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Abstract

toxicity.

Biotransformation has the advantages of low cost and environmental protection and is a preferred method for
production of compounds. At present, most 2,5-dihydroxymethylfuran (DHMF) is synthesized by chemical methods.
In this study, 12.008 ug/mL DHMF was produced from 9.045 ug/mL 5-hydroxymethylfurfural (5-HMF) with a yield

of 1.33 g/g using the crude enzymes from fungus Ganoderma sessile. To elucidate the toxic potential for both com-
pounds, cytotoxicity tests and acute toxicity were evaluated respectively. 5-HMF induced weak cytotoxicity in HCT-8,
A549 and SGC-7901 cells and DHMF exerted no cytotoxicity on HCT-8 while induced inhibition proliferation of A549
and SGC-7901 cells. The acute toxicity study showed no mortality happened in any group even at the single dose

of 2000 mg/kg body weight. These results suggest it is feasible to convert 5-HMF to DHMF via crude enzymes from
fungus G. sessile under mild condition, and that DHMF displays a potential effect of antitumor in vitro with little acute
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Key points

1. 5-HMF was reduced to DHMF using crude enzymes
from G. sessile with ratio of 1.33 g/g.

2. 5-HMF induced weak cytotoxicity on HCT-8, A549
and SGC-7901 cells.

3. DHMEF showed cytotoxicity on A549 and SGC-7901
cells.

4. 5-HMF and DHMEF displayed little acute toxicity.
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Introduction

Codonopsis pilosula and Ganoderma sessile are collec-
tively regarded as famous herbal medicines and have
been used in folk medicines for hundreds of years in
China. Phytochemical researches show that Ganoderma
sp. mainly contains triterpenoids (Zhao et al. 2011) and
polysaccharides (Wang et al. 2019), which contribute
to multiple bioactivities such as anti-tumor, anti-aging,
antioxidant and immunomodulation (Yu et al. 2015).
G. sessile is the most prevalent species in Eastern North
America and is likely the species many of which are
used medicinally in the United States. Meanwhile, some
reports indicate that the main components of C. pilosula
are polysaccharides (Liu et al. 2015), saponin (Jiang and
Zhang 2011), and lobetyolin (Ma et al. 2014). Therefore,
it was used to improve immunity (Zhao et al. 2013b),
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cure cancer (Chen et al. 2018), protect brain neurons (Hu
and Chen 2015), and enhance the capacity of antioxidant
(Liu et al. 2015).

Codonopsis pilosula is a Chinese herbal medicine that
can be used for both medicine and food according to
the Chinese Pharmacopoeia. As yet, there is no report
on the toxicity of C. pilosula. However, there are many
reports which have focused on 5-hydroxymethylfurfural
(5-HMEF), a major product of the Maillard reaction, can
be extracted from C. pilosula (Feng et al. 2017; Li et al.
2009; Zhou et al. 2009). Some studies have reported that
5-HMEF induces genotoxic (Fromowitz et al. 2012; Hoie
et al. 2015), DNA-damaging (Pastoriza de la Cueva et al.
2016), cytotoxicity (Ji et al. 2018; Zhao et al. 2017), car-
cinogenesis (Florian et al. 2012) and mutagenicity (Han-
sruedi et al. 2012). Nonetheless, modern pharmacological
studies have indicated that 5-HMF could exhibit numer-
ous biological activities, such as antioxidant (Zhang et al.
2015; Zhao et al. 2013a), antiproliferative (Zhao et al.
2013a, 2014), anti-sickling (Galkin et al. 2015; Wright
et al. 2015), and repairing cognitive impairment in Alz-
heimer’s disease (Liu et al. 2014). In addition, 5-HMF is
one of the platform chemicals which can be transformed
into various essential chemicals including 2,5-dihydroxy-
methylfuran (DHMF), 2,5-furandicarboxylic acid (FCDA)
and 5-hydroxymethylfuroic acid (HMFCA) (Godan
et al. 2019; Zhang et al. 2017). Interestingly, there is no
report on the biological activity and safety of DHMF and
this monomer is mostly synthesized by chemical reac-
tions. Hence, the research on the biochemical synthesis
of DHMF is meaningful to mechanism research, drugs
development and clinical application. In fact, selective
hydrogenation of 5-HMF and selective of catalysts are the
key on the chemical synthesis of DHMF (Fulignati et al.
2019). Meanwhile, there are also studies showing that
this transformation can be accomplished through bio-
transformation (He et al. 2018; Li et al. 2017).

Microbial transformation is the process by which
fungus or bacteria are used to convert the substrate to
a structurally related compound via one or a series of
enzymatic reactions (Parshikov et al. 2012; Perkins et al.
2016). It is an excellent technique in modifying structure,
enhancing efficacy and reducing toxicity of Traditional
Chinese Medicine (TCM), due to its mild reaction condi-
tions and convenient method (Cao et al. 2015; Xie et al.
2018). Hence, biotransformation plays an increasingly
important role in chemistry.

This study presented the isolation and characterization
of fractions with distinct variation between fermented
C. pilosula with G. sessile (FCP) and non-fermented
C. pilosula with G. sessile (NFCP). Furthermore, it was
demonstrated that the variation was caused by enzymes
from G. sessile. Subsequently, the cytotoxicity of 5-HMF
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and DHMF was evaluated with HCT-8, A549 and SGC-
7901 cell lines. And the acute toxicity in rats treated with
the above two compounds was investigated. To the best
of our knowledge, this study is the first to explore a new
method to generate DHMF with 5-HMF by G. sessile
fermentation.

Materials and methods

Chemicals

5-HMF (CAS: 67-47-0, 97%) and DHMF (CAS: 1883-
75-6, 98%) were purchased from MACKLIN (Shang-
hai, China). Acetonitrile (chromatographic grade) was
obtained from EMD Millipore Corporation (Darmstadt,
Germany). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe-
nyl-2-H-tetrazolium bromide (MTT) was obtained from
Asegene (China). Cell counting kit-8 (CCK-8) supplied
by DOJINDO (Japan). Roswell Park Memorial Insti-
tute 1640 (RPMI1640), Trypsin—EDTA, Fetal Bovine
Serum (FBS) and Penicillin—Streptomycin Solution were
obtained from Gibco (US). Phosphate Buffered Saline
(PBS) was purchased from Hyclone (US). BCA Protein
Assay Kit was obtained from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China).

Liquid medium was made of Mold Liquid Medium
(Guangdong Huankai Microbial Sci. & Tech.co.,Ltd,
China). Fermentation medium contained certain of
concentration of the extracts from C. pilosula and inor-
ganic salt ions according to the formula of Mold Liquid
Medium. All other chemicals were of analytical grade.

Preparation of extraction of C. pilosula

The radixes of C. pilosula were collected in Lanzhou,
Gansu Province, China, and authenticated by Prof. Yang
Chen from Zhuhai Campus of Zunyi Medical University.
The dried roots (31.87 g) were extracted twice with boil-
ing water, and it took 2 h for each extraction with mate-
rial-liquid ratio of 1:16 (w/v). The rough extracts were
decanted, filtered under vacuum to collect the super-
natant. All the supernatant was merged to concentrate
in a rotary evaporator (Hei-VAP, heidolph, Germany),
and then dried (16.99 g) by freeze drying (2-4 LSC plus,
CHRIST, Germany).

Microorganism and fermentation

The fungus G. sessile (MUCL 38061) was deposited in
Belgian Coordinated Collections of Microorganisms
(308). Liquid medium was inoculated with the above
fungus, and incubated for 7 days with 200 rpm at 28 °C.
20 g of C. pilosula extracts, 0.1 g of Magnesium sulphate
and 0.2 g of Monopotassium phosphate were added to
a 500 mL conical flask as a fermentation medium, and
sterilized at 121 °C for 30 min after dissolved in 200 mL
water. Then 20 mL mature liquid of fungus was added to
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cooling the fermentation medium, incubated for 7 days
with 200 rpm at 28 °C to obtain FCP, and a same fermen-
tation medium that injected 20 mL mature liquid of fun-
gus was deposited at —20 °C for 7 days server as NFCP.
Subsequently their metabolites were centrifuged and
analysed.

Centrifugation and analysis by Ultra Performance Liquid
Chromatography

The FCP and NFCP were centrifuged at 8000 rpm for
10 min. The samples which were prepared by the super-
natant were passed through a filter (0.22 um) before
being injected into the Ultra Performance Liquid Chro-
matography (UPLC) system equipped with a Waters
Photo-Diode Array (PDA) detector, Quaternary Solvent
Manager (QSM) and ACQUITY UPLC® BEH Shield
RP18 (2.1 x 100 mm Colum, 1.7 um). A gradient elution
system made of solvent A (acetonitrile) and B (water)
was used for the analysis and the routine was as follows:
0—4 min, 0-20% solvent A; 4—10 min, 20-100% solvent
A; 10-12 min, 0-100% solvent B. The flow rate was
0.3 mL/min and the injection volume was 2 uL as well
as the PDA detection wavelength ranging from 200 to
500 nm.

Isolation and characterization by NMR and MS

The FCP and NFCP filtered through a 0.22 um filter were
chromatographically separated by preparative UPLC
eluted with the mobile phase consisting of acetonitrile—
water: 0—20 min, 0-20% solvent A; 20—-50 min, 20—100%
solvent A; 50—60 min, 0-100% solvent B, to afford com-
pounds 1 and 2. Preparative UPLC analysis with UV
detection at 284 nm and 224 nm was performed at a
flow rate of 1.0 mL/min. The sample’s injection volume
was 7 mL. The chromatographically separated liquid
would be collected in stages for UPLC detection. The
atmospheric pressure chemical ionization (APCI) data of
two isolated compounds were collected using a Thermo
Fisher Q Exactive. And 'H and 3C spectra were recorded
with Bruker AVANCE III 500 MHz NMR Spectrometer
with PABBO probe.

Enzyme extraction from fermented G. sessile

The ectoenzyme was the supernatant (20 mL) collected
from G. sessile fermentative liquid through vacuum fil-
tering. And the procedure of the extraction of endo-
enzyme from mature fermented mycelia of G. sessile by
ultrasound-assisted process was performed using an
ultrasound device (PS-40T, JeKen, Dongguang, China)
with frequency generator (40 kHz) according to the paper
(Qin et al. 2016). In short, the same volume of distilled
water (20 mL) was added as the ectoenzyme to mycelia
collected by the below method in the 50 mL centrifuge
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tube. The mycelia were treated with Biospec Tissue-Tea-
ror (Model 985370, USA) for 1 min, rested for 1 min, and
repeated the steps above for 3 times. After that it would
be treated for 1 min intermitted 1 min for 5 times with
ultrasound device. Both of the procedures were operated
in an ice water bath. After extraction, the crude extracts
were filtered and then centrifuged at 5000 rpm for 10 min
at 4 °C. The ectoenzyme and endoenzyme were stored at
— 80 °C (Haier, China) for future usage.

Biotransformation by enzyme

One unit (U) of enzymatic activity was defined as the
total amount of the enzyme producing 1 uM of DHMF
during 1 h. The BCA Protein Assay Kit was adopted to
determinate protein contents of the enzyme mixture.
And enzyme specific activity was calculated by the ration
of enzymatic activity (U) to the concentration of protein
(mg). Subsequently, a total of 1.0 mL solution system (pH
8.0) which includes 200 uL PBS, 1% (w/v) enzyme, 100 pL
5-HMF (100 pg/mL) and distilled water was incubated
at 28 °C, 200 rpm for 48 h. The effect of biotransforma-
tion was measured by UPLC and the routine was same as
above.

The optimized biotransformation conditions

The effect of time, ectoenzyme amount and substrate
amount on biotransformation was investigated through a
total of 1.0 mL solution system (pH 8.0) containing PBS,
5-HMF solution, ectoenzyme and distilled water. And
the concrete parameter was represented as Additional
file 1: Table S1. Other conditions of biotransformation
were 28 °C and 200 rpm. The production of DHMF was
detected by UPLC and the routine was same as above.

Cell culture and cytotoxicity test

Cell lines HCT-8 (3111C0001CCC000104) and A549
(3131C0001000700150) were obtained from National
Infrastructure of Cell Line Resource (Beijing, China).
SGC-7901 cell line was purchased from Suer Shengwu
(Shanghai, China). All cells maintained in a humidified
atmosphere at 37 °C and 5% CO, in RPMI 1640 supple-
mented with 10% FBS and 1% Penicillin—Streptomycin
solution. Cells were seeded in 96-well plates at a density
of 8#10° cells per well and then incubated with various
concentrations of 5-HMF and DHMF (Additional file 2:
Table S2) for 24 h, respectively. Subsequently, culture
supernatant was removed. HCT-8 cells were incubated
in 100 pL fresh basal medium and 10 pL. CCK-8 solution
at 37 C for 2 h. The optical density (OD) value of each
well was measured at 450 nm using spectrophotometer
(Multiskan Go 1510, Thermo, US); A549 and SGC-7901
cells were incubated in 100 pL MTT solution (1 mg/mL)
at 37 °C for 4 h. Subsequently, the liquid was removed and
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dissolved the formazan with 150 uL. DMSO, and the OD
value was measured at 490 nm. Cell viability was given in
a percentage of the control group. All data repeated for
three times.

Animals

Female adult healthy Sprague-Dawley (SCXK(Lu)
2014 0007) rats (200£20 g) were purchased from Jinan
Pengyue Experimental Animal Breeding Co., Ltd. The
rats were adaptive housed in cage for 5 days before the
formal experiment. The temperature in the experimen-
tal animal room was 2241 °C and the relative humidity
was 60% +5%, additionally, lighting conditions was 12-h
light/dark cycle.

Acute toxicity assessment

Acute toxicity assessment was carried out in accord-
ance with the Organization for Economic Corpora-
tion and Development (OECD) guidelines (Section 4,
number-423, Acute Oral Toxicity-Acute Toxicity Class
Method) (OECD 2002). Twenty-four rats were ran-
domly divided into five groups. Six rats were in the con-
trol group as well as the high-dose groups, and three rats
were in the low-dose groups. Before the experiment, all
rats needed to be fastened but water was withheld over-
night. Briefly, the control group received distilled water
while experimental groups were orally treated with
test compounds at a single dose of 300 mg/kg 5-HME,
300 mg/kg DHME, 2000 mg/kg 5-HMEF, and 2000 mg/kg
DHME, respectively. The animals were monitored period-
ically during the first 24 h, especially the opening 30 min
and 4 h, after drug oral treatment for any signs of toxicity.
The rats were further observed for 14 days. Moreover, the
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body weight was measured at the first and last day. At the
end of experiment, all rats were anaesthetized and their
brains, hearts, lungs, livers, kidneys, and spleens were
collected, weighed and observed macroscopically.

Statistical analysis

The data were showed as mean=standard deviation
(SD). The statistical analysis was performed using one-
way ANOVA and one-way repeated measures ANOVA.
Values of P<0.05 were counted as statistically signifi-
cance. The applied software was GraphPad Prism 5.0 and
SPSS 21.0 version.

Results

UPLC analysis of composition changes after fermentation
Shown as Fig. 1, the peak value of numbered 1 was
1.35 mAu with retention time of 3.08 min, however,
the peak of it sharply decreased to 0.06 mAu and peak
2 emerged after fermentation. The peak value of num-
bered 2 was 0.77 mAu with retention time of 2.81 min.
Moreover, peak 3 was disappeared completely after fer-
mentation. This experiment confirmed the conversion of
compound 1 to compound 2 during fermentation.

Preparative UPLC chromatographic separation

and identification of compounds

The isolation of targeted ingredients was performed
through preparative UPLC. The NFCP and FCP were
soluble in water and subjected to preparative UPLC
to separate and purify. The peak value of compound 1
(Fig. 2a) was 1500 mAu with the retention time of 18.6—
20.1 min, while compound 2 (Fig. 2b) separated within
23.0-24.1 min and formed a negative peak. As a result,

mAu| I
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0.80 2
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0.40
S S2
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m S1
0.00 e
6 7 8 9 10 11 12
Time (min)
Fig. 1 UPLC chromatograms of the NFCP (S2) and FCP (S1). NFCP: non-fermented C. pilosula with G. sessile; FCP: fermented C. pilosula with G. sessile
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Fig. 2 Preparative UPLC chromatograms of two compounds and its structures. Compound 1 separated from NFCP (a) and detection wavelength
at 284.9 nm, compound 2 separated from FCP (b) and detection wavelength at 224.6 nm. (1) means the target segment. Purified substances were
represented as the UPLC chromatograms (c). S1 represented compound 1, S2 represented compound 2. The structures of purified substances were
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two compounds isolated successfully were distinctly
detected by UPLC shown in the Fig. 2c: compound 1
(characteristic wavelength was 284.9 nm, S2) and com-
pound 2 (characteristic wavelength was 224.6 nm, S1).
The purity of these compounds was identified by UPLC.
And the results showed that the purity of compound 1
was 96.51% and 92.84% for compound 2. Subsequently,
they were identified as 5-HMF and DHMF via spectral
detection.

5-HMF (compound 1): brown oily liquid; ESI-MS:
m/z 127 [M+Na]+; 1H NMR (400 MHz, DMSO-d6)
8: 9.55 (s, 1H, H-6), 7.50 (d, J=3.5 Hz, 1H, H-3), 6.61
(d, J=3.5 Hz, 1H, H-2), 4.51 (s, 2H, H-5); 13C NMR
(126 MHz, DMSO-d6) &: 178.44 (s, C-6), 162.64 (s,
C-1), 152.19 (s, C-4), 124.91 (s, C-3), 110.15 (s, C-2),
56.40 (s, C-5). All data was in accordance with refer-
ence (Serra Cayuela et al. 2013).

DHMF (compound 2): yellow powder; ESI-MS:
m/z 129 [M+H]+; 1H NMR (500 MHz, DMSO-d6)
8: 6.18 (s, 2H, H-2, H-3), 4.35 (s, 4H, H-5, H-6); 13C
NMR (126 MHz, DMSO-d6) §: 155.08 (s, C-1), 107.84
(s, C-2), 107.84 (s, C-3), 155.08 (s,C-4), 56.16 (s, C-5),
56.16 (s, C-6). All data were in accordance with refer-
ence (Goswami et al. 2008). The chemical structure of
two compounds was presented in Fig. 2d.

The effects of biotransformation

The activity of endoenzyme was 4716.98 U while the
activity of ectoenzyme was 5970.15 U/mg. The activity of
ectoenzyme was much higher than that of endoenzyme
(P<0.05). The effect of ectoenzyme on biotransforma-
tion was better than that in endoenzyme shown as Fig. 3.
The production of DHMF at different time was deter-
mined and the production of DHMF was positively cor-
related with the biotransformation time (Fig. 4a, b). And
the results showed that 8% of the enzyme amount exhib-
ited the same bioconversion performance as the enzyme
amount at 10% (Fig. 4c, d). Based on the optimization
studies performed on ectoenzyme, an incubation tem-
perature of 28 °C, enzyme amount at 8% (w/v), substrate
amount at 1% (w/v), initial pH of solution system at 8.0,
and incubation time of 72 h, a complete catalytic reduce
of 5-HMF to DHMF was achieved at a yield of 1.12 g/g
(Fig. 4e, f). However, the maxim yield was 1.33 g/g at the
10% enzyme amount and 1% substrate amount (Fig. 4d)
in the biotransformation.

Cytotoxicity assay

The cytotoxicity was expressed as ICg, value, concen-
tration at which 50% of the cells were survived in RPMI
1640. HCT-8 cells with 5-HMF and DHMF resulted
in ICs, value of 9.944 mM and 26.61 mM, respectively
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Fig. 3 The effect of endoenzyme and ectoenzyme on biotransformation of 5-HMF. The PBS volume, time of biotransformation, temperature and
initial pH were set as 200 pL, 48 h, 28 °C and pH neutral. A\=224.6 nm. S1 represented ectoenzyme and S2 represented endoenzyme

(Fig. 5a). As for A549 cells, the IC;, value of 7.138 mM
was determined for 5-HMF; under the same conditions
the IC;, value of DHMF was 0.697 mM (Fig. 5b). Moreo-
ver, for SGC-7901 cells, the IC;, value was 8.421 mM of
5-HMEF while 0.33 mM of DHMEF (Fig. 5c¢).

Acute toxicity study

In the acute toxicity study, none of the rats died dur-
ing the 14-day period of monitor treated with 5-HMF
or DHMF. However, there were some slight abnormal
changes in their behaviour that related to the nervous
system (Table 1). The body weight of the tested groups
was similar to the control group (Fig. 6). And the weight
of organs including brain, heart, lung, liver, kidney and
spleen of rats treated with compounds, was not remark-
ably different compared to the control group (Table 2).
Similarly, there was no abnormality in the morphology
of organs. The pathological sections also had no differ-
ence (Additional file 3: Figure S1). From the perspective
of behavioural performance, the toxicity of 5-HMF was
higher than DHME, but stayed within the normal refer-
ence range. According to annex 2c: Test procedure with
a starting dose of 300 mg/kg body weight (OECD 2002),
LD50 cut-off of rats treated with 5-HMF and DHMF
were greater than 2000 mg/kg B.W.

Discussions

That fermentation of Codonopsis plays a role of improv-
ing memory impairment, neuroprotective and anti-
tumour have been investigated and reported (Lee et al.
2015; Weon et al. 2014, 2016). However, most of the
existing reports are about Codonopsis lanceolata, and

there is no precedent for C. pilosula fermented by G. ses-
sile. In this research, significant changes between NFCP
and FCP were discovered as anticipating. As one of the
microbial biotransformation technologies, fermentation
is often utilized to modify chemical structure owing to
highly reaction specific, enantiomer-specific and region-
specific (Hegazy et al. 2015). Hence, there is no wonder
of the occurrence of such distinction.

This research worked on the isolation of targeted
ingredients through preparative UPLC. Subsequently,
they were identified as 5-HMF and DHMF via spectral
detection. It has been reported that 5-HMF was found
in Codonopsis (Dou et al. 2017). These results implied a
method of producing DHMF under mild reaction con-
ditions and convenient operation. In fact, DHMF is a
downstream product of 5-HMF, and their structural dif-
ference only lies in the aldehyde and hydroxyl on the side
chain of the furan ring. Moreover, the major approach to
obtain DHMF was chemical synthesis that required harsh
reaction conditions. For example, apart from catalyst
composed of a rare element and reaction temperature
over 100 °C (Qin et al. 2016; Upare et al. 2018). It is an
important pathway that catalytic transfer hydrogenation
of 5-HMF into DHMF via Meerwein—Ponndorf—Verley
reaction. However, the premise of that is the correspond-
ing catalyst (Hu et al. 2018).

Microorganisms are capable to produce a multiple of
enzymes to catalyse basic chemistry reactions includ-
ing redox reaction (Perkins et al. 2016). For example,
O-benzoquinone have been produced by reacting lac-
case oxidized Catechol (Xu et al. 2016). Previous studies
have demonstrated that biocatalytic reduction of 5-HMF
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Fig. 4 The effect of time (a, b), ectoenzyme amount (c, d) and substrate amount (e, f) on biotransformation of 5-HMF. Data were represented as
mean = SD and the experiment was repeated three times. Columns labelled with different lower case letters were significantly different at P<0.05,
and upper case letters were significantly different at P<0.01 (S-N-K). For example, there was a significant difference in the biotransformation rates
between 72 and 60 h (P<0.01)

to DHMF using whole resting cells through a new highly
tolerant yeast strain-Meyerozyma guilliermondii SC1103
with a yield of 86% (Li et al. 2017). Moreover, DHMF
was biologically synthesized from 5-HMF with E. coli
CCZU-K14 cells (He et al. 2018). Given that the bioca-
talysis might come from relevant enzyme of G. sessile, the
crude enzymes were extracted from fermented G. ses-
sile and applied to biotransform 5-HMF. As a result, it is
demonstrated that 5-HMF becomes DHMF through the
enzyme, and the biotransformation rate was as high as
1.33 g/g.

Taking the controversial safety of 5-HMF (Abra-
ham et al. 2011; Severin et al. 2010) and unclear toxic-
ity of DHMF into consideration, compounds 5-HMF
and DHMF were evaluated for their cytotoxicity against
HCT-8, A549 and SGC-7901 cell lines as well as acute
toxicity via MTT and CCK-8 method. The results can be
concluded that DHMEF is safer than 5-HMF in HCT-8 cell,
whereas shows greater toxicity in A549 and SGC-7901
cell lines. That different cell lines have different levels of
sensitivity may account for the discrepancy. Neverthe-
less, the IC5, of 5-HMF was not more than the threshold
of producing serious toxicity which was consistent with
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Fig. 5 Cytotoxicity of 5-HMF and DHMF. Data were represented as mean = SD and the experiment was repeated three times. a Referred to the
cytotoxicity of compounds on HCT-8 cells, b referred to the cytotoxicity of compounds on A549 cells, c referred to the cytotoxicity of compounds
on SGC-7901 cells. ICy, value was analysed by GraphPad Prism
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Table 1 Abnormal performance in behavioristics
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Groups Abnormal behaviours

None

O N @ >

During the first 30 min, all rats became quitter and slightly weaker than the control, and returned to normal within 1 h
During the first 30 min, all rats became quitter and slightly weaker than the control, and returned to normal within 1 h
Rat numbered 1 emerged convulsions, lethargy, convulsions, and limb weakness during the first 30 min, showed somnolence and

decrease of animal heat in the next 30 min; others only behaved a quiet symptom, all rats returned to normal within 1 h

E In the first 30 min, all rats were more active than control, then showed lethargic and dilatoriness, yet returned to normal after 30 min

Tables denoted the abnormal performance in behavioristics during the first 4 h of continuous observation, n=6 of A, D and E groups, n=3 of B and C groups. A:
Distilled water (0 mg/kg); B: 5-HMF (300 mg/kg); C: DHMF (300 mg/kg); D: 5-HMF (2000 mg/kg); E: DHMF (2000 mg/kg)
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Fig. 6 Changes in body weight after administration in rats. Values
represented as mean =+ SD and analyzed by one-way repeated
measures ANOVA test. No letters in the columns means P> 0.05 vs.
control group, n=6 of A, D and E groups, n=3 of B and C groups. A:
Distilled water (0 mg/kg); B: 5-HMF (300 mg/kg); C: DHMF (300 mg/
kg); D: 5-HMF (2000 mg/kg); E: DHMF (2000 mg/kg)

Table2 Organs index of rats treated with 5-HMF
and DHMF (g/100 g of body weight)

Organs A B C D E

Liver 3124£031 3.06£0.19 3.04+£026 283+£009 3.05+0.17
Spleen  022+£001 025+£001 0224004 0254+006 02240.02
Kidney 0.73£006 0.75+£0.06 0.754+0.07 0.75+£0.07 0.75+£0.06
Lung 050+£002 0524002 047+001 051+£004 04940.03
Heart 034+£001 0354003 0324002 0334002 032+004
Brain 0.79£0.05 0.74£002 0684009 0744005 0.79+0.07

Values represented as mean & SD and analyzed by one-way ANOVA with S-N-K
test. P>0.05 vs. control group, n=6 of A, D and E groups, n=3 of Band C
groups. A: Distilled water (0 mg/kg); B: 5-HMF (300 mg/kg); C: DHMF (300 mg/
kg); D: 5-HMF (2000 mg/kg); E: DHMF (2000 mg/kg)

the report of none cytotoxic in human skin fibroblast
cells treated with 5-HMF (Frade et al. 2014). It is worth
noting that DHMF exhibited severe cytotoxicity on A549
and SGC-7901 cells which indicated that it has potential
biological activity of antitumor, but its mechanism still
needs further research.

In this acute toxicity assessment, only very slightly
abnormal behaviours occurred in the low-dose group.
Considering using the least amount of the animals, only

three rats were used in these groups. And behaviouristics
as well as the weight of organs and pathology of female
rats treated by 5-HMF and DHMF were investigated,
respectively. The results revealed that neither the 5-HMF
nor DHMF are capable of leading to death even at the
dose of 2000 mg/kg. Previous studies have also indi-
cated that no adverse effect in terms of weight growth,
food and water intake, and histological examination of
organs regarding acute toxicity in rats (Abraham et al.
2011). While other studies showed that mild nephrotoxic
effects are detected in mice at the dose up to 536 mg/kg
and exposed to 5-HMF in drinking water for 12 weeks
(Bauer Marinovic et al. 2012). As a consequence, all the
evidence is inclined to the fact that the 5-HMF absorbed
by daily life is not enough. In contrast to the 5-HMF, the
DHMEF showed less toxicity only in behaviouristics and
no statistical difference in other indicators, suggesting
that DHMEF is safer than 5-HMF which happen to coin-
cide with the result of cytotoxicity. Therefore, the study
demonstrated it is feasible that 5-HMF can be converted
to DHMF via crude enzyme from fungus G. sessile under
mild condition, and 5-HMF showed low toxicity in vitro
or in vivo. However, DHMF displays potential effect of
antitumor in vitro with little acute toxicity.

Supplementary information

Supplementary information accompanies this paper at https://doi.
org/10.1186/513568-020-01023-5.

Additional file 1: Table S1. The concrete parameter of optimized
biotransformation.

Additional file 2: Table S2. Final concentration of drugs used in cells.

Additional file 3: Figure S1. Histopathological analysis of the liver,
kidney and spleen (haematoxylin/eosin, 200x) of the rats treated with
single dose of 5-HMF or DHMEF. Liver sections of all groups showed
normal hepatic cells with well-preserved cell structure. Kidney sections
of all groups showed renal tissue with normal glomeruli. Spleen section
of all groups showed normal splenic architecture with normal lymphoid
follicles.

Acknowledgements
Not applicable.


https://doi.org/10.1186/s13568-020-01023-5
https://doi.org/10.1186/s13568-020-01023-5

Hou et al. AMB Expr (2020) 10:88

Authors’ contributions

KF conceived, designed the research and reviewed the manuscript. Material
preparation, data collection and analysis were performed by YH, YW and CZ.
The draft of the manuscript was written by YH. All authors read and approved
the final manuscript.

Funding

This work was supported by the Science and Technology Support Project of
Guizhou Province (Qiankehe Support [2016] 2592) and the United Foundation
of Guizhou Province (Qiankehe J LKZ [2013] 30).

Availability of data and materials
The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.

Ethics approval and consent to participate
All the animal experiments were approved by ethics committee of Zunyi
Medical University, Zunyi, Guizhou Province, 563000, China.

Consent for publication
All authors gave their consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Bioengineering, Zhuhai Campus of Zunyi Medical University,
Zhuhai 519041, Guangdong, China. ? Biological Research and Develop-

ment Centre, Zhuhai Campus of Zunyi Medical University, Zhuhai 519041,
Guangdong, China. * Key Laboratory of Fundamental and Applied Research
of Traditional Chinese Medicines, Zhuhai Campus of Zunyi Medical University,
Zhuhai 519041, Guangdong, China.

Received: 25 April 2020 Accepted: 29 April 2020
Published online: 11 May 2020

References

Abraham K, Guertler R, Berg K, Heinemeyer G, Lampen A, Appel KE (2011)
Toxicology and risk assessment of 5-hydroxymethylfurfural in food. Mol
Nutr Food Res 55:667-678. https://doi.org/10.1002/mnfr.201000564

Bauer Marinovic M, Taugner F, Florian S, Glatt H (2012) Toxicity studies with
5-hydroxymethylfurfural and its metabolite 5-sulphooxymethylfurfural
in wild-type mice and transgenic mice expressing human sulphotrans-
ferases 1A1 and 1A2. Arch Toxicol 86:701-711. https://doi.org/10.1007/
500204-012-0807-5

Cao Y, Tan ZJ, Xia BH, Xie JC, Lin LM, Liao DF (2015) Research on biologjical
detoxification of Chinese medicine containing aristolochic acid A by
ten microorganisms. China J Chin Mater Med 40:1939-1944. https://doi.
0rg/10.4268/cjcmm?20151018 (in Chinese)

Chen M, LiY, Liu Z,QuY, Zhang H, Li D, Zhou J, Xie S, Liu M (2018) Exopolysac-
charides from a Codonopsis pilosula endophyte activate macrophages
and inhibit cancer cell proliferation and migration. Thorac Cancer
9:630-639. https://doi.org/10.1111/1759-7714.12630

Dou X, Yang XC, Zhen XL, Jin ZM (2017) Study on HPLC fingerprint of Codo-
nopsis pilosula and its different processed products. J Chin Med Mater
40:1092-1095. https://doi.org/10.13863/j.issn1001-4454.2017.05.019 (in
Chinese)

Feng YJ, Wang XX, Zhuang PY, Zhang DY, Gao L, Chen JM, Han G (2017) Study
on chemical constituents of Codonopsis pilosula. China J Chin Mater Med
42:135-139. https://doi.org/10.19540/j.cnki.cjcnm.20161222.046 (in
Chinese)

Florian S, Bauer Marinovic M, Taugner F, Dobbernack G, Monien BH, Meinl
W, Glatt H (2012) Study of 5-hydroxymethylfurfural and its metabolite
5-sulfooxymethylfurfural on induction of colonic aberrant crypt foci in
wild-type mice and transgenic mice expressing human sulfotransferases
1AT and 1A2. Mol Nutr Food Res 56:593-600. https://doi.org/10.1002/
mnfr201100574

Frade RFM, Coelho JAS, Simeonov SP, Afonso CAM (2014) An emerging
platform from renewable resources: selection guidelines for human

Page 10 of 11

exposure of furfural-related compounds. Toxicol Res 3:311-314. https://
doi.org/10.1039/c4tx00019f

Fromowitz M, Shuga J, Wlassowsky AY, Ji Z, North M, Vulpe CD, Smith MT,
Zhang L (2012) Bone marrow genotoxicity of 2,5-dimethylfuran, a
green biofuel candidate. Environ Mol Mutagen 53:488-491. https://doi.
0rg/10.1039/c4tx00019f

Fulignati S, Antonetti C, Licursi D, Pieraccioni M, Wilbers E, Heeres HJ, Raspolli
Galletti AM (2019) Insight into the hydrogenation of pure and crude HMF
to furan diols using Ru/C as catalyst. Appl Catal A Gen 578:122-133. https
;//doi.org/10.1016/j.apcata.2019.04.007

Galkin KI, Krivodaeva EA, Ananikov VP (2015) A catalytic system for the
selective conversion of cellulose to 5-hydroxymethylfurfural under mild
conditions. Russ Chem Bull 64:2954-2957. https://doi.org/10.1007/s1117
2-015-1253-3

Godan TK, Rajesh RO, Loreni PC, Kumar Rai A, Sahoo D, Pandey A, Binod P
(2019) Biotransformation of 5-hydroxymethylfurfural by Acinetobacter
oleivorans S27 for the synthesis of furan derivatives. Bioresour Technol
282:88-93. https://doi.org/10.1016/j.biortech.2019.02.125

Goswami S, Dey S, Jana S (2008) Design and synthesis of a unique ditopic
macrocyclic fluorescent receptor containing furan ring as a spacer for the
recognition of dicarboxylic acids. Tetrahedron 64:6358-6363. https://doi.
org/10.1016/j.tet.2008.04.086

Hansruedi G, Heiko S, Michael M, Monien BH, Walter M (2012) Hydroxymethyl-
substituted furans: mutagenicity in Salmonella typhimurium strains engi-
neered for expression of various human and rodent sulphotransferases.
Mutagenesis 27:41-48. https://doi.org/10.1093/mutage/ger054

He YC, Jiang CX, Chong GG, Di JH, Ma CL (2018) Biological synthesis of
2,5-bis(hydroxymethyl)furan from biomass-derived 5-hydroxymethylfur-
fural by E. coli CCZU-K14 whole cells. Bioresour Technol 247:1215-1220.
https://doi.org/10.1016/j.biortech.2017.09.071

Hegazy ME, Mohamed TA, EIShamy Al, Mohamed AE, Mahalel UA, Reda EH,
Shaheen AM, Tawfik WA, Shahat AA, Shams KA, Abdel Azim NS, Ham-
mouda FM (2015) Microbial biotransformation as a tool for drug develop-
ment based on natural products from mevalonic acid pathway: a review.
J Adv Res 6:17-33. https://doi.org/10.1016/j jare.2014.11.009

Hoie AH, Svendsen C, Brunborg G, Glatt H, Alexander J, Meinl W, Husoy T
(2015) Genotoxicity of three food processing contaminants in transgenic
mice expressing human sulfotransferases 1A1 and 1A2 as assessed by the
in vivo alkaline single cell gel electrophoresis assay. Environ Mol Mutagen
56:709-714. https://doi.org/10.1002/em.21963

Hu YY, Chen W (2015) Effects of Bushenzhichan recipe combined with
needle-embedding therapy on expression of Bcl-2 and Bax in model
rats with Parkinson’s disease. Chin J Gerontol 35:1341-1343. https://doi.
0rg/10.3969/j.issn.1005-9202.2015.05.089 (in Chinese)

Hu L, LiT, Xu J, He A, Tang X, Chu X, Xu J (2018) Catalytic transfer hydrogena-
tion of biomass-derived 5-hydroxymethylfurfural into 2,5-dihydroxymeth-
ylfuran over magnetic zirconium-based coordination polymer. Chem Eng
J352:110-119. https://doi.org/10.1016/j.ce}.2018.07.007

JiM, Zhang Z, Li N, Xia R, Wang C, Yu Y, Yao S, Shen J, Wang SL (2018) Identifica-
tion of 5-hydroxymethylfurfural in cigarette smoke extract as a new sub-
strate metabolically activated by human cytochrome P450 2A13. Toxicol
Appl Pharmacol 359:108-117. https://doi.org/10.1016/j.taap.2018.09.031

Jiang XF, Zhang BS (2011) Extraction, isolation and purification of saponins
from Codonopsis pilosula. J Anhui Agric Sci 39:2061-2063. https://doi.
0rg/10.13989/j.cnki.0517-6611.2011.04.168 (in Chinese)

Lee HY, Park DS, Ma CJ, Li W, Xu Q, He YF, Liu Y, Yang SB, Wang Z, Zhang J, Zhao
LC (2015) Anti-tumor effect of steamed Codonopsis lanceolata in H22
tumor-bearing mice and its possible mechanism. Evid-Based Comple-
ment Altern 7:8294-8307. https://doi.org/10.1155/2016/1473801

Li CY, Xu HX, Han QB, Wu TS (2009) Quality assessment of Radix Codonopsis
by quantitative nuclear magnetic resonance. J Chromatogr A 1216:2124-
2129. https://doi.org/10.1016/j.chroma.2008.10.080

LiYM, Zhang XY, Li N, Xu P, Lou WY, Zong MH (2017) Biocatalytic reduction of
HMF to 2,5-Bis(hydroxymethyl)furan by HMF-tolerant whole cells. Chem-
suschem 10:372-378. https://doi.org/10.1002/cssc.201601426

Liu AJ, Zhao X, Li H, Liu Z, Liu B, Mao X, Guo L, Bi KS, Jia Y (2014) 5-Hydroxym-
ethylfurfural, an antioxidant agent from Alpinia oxyphylla Mig. improves
cognitive impairment in AR, _,, mouse model of Alzheimer’s disease.

Int Immunopharmacol 23:719-725. https://doi.org/10.1016/j.intim
p.2014.10.028


https://doi.org/10.1002/mnfr.201000564
https://doi.org/10.1007/s00204-012-0807-5
https://doi.org/10.1007/s00204-012-0807-5
https://doi.org/10.4268/cjcmm20151018
https://doi.org/10.4268/cjcmm20151018
https://doi.org/10.1111/1759-7714.12630
https://doi.org/10.13863/j.issn1001-4454.2017.05.019
https://doi.org/10.19540/j.cnki.cjcmm.20161222.046
https://doi.org/10.1002/mnfr.201100574
https://doi.org/10.1002/mnfr.201100574
https://doi.org/10.1039/c4tx00019f
https://doi.org/10.1039/c4tx00019f
https://doi.org/10.1039/c4tx00019f
https://doi.org/10.1039/c4tx00019f
https://doi.org/10.1016/j.apcata.2019.04.007
https://doi.org/10.1016/j.apcata.2019.04.007
https://doi.org/10.1007/s11172-015-1253-3
https://doi.org/10.1007/s11172-015-1253-3
https://doi.org/10.1016/j.biortech.2019.02.125
https://doi.org/10.1016/j.tet.2008.04.086
https://doi.org/10.1016/j.tet.2008.04.086
https://doi.org/10.1093/mutage/ger054
https://doi.org/10.1016/j.biortech.2017.09.071
https://doi.org/10.1016/j.jare.2014.11.009
https://doi.org/10.1002/em.21963
https://doi.org/10.3969/j.issn.1005-9202.2015.05.089
https://doi.org/10.3969/j.issn.1005-9202.2015.05.089
https://doi.org/10.1016/j.cej.2018.07.007
https://doi.org/10.1016/j.taap.2018.09.031
https://doi.org/10.13989/j.cnki.0517-6611.2011.04.168
https://doi.org/10.13989/j.cnki.0517-6611.2011.04.168
https://doi.org/10.1155/2016/1473801
https://doi.org/10.1016/j.chroma.2008.10.080
https://doi.org/10.1002/cssc.201601426
https://doi.org/10.1016/j.intimp.2014.10.028
https://doi.org/10.1016/j.intimp.2014.10.028

Hou et al. AMB Expr (2020) 10:88

LiuC, Chen J, LiE,Fan Q Wang D, Li P, Li X, Chen X, Qiu S, Gao Z, Li H, Hu Y
(2015) The comparison of antioxidative and hepatoprotective activities of
Codonopsis pilosula polysaccharide (CP) and sulfated CP. Int Immunop-
harmacol 24:299-305. https://doi.org/10.1016/j.intimp.2014.12.023

Ma XQ, Leung AKM, Chan CL, SuT, Li WD, Li SM, Fong DWF, Yu ZL (2014) UHPLC
UHD Q-TOF MS/MS analysis of the impact of sulfur fumigation on the
chemical profile of Codonopsis Radix (Dangshen). Analyst 139:505-516.
https://doi.org/10.1039/c3an01561k

OECD (2002) OECD guidelines for the testing of chemicals, Section 4, Test no.
423: Acute oral toxicity-acute toxic class method. Guideline for testing of
chemicals. https://doi.org/10.1787/9789264071001-en. Accessed 08 Feb
2019

Parshikov 1A, Netrusov Al, Sutherland JB (2012) Microbial transformation of
azaarenes and potential uses in pharmaceutical synthesis. Appl Microbiol
Biotechnol 95:871-889. https://doi.org/10.1007/500253-012-4220-z

Pastoriza de la Cueva S, Alvarez J, Végvari A, Montilla-Gémez J, Cruz-Lépez
O, Delgado-Andrade C, Rufidn-Henares JA (2016) Relationship between
HMF intake and SMF formation in vivo: an animal and human study. Nutr
Food Res Mol. https://doi.org/10.1002/mnfr.201600773

Perkins C, Siddiqui S, Puri M, Demain AL (2016) Biotechnological applications
of microbial bioconversions. Crit Rev Biotechnol 36:1050-1065. https://
doi.org/10.3109/07388551.2015.1083943

Qin KX, Shi YG, Sun BQ, Chen H, He GQ (2016) Comparison crushing methods
of Ganoderma lucidum mycelium. Sci Technol Food Ind 37:146-149. https
://doi.org/10.13386/j.issn1002-0306.2016.09.020 (in Chinese)

Serra Cayuela A, Castellari M, Bosch Fuste J, Riu Aumatell M, Buxaderas S, Lopez
Tamames E (2013) Identification of 5-hydroxymethyl-2-furfural (5-HMF)
in Cava sparkling wines by LC-DAD-MS/MS and NMR spectrometry. Food
Chem 141:3373-3380. https://doi.org/10.1016/j.foodchem.2013.05.158

Severin |, Dumont C, Jondeau Cabaton A, Graillot V, Chagnon MC (2010)
Genotoxic activities of the food contaminant 5-hydroxymethylfurfural
using different in vitro bioassays. Toxicol Lett 192:189-194. https://doi.
0rg/10.1016/j.toxlet.2009.10.022

Upare PP, Hwang YK, Hwang DW (2018) An integrated process for the produc-
tion of 2,5-dihydroxymethylfuran and its polymer from fructose. Green
Chem 20:879-885. https://doi.org/10.1039/c7gc03597g

Wang YQ, Wang Y, Luo Q, Zhang HM, Cao J (2019) Molecular characterization
of the effects of Ganoderma Lucidum polysaccharides on the structure
and activity of bovine serum albumin. Spectrochim Acta A 206:538-546.
https://doi.org/10.1016/j.5aa.2018.08.051

Weon JB, Yun BR, Lee J, Eom MR, Ko HJ, Lee HY, Park DS, Chung HC, Chung JY,
Ma CJ (2014) Neuroprotective effect of steamed and fermented Codo-
nopsis lanceolata. Biomol Ther 22:246-253. https://doi.org/10.3390/nu710
539510.4062/biomolther.2014.019

Weon JB, Eom MR, Jung YS, Hong EH, Ko HJ (2016) Steamed and fermented
ethanolic extract from Codonopsis lanceolata attenuates Amyloid-f3-
induced memory impairment in mice. Evid Based Complement Altern
2016:1473801. https://doi.org/10.1155/2016/1473801

Page 11 of 11

Wright M, Sim D, Alonso-Galicia M, Kauser K, Abe K (2015) Protection of
microvascular liver perfusion with 5-hydroxymethylfurfural in sickle cell
disease mice following hypoxia-induced vasoocclusion. Blood. https://
doi.org/10.1182/blood.V126.23.3382.3382

Xie SD, Chen XD, Wang H, Wei HX, Pan Y, Ji NQ, Li FH, Wang WC (2018) Isolation
and bioactivity studies of endophytic fungi from Tripterygium wilfordii
Hook.f. Microbiol China 45:413-419. https://doi.org/10.13344/j.microbiol.
china.170236 (in Chinese)

Xu S, Adhikari D, Huang R, Zhang H, Tang Y, Roden E, Yang Y (2016) Biochar-
facilitated microbial reduction of hematite. Environ Sci Technol
50:2389-2395. https://doi.org/10.1021/acs.est.5b05517

Yu Q, Nie SP Wang JQ, Huang DF, Li WJ, Xie MY (2015) Toll-like receptor 4
mediates the antitumor host response induced by Ganoderma atrum
polysaccharide. J Agric Food Chem 63:517-525. https://doi.org/10.1021/
5041096

Zhang JH, DiY, Wu LY, He YL, Zhao T, Huang X, Ding XF, Wu KW, Fan M, Zhu LL
(2015) 5-HMF prevents against oxidative injury via APE/Ref-1. Free Radic
Res 49:86-94. https://doi.org/10.3109/10715762.2014.981260

Zhang XY, Zong MH, Li N (2017) Whole-cell biocatalytic selective oxidation
of 5-hydroxymethylfurfural to 5-hydroxymethyl-2-furancarboxylic acid.
Green Chem 19:4544-4551. https://doi.org/10.1039/c7gc01751k

Zhao W, Xu JW, Zhong JJ (2011) Enhanced production of ganoderic acids in
static liquid culture of Ganoderma lucidum under nitrogen-limiting condi-
tions. Bioresour Technol 102:8185-8190. https://doi.org/10.1016/j.biort
ech.2011.06.043

Zhao L, Chen J, Su J, Li L, Hu S, Li B, Zhang X, Xu Z, Chen T (2013a) In vitro anti-
oxidant and antiproliferative activities of 5-hydroxymethylfurfural. J Agric
Food Chem 61:10604-10611. https://doi.org/10.1021/jf403098y

Zhao X, Hu'Y,Wang D, Liu J, Guo L (2013b) The comparison of immune-
enhancing activity of sulfated polysaccharidses from Tremella and Codo-
nopsis pilosula. Carbohydr Polym 98:438-443. https://doi.org/10.1016/j.
carbpol.2013.06.043

Zhao L, Su JY, Li L, Chen JP, Hu SQ, Zhang X, Chen TF (2014) Mechanistic eluci-
dation of apoptosis and cell cycle arrest induced by 5-hydroxymethylfur-
fural, the important role of ROS-mediated signaling pathways. Food Res
Int 66:186-196. https://doi.org/10.1016/j.foodres.2014.08.051

Zhao Q, Zou Y, Huang C, Lan P, Zheng J, Ou S (2017) Formation of a hydrox-
ymethylfurfural-cysteine adduct and its absorption and cytotoxicity in
Caco-2 cells. J Agric Food Chem 65:9902-9908. https://doi.org/10.1021/
acs.jafc.7b03938

Zhou Y, Lei H, Li F, He F, Bai D, Zhou C (2009) Discussion of processing
principle of Codonopsis pilosula. World Chin Med 4:161-163. https://doi.
0rg/10.3969/j.issn.1673-7202.2009.03.021 (in Chinese)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.intimp.2014.12.023
https://doi.org/10.1039/c3an01561k
https://doi.org/10.1787/9789264071001-en
https://doi.org/10.1007/s00253-012-4220-z
https://doi.org/10.1002/mnfr.201600773
https://doi.org/10.3109/07388551.2015.1083943
https://doi.org/10.3109/07388551.2015.1083943
https://doi.org/10.13386/j.issn1002-0306.2016.09.020
https://doi.org/10.13386/j.issn1002-0306.2016.09.020
https://doi.org/10.1016/j.foodchem.2013.05.158
https://doi.org/10.1016/j.toxlet.2009.10.022
https://doi.org/10.1016/j.toxlet.2009.10.022
https://doi.org/10.1039/c7gc03597g
https://doi.org/10.1016/j.saa.2018.08.051
https://doi.org/10.3390/nu710539510.4062/biomolther.2014.019
https://doi.org/10.3390/nu710539510.4062/biomolther.2014.019
https://doi.org/10.1155/2016/1473801
https://doi.org/10.1182/blood.V126.23.3382.3382
https://doi.org/10.1182/blood.V126.23.3382.3382
https://doi.org/10.13344/j.microbiol.china.170236
https://doi.org/10.13344/j.microbiol.china.170236
https://doi.org/10.1021/acs.est.5b05517
https://doi.org/10.1021/jf5041096
https://doi.org/10.1021/jf5041096
https://doi.org/10.3109/10715762.2014.981260
https://doi.org/10.1039/c7gc01751k
https://doi.org/10.1016/j.biortech.2011.06.043
https://doi.org/10.1016/j.biortech.2011.06.043
https://doi.org/10.1021/jf403098y
https://doi.org/10.1016/j.carbpol.2013.06.043
https://doi.org/10.1016/j.carbpol.2013.06.043
https://doi.org/10.1016/j.foodres.2014.08.051
https://doi.org/10.1021/acs.jafc.7b03938
https://doi.org/10.1021/acs.jafc.7b03938
https://doi.org/10.3969/j.issn.1673-7202.2009.03.021
https://doi.org/10.3969/j.issn.1673-7202.2009.03.021

	Biotransformation of 5-hydroxymethylfurfural into 2,5-dihydroxymethylfuran by Ganoderma sessile and toxicological assessment of both compounds
	Abstract 
	Key points
	Introduction
	Materials and methods
	Chemicals
	Preparation of extraction of C. pilosula
	Microorganism and fermentation
	Centrifugation and analysis by Ultra Performance Liquid Chromatography
	Isolation and characterization by NMR and MS
	Enzyme extraction from fermented G. sessile
	Biotransformation by enzyme
	The optimized biotransformation conditions
	Cell culture and cytotoxicity test
	Animals
	Acute toxicity assessment
	Statistical analysis

	Results
	UPLC analysis of composition changes after fermentation
	Preparative UPLC chromatographic separation and identification of compounds
	The effects of biotransformation
	Cytotoxicity assay
	Acute toxicity study

	Discussions
	Acknowledgements
	References




