1t). Synthesized CEF-1 was dissolved in
DMSO to prepare a stock solution with a concentration of

This journal is © The Royal Society of Chemistry 2020
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400 mg mL "' and kept in the dark at —20 °C. LO2 cells were
plated at a density of 1.0 x 10 cells per well in 96-well plates
and cultured overnight. CEF-1 was added to wells to make the
concentration of CEF-1 in each well equal to 0 ug mL ™", 50 pg
mL ", 100 pg mL ™", 200 pg mL ™" or 400 pg mL ™", respectively,
and followed an incubation of 24 h. After that, the inhibition
rate or IC;, value was calculated with the CCK-8 method as
described above. The combined effect between CEF and CEF-1
was calculated by the Jin's formula. The Jin's formula was
described as follows: Q = Ea + b/(Ea + Eb — Ea x Eb), where Ea +
b, Ea and Eb are the average effects of TTC30, CEF, CEF-1,
respectively. In this method, Q < 0.85 indicates antagonism,
0.85 = Q < 1.15 indicates additivity, and Q = 1.15 indicates
synergism.**

Furthermore, mitochondrial transmembrane potential of
LO2 cells treated with CEF-1 was evaluated. LO2 cells were
seeded in 6-well plates at a density of 1 x 10° cells per well and
cultured overnight. CEF-1 was added to wells (final concentrations:
0 ug mL ™", 100 pg mL™ ", 200 ug mL~" and 400 ug mL™"). Then,
cells were incubated for 24 h. After incubation, cells were washed
twice with PBS and incubated with JC-1 solution (10 pg mL™") for
20 min in the cell incubator. Fluorescent images of the LO2 cells
were taken under a fluorescent microscope. The maximum exci-
tation wavelength of JC-1 monomers was 514 nm and the
maximum emission wavelength was 529 nm. The maximum
excitation wavelength of JC-1 aggregates was 585 nm and the
maximum emission wavelength is 590 nm. In addition, the inhi-
bition rates of CEF, TTC60 and CEF-1 on mTEC cells (seeded at
a density of 5.0x 10° cells per well in the 96-well plates) for 72 h
were calculated through CCK-8 method.

2.9 Statistical analyses

Statistics were analyzed using the GraphPad Prism 5
program. Data were shown as the means + SD. Student’s t-
test analysis method was used to determine statistical
significance (group = 2). Other significant differences were
analyzed by one-way ANOVA followed by Dunnett's ¢ test or
Newman-Keuls test (group = 3). p < 0.05 were considered
statistically significant.

3. Results

3.1 Composition of CEF changed after thermal treatment

The color changes of CEF and TTC at concentration of 20 mg
mL~" were shown in Fig. 1A. These results indicated that the
color of the solution gradually became darker. Based on this
phenomenon, we speculated that the composition of TTC
was different from CEF. In Fig. 1B, the absorbance values of
CEF and TTC at different concentration (2.5 mg mL ™', 5.0 mg
mL™", 10 mg mL™" and 20 mg mL™") were raised with the
thermal time increased. Besides, the slopes of absorbance at
30 min were greater than 10 min and 20 min, and the slopes
of the absorbance for 60 min were greater than 40 min and
50 min. These results indicated that the composition change
were more obviously at these two time points (30 min and 60
min).

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

10min 20min 30min 40min 50min 60min

B
0.167 -e- 2.5 mg/mL
E - 5.0 mg/mL
@ 0124 =+ 10mg/mL
= -~ 20 mg/mL
=
= 0.08
23
=
3
T 0.041
2
<
0.00 L] ] ] 1 ) L) ]

Time (min)

Fig.1 The color and absorbance values of CEF and TTC. (A) The color
of CEF was varied for the different heating time (0 min, 10 min, 20 min,
30 min, 40 min, 50 min and 60 min) at concentration of 20 mg mL™2.
(B) The absorbance value of different concentrations of CEF and TTC
at 450 nm (2.5 mg mL™%, 5.0 mg mL™%, 10 mg mL~t and 20 mg mL™Y).
Data are expressed as the mean from three independent experiments.

3.2 TTC inhibited cell proliferation

Cell proliferation inhibition assays were employed to study the
effect of TTC on cells. Fig. 2A showed that at concentration of
1000 pug mL ", TTC inhibited the proliferation of LO2 cells and
the inhibition effect was heating time dependent. Moreover, the
toxicity of TTC30 was significantly higher than CEF at all three
time points (24 h, 48 h, 72 h incubation), and the toxicity of
TTC60 was further increased. Therefore, combined with results
in Fig. 1B, these two thermal time points (30 min and 60 min)
were used for subsequent toxicity studies.

Based on the cytotoxicity of TTC described above, we further
investigated the cytotoxicity of TTC30 at different concentra-
tions (125 pg mL™", 250 pg mL ™", 500 ug mL~ ", 1000 ug mL ™)
and different treating times (24 h, 48 h, 72 h) on LO2 cells.
These results revealed that the cytotoxicity of TTC30 was
significantly higher than that of CEF at same concentration.
Moreover, the cytotoxicity presented a dose- and time-
dependent manner (Fig. 2B-D). The ICs, values of CEF and
TTC30 decreased with incubation time increased (from 24 h to
72 h), and the IC5, value of TTC30 was significantly lower than
that of CEF at each time point (Fig. 2E). In addition, similar
results were obtained by using TTC30 to treat 293 cells (Fig. 2F)
or MRC-5 cells (Fig. 2G). IC5, comparison of three cell lines at 72
hours was shown in Fig. 2H.

3.3 TTC induced cell apoptosis

Fluorescence microscopy and flow cytometry assays were per-
formed to further investigate the cytotoxicity of TTC30 on LO2
cells. As shown in Fig. 3, early apoptosis event was observed in LO2
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Fig. 2 The inhibition rates and ICsq values of CEF and TTC on LO2 cells, 293 cells and MRC-5 cells. (A) The inhibition rate of CEF and TTC at
concentration of 1000 pg mL™* on LO2 cells. The cell inhibition rate was calculated according to the data detected using the CCK-8 method.
Data are expressed as the mean + SD from three independent experiments, and significant differences were analyzed by one-way ANOVA
followed by a Dunnett's t test. *p < 0.05 or **p < 0.01 compared with the 0 min group. (B) The inhibition rate of CEF and TTC30 on LO2 cells. LO2
cells were treated with different concentrations (125 ug mL™%, 250 pg mL™%, 500 pg mL~* and 1000 pg mL™%) of TTC30 for 24 h, (C) 48 h, and (D)
72 h. (E) The ICsq values of CEF and CHP30 on LO2 cells after treatment for 24 h, 48 h and 72 h. (F) The inhibition rate of CEF and TTC30 on 293
cells and MRC-5 cells (G), 293 cells and MRC-5 cells were treated with different concentrations (125 ng mL™, 250 png mL™%, 500 pg mL~* or 1000
ng mL™Y) of TTC30 for 72 h. (H) The comparison of the ICsq values in MRC-5 cells, LO2 cells and 293 cells after TTC30 treatment for 72 h. The cell
inhibition rate was calculated according to the data detected using the CCK-8 method. Data are expressed as the mean + SD from three
independent experiments. *p < 0.05 or **p < 0.01 compared with the CEF group using t-test analysis.

cells (showed blue fluorescence, yellow arrow) when treated with  the control group, demonstrating that TTC could induce LO2
1000 pg mL ™" of TTC30 or TTC60. Furthermore, late apoptosis  cell apoptosis (Fig. 4).
event was also observed (cells showed both red fluorescence and
blue fluorescence, white arrow). These results indicated that TTC
induced cytotoxicity by causing cell apoptosis.

In the flow cytometry assays, the percent of apoptotic cells in HPLC-TOF-MS method was employed to analyze the compo-

the TTC30 or TTC60 groups was significant higher than that in  nents of TTC. The extracted ion chromatogram (EIC) of CEF,
TTC30 and TTC60 were depicted in Fig. 5A. The EIC of CEF

3.4 Analysis of toxic components in TTC

18410 | RSC Adv, 2020, 10, 18407-18417 This journal is © The Royal Society of Chemistry 2020
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CEF

Control

Fig. 3 Fluorescence observation of LO2 cells stained by Hoechst
33342 and Pl after treatment with concentrations of 1000 pg mL™* of
CEF or TTC30 for 24 h; 200x magnification. The chromatin shrunk
(yellow arrow) and the nucleus fragmented (white arrow).

showed one peak at a retention time (RT) of 2.9 min. Both the
EIC of TTC30 and TTC60 exhibited two peaks at RT of 0.4 min
and 2.9 min. The different chromatographic results between
CEF and TTC revealed that a new compound (named CEF-1 in
this paper) appeared during thermal treatment of CEF. By
calculating from the peak area of the EIC, the relative amount of
CEF-1 in TTC 30 or TTC60 was approximately 10.03% and
12.20%, respectively (Table 1), indicating that the amount of
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CEF-1 was increased with heating time. Besides, the CEF did not
decompose completely at this heating condition.

CEF was observed at a retention time of 2.9 min with
a molecular ion peak at m/z 524.0 (Fig. 5B). The peak at m/z
241.0 was assigned to the cleavage of the B-lactam ring of CEF as
a fragment ion. CEF was confirmed by the precursor ion (m/z) of
524.0 and fragment ion (m/z) of 241.0 which was consistent with
an authentic standard and a previous report.** In the spectrum
of both TTC30 and TTC60, m/z 243.1 was considered to be the
molecular ion (Fig. 5C). The structure of this molecular ion was
considered to be the aldehyde resulting from the cleavage of the
B-lactam ring***® (CEF-aldehyde or CEF-1 in this paper). The
chemical structural formula of CEF-1 and route of generation
from CEF were shown in Fig. 5D. In addition, we also detected
the DFC, the primary metabolites of CEF, after heating for
60 min by LC-MS method to investigate the presence of CEF-1 in
thermal treatment DFC. In Fig. 5E, a peak was observed at RT of
0.4 min. Furthermore, we confirmed the compound of this peak
showed a molecular ion peak at m/z 243.1 and a main fragment
ion peak at m/z 126.0 by LC-MS method, which was consistent
with CEF-1.

3.5 CEF-1 inhibited the proliferation of LO2 cells and mTEC
cells

The synthesis route of CEF-1 was shown in ESI (Fig. S1Af).
Synthesized CEF-1 was showed in Fig. S1Bf and identified by
MS (Fig. S1Ct). The inhibition effect of CEF-1 on LO2 cells was
determined by the CCK-8 method described above. As shown in
Fig. 6A, CEF-1 significantly inhibited cell proliferation in a dose-
dependent manner. Jin's formula was used to investigate the
effect of CEF combined with CEF-1 on LO2 cells and the Q value
was 0.8938, demonstrating that CEF and CEF-1 had an additive

Control CEF
‘0710|89% 1.55% |DT,0569°‘> 402%
'061 106'
10°4 201 Xk
10* p g 154 -|—
0 q e = K J_

0 10 |05 106 10 g L

TTC30 < 5 T
10 - 0.850% 4.90% -L
o] o] 0 [ T | T T T
10 10 Control CEF TTC30 TTC60

Annxin V-FITC

Fig.4 Flow cytometry analysis of LO2 cells treated with concentration of 1000 ug mL~* of CEF, TTC30 or TTC60 for 24 h using FITC-Annexin V/
Pl staining. (A) Cells were stained with Annexin V-FITC/PI dyes at room temperature for 15 min in the dark and analyzed by using flow cytometry.
(B) Quantity of apoptosis rates for LO2 cells based on the flow cytometry assay results. Data are expressed as the mean + SD from three
independent experiments. *p < 0.05 or **p < 0.01 compared with the control group using t-test analysis.
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Fig. 5 CEF-aldehyde (CEF-1) was one of degradation products of thermally treated CEF or DFC. (A) The extracted ion chromatogram (EIC) of
CEF, TTC30 and TTC60, respectively. (B) Mass spectrometry (MS) analysis results of the peak at RT 2.9 min of CEF, TTC30 and TTC60. (C) MS
analysis results of the peak at RT 0.4 min of TTC30 and TTC60. (D) The route of generation of CEF-1 from CEF. (E) The EIC of DFC60. (F) MS

analysis result of the peak at RT 0.4 min of DFC60.

Table 1 Retention time (min), molecular weight (m/z) and relatively
area (%) of CEF, TTC30, TTC60 and DFC60

Molecular weight Relatively

Peak RT (min) (mlz) area (%)
CEF 1 2.9 524.0 100
TTC30 1 0.4 243.1 10.03

2 2.9 524.0 89.97
TTC60 1 0.4 243.1 12.20

2 2.9 524.0 87.80
DFC60 1 0.4 243.1 6.64

2 2.3 412.0 46.69

3 2.5 386.0 16.64

4 2.7 558.0 8.72

5 2.9 186.2 29.22

6 3.2 337.2 5.38

7 5.2 430.9 15.95

cytotoxicity. The result indicated that the cytotoxicity of TTC30
was caused by the addition of CEF-1 generated from CEF
degradation and incompletely decomposed CEF, that is to say,
the main toxic compound produced after heating of CEF was
CEF-1. We further calculated the IC5, values of CEF, TTC30 and

18412 | RSC Adv, 2020, 10, 18407-18417

CEF-1 at 24 h on LO2 cells (Fig. 6B). The ICs, value of CEF-1 was
573.1 pg mL~* which was approximately 5.3 times lower than
CEF (3052.0 pg mL ™) and 3.4 times lower than TTC30 (1967.0
pg mL™Y). JC-1 staining is a method to identified the mito-
chondrial transmembrane potential. Mitochondrial membrane
potential of healthy cells showed red fluorescence. When cells
underwent apoptosis, mitochondrial membrane potential
produced green fluorescence. As Fig. 6C showed, cells treated
with CEF-1 produced more green fluorescence than control.
Thus, CEF-1 could reduced mitochondrial membrane potential
of LO2 cells, indicating that CEF-1 could cause cell apoptosis. In
addition, CEF-1 exhibited significant cytotoxicity on mTEC cells
compared with CEF and TTC60 (Fig. 6D). All these results
demonstrated that CEF-1 was the main toxic thermal degrada-
tion product of CEF.

4. Discussion

CEF is an unstable antibiotic that is sensitive to temperature,
pH and light.*****"=%® Due to the high ring strain of the small
B-lactone ring, the degradation was temperature- and time-
dependent according to previous studies.’***”**%* In the
study by Junza et al., CEF-1 was the only one degradation

This journal is © The Royal Society of Chemistry 2020
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ng mL~t or 400 pg mL~2 for 24 h. (B) Comparison of the IC50 values after 24 h of treatment among CEF, TTC30 and CEF-1. (C) Fluorescence
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indicate significant difference between groups (p < 0.05).

product of CEF at low concentration of 2 pg mL ™" heated for
30 min at 120 °C both in water and in milk environment.*
Our study suggested that CEF-1 was the main degradation
product after heating at 100 °C for 30 min and 60 min, which
was similar to the previous research results.*® It was sug-
gested that the main degradation mechanism of CEF at high
temperature was the cleavage of the B-lactam ring. Previous
studies showed that the degradation pathways of cephalo-
sporins in the environment were abiotic hydrolysis, photo-
degradation and biodegradation.*”*®** CEF-1 was the main
biodegradation product of CEF and the biodegradation could
increase the ecotoxicity.’®** According to X. Li et al., the
optimum temperature range of CEF-1 for biodegradation was
between 25 °C and 45 °C,*® which is similar to the tempera-
ture for cheese fermentation.>*~*”

During food processing, whether through industrialization
or at home, the temperature is usually higher than 50 °C.***°

This journal is © The Royal Society of Chemistry 2020

The high cooking temperature can kill the pathogen to ensure
food hygiene, longer shelflife, safety and/or better taste.®** For
example, the industrial sterilization temperature for infant/
intestine formulations is usually higher than 110 °C lasting
20-30 min.** Therefore, in the process of food production and
processing, the conditions are met for the generation of CEF-1.
DFC is known as the main metabolite of CEF in vivo and is
regarded as the residue of CEF in meat, milk and other
tissues.®*** Our experimental results proved that CEF-1 also
appeared from the degradation of DFC, indicating that CEF-1
may be present in CEF residual food productions. Here, we
verified that thermally treated CEF showed increased cytotox-
icity on human liver, lung and kidney cells in vitro. These cell
lines represented organs rich in blood vessels which were easily
damaged by intake of toxic compound. Furthermore, the cyto-
toxicity experiments performed by the synthesis CEF-1 verified

RSC Adv, 2020, 10, 18407-18417 | 18413
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that CEF-1 was the main toxic compound in thermally treated
CEF.

Ying Shao et al. reported that Na,S (a known toxicity
compound as a soluble sulfide donor) showed cytotoxicity in
LO2 cells at concentrations above 0.1 mM and the inhibition
rate of sulfide for 24 h at concentration of 1 mM was almost
82.50%.% In our study, the inhibition rate of CEF-1 at concen-
tration of 1 mM was approximately 35.36%, which was calcu-
lated according to results of cytotoxicity tests, demonstrating
that the cytotoxicity induced by CEF-1 nearly was 2.33-fold lower
than that induced by Na,S. Besides, dichloroacetonitrile is
a kind of disinfection by products of water chlorination, which
could induce cytotoxicity by apoptosis in LO2 cells. The viability
rate of dichloroacetonitrile for 24 h at concentration of 100 uM
was 78.92%.% Our data showed that the viability rate of CEF-1
for 24 h at concentration of 100 pg mL " (approximately equal
to 412 uM) was 81.39% (Fig. 6A), indicating that the cytotoxicity
induced by CEF-1 nearly was 4-fold lower than that induced by
dichloroacetonitrile. Previous studies in our laboratory also
confirmed that penicillin, another B-lactam antibiotic, posed
a public health risk after cooking.*"*” Considering the cytotox-
icity of CEF-1, we should strengthen the detection of CEF or
DFC in food.

To date, HPLC and LC-MS are the main methods to analyze
the residual conditions of CEF in tissues or other productions.
However, these two methods include extraction and the SPE
process by using alkaline solutions which could lead to CEF
degradation.* Tissue processing and sampling without suitable
precautions could lead to the lower detection levels than actual
existence, which may cause the neglect of the threat posed by
residual CEF or DFC in tissues since the cytotoxicity of CEF-1.
Thus, in consideration of the instability of CEF, CEF-1 might
have the potential as a marker of CEF detection in animal-
derived foods.

5. Conclusion

Our data indicated that CEF-aldehyde, the main CEF thermal
degradation product, could cause cytotoxicity by inducing
apoptosis. Moreover, we detected CEF-aldehyde in thermally
treated DFC, the main metabolite of CEF in animals. To our
knowledge, this is the first report on the cytotoxicity of ther-
mally treated CEF, which is meaningful for food safety and
public health.
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