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A B S T R A C T

The antioxidant activities in vitro and hepatoprotective effects against carbon tetrachloride (CCl4) induced acute
liver injury in vivo of myristic acid acylated derivative of phloridzin (PZM) were investigated. The PZM was
obtained by enzymatic acylation of myristic acid and phloridzin (PZ). The antioxidant capability of PZM in vitro
was evaluated by the ferric reducing antioxidant power assay (FRAP), 2,20-Azinobis- 3-ethylbenzthiazoline-6-
sulphonate (ABTSþ⋅) and 2,2-diphenyl-1-picrylhydrazyl (DPPH⋅) radical scavenging assay. Mice were intra-
gastrically treated with control or PZM (20, 40, and 80 mg/kg) for 5 days and intra-peritoneal injection with CCl4.
The enzymatic acylated synthesis of myristic acid and phloridzin was region-selective taken place on 600-OH of
phloridzin glycoside moiety and achieved 93% yield. PZM had a significantly higher total antioxidant ability,
same scavenging ABTSþ⋅ ability and weaker scavenging DPPH⋅ ability when compared to the parent PZ. The of
aminotransferase serum activity and malondialdehyde hepatic activity were elevated (P < 0.015) after treatment
with CCl4, while the related liver enzymatic activities and glutathione concentration were lower. These changes
were enhanced by PZM. Further studies showed that PZM reduced the interleukin-6 expression and stimulated
liver regeneration caused by CCl4. PZM attained good antioxidant capacity in vitro and had excellent hep-
atoprotective effects in vivo and better bioactivity compared to the parent phloridzin. The significance of hep-
atoprotective effect of phloridzin derivative against CCl4-induced hepatotoxicity in mice is an important and new
finding.
1. Introduction

Phloridzin (C12H24O10⋅2H2O, recognized by different names like
phlorizin, phlorrhizin, phlorhizin or phlorizoside, PZ) is a naturally
occuring dihydrochalcone. It contains C6–C3–C6 skeleton with a β-D-
glucopyranose moiety at position 20 as shown in Fig. 1 (Ethrenkranz
et al., 2005). It is a unique phenolic glucoside which has been mainly
found in apple trees, apple buds and processed; apple products such as
apple juice (Gosch et al., 2009, 2010; Parpinello et al., 2000). Since
French scientist first found it from the bark of apple trees in 1835
(Petersen, 1835), PZ had attracted lots of scientific interests. Most studies
on PZ and its derivatives are related to diabetes, antimicrobial activity,
antioxidant activity, membrane permeability, gene expression antitumor
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activity (Sivakami and Rupasinghe, 2007; Gosch et al., 2010; Baldisser-
otto et al., 2012; Kobori et al., 2012; Fernando et al., 2016). These health
benefits have contributed to the development of several industrial ap-
plications involving food, beverage, cosmetics and pharmaceuticals.
However, the applications are somewhat hindered by the poor solubility
of PZ in both hydrophobic and hydrophilic media (Mellou et al., 2006).
The solubility of flavonoid glycosides can be enhanced by combining
them with appropriate hydrophilic or hydrophobic moieties. In Som
studies have used enzymatic modification of the flavonoids has also been
used and shown to be feasible and region-selective (Chebil et al., 2006),
and studies show that the enzyme-catalyzed flavonoid glycosides have
increased lipophilicity and attenuated excellent biological activity
(Salem et al., 2010; Ziaullah et al., 2013; Xu et al., 2014).
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Fig. 1. The structure of phloridzin (PZ).
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Liver diseases are considered extremely serious health problems and
give rise a high death rate (Li et al., 2013). Medical therapies for liver
disease are limited applied, due to poor usability and efficiency, hence
complementary and alternative medical (CAM) therapies were eagerly
needed (Seeff et al., 2001). Previous studies have demonstrated that the
liver injury may be controlled by blocking the process of oxidative stress
and inflammation (Kim et al., 2010; Zhang et al., 2013). The fatty acid
esters of phloridzin have also been shown to induce apoptosis in cancer
cells (Nair and Rupasinghe, 2014).

The objective of this study was to investigate the antioxidant activity
and CCl4-induced hepatotoxicity of phloridzin-600-O-myristate (PZM) in
mice using Silymarin for comparison. The authors believe this to be the
first detailed study on the protective effects of the PZM on acute liver
injury in mice.

2. Materials and methods

2.1. Materials

Phloridzin (PZ), myristic acid, 3 Å molecular sieves, 2,4,6-tris(2-pyr-
idyl)-S-triazine (TPTZ) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were
purchased from Aladdin (Shanghai, China) while the immobilized lipase
B enzyme Novozyme 435® (from Candida antarctica and 10,000 propyl
laurate unit activity) was obtained from Novo Industry A/S. Tween-80
and 2,20-Azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS) were
purchased from sigma, with phosphorus (V) oxide (P2O5), p-anisalde-
hyde, acetone, acetic acid, ethanol anhydrous, sodium acetate trihydrate,
ferric chloride, vitamin C and carbon tetrachloride (CCl4) were obtained
from Kemiou Chemical Reagent Co., Ltd (Tianjin, China) while olive oil
was obtained from a local Pharmacy (Beijing, China). Silymarin was
supplied by Madaus AG (Germany).

Aspartate aminotransferase (AST), alanine aminotransferase (ALT),
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GSH-Px), glutathione (GSH), malondialdehyde (MDA) and interleukin-6
(IL-6) detection kits were purchased from Nanjing Jiancheng Institute of
Biotechnology (Nanjing, China). Enhanced Bicinchoninic Acid (BCA)
Protein Assay Kit was obtained from Beijing Kangwei Institute of
Biotechnology (Beijing, China).
2.2. General

The chemical structure of the PZM was determined by 1H and 13C
NMR spectroscopic analysis in DMSO-d6 on Bruker AVANCE 500MHZ
spectrometer (Bruker Corp., Billerica, MA, USA). The internal standard
was tetra-methyl-silane (TMS, C4H12Si), chemical shifts expressed in δ
ppm, coupling constants in Hertz, and spin multiplicities by the symbols s
(singlet), d (doublet), dd (doublet of doublets), t (triplet), q (quartet), m
(multiplet), and br (broad).
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2.3. Synthesis

PZM was synthesizd from PZ through an enzymatic reaction process
as detailed in Sekhon-Loodu et al. (2015). Briefly, under inert conditions,
PZ (0.50 g; 1.15 mM), dry acetone (9 mL), myristic acid (1.70 g, 7.44
mM), and Novozyme lipase 435® (1.58 g) were taken in a dried round
bottom flask having 3 Ǻ molecular sieves, stirred continuously at 46 �C
and 120 rpm for 42–48 h. Thin layer chromatography (acetone/toluene;
2:3) was used to confirm the completion of the reaction. Subsequently,
the mixture was filtered, evaporated, and passed through a column
chromatography (first with acetone/toluene; from 1:6 to 35:75 and then
from 35:75 to 1:1) to elute pure PZM.

The structure of the final product PZM as analyzed by 1H NMR and
13C NMR spectroscopy is shown below:

Phloridzin-600-O-myristate: yellow solid; yield: 93.4%. 1H NMR
(DMSO-d6,500MHz): δ 10.52 (s, 1H, ArOH), 9.08 (br s, 1H, ArOH), 7.04
(d, 2H, J ¼ 7.5 Hz, H-2, H-6), 6.66 (d, 2H, J ¼ 7.5 Hz, H-3, H-5), 6.11 (s,
1H, H-30), 5.98 (s, 1H, H-50), 5.41 (br s, 1H, OH), 5.37 (br s, 2H, 2OH),
4.99 (d, 1H, J ¼ 6.8 Hz, H-100), 4.33 (br d, 1H, J ¼ 11.3 Hz, H-6a0 0), 4.14
(dd, 1H, J ¼ 11.4 Hz, 6.9 Hz, H-6b0 0), 3.61 (br t, J ¼ 6.9 Hz, H-400), 3.36-
3.21 (m, 6H, 2�Hα, H-200, H-300, H-500, OH), 2.78 (br t, 2H, J ¼ 6.9Hz,
2�Hβ), 2.28 (t, 2H, J ¼ 6.9 Hz, 2�H-2000), 1.47 (m, 2H, 2�H-3000), 1.22-
1.17 (m, 20H, 2(CH2)), 0.87 (br t, 3H, J ¼ 6.8 Hz, CH3); 13C NMR
(DMSO-d6, 125MHz): δ 205.09 (CO), 173.26 (OCO), 165.84 (C-40),
164.89 (C-60), 161.07 (C-20), 155.75 (C-4), 131.93 (C-1), 129.55 (C-2, C-
6), 115.41 (C-3, C-5), 105.66(C-10), 101.09 (C-100), 97.39 (C-30), 94.99
(C-50), 76.89 (C-300), 74.37 (C-500), 73.58 (C-200), 70.28(C-400), 63.52 (C-
600), 45.43 (Cα), 33.87 (C-2000), 31.76 (Cβ), 29.52, 29.35, 29.17 (C-4000, C-
5000, C-6000, C-7000, C-8000, C-9000, C-10000, C-11000, C-12000), 24.84(C-3000), 22.55
(C-13000), 14.39 (C-14000).

2.4. The ferric reducing antioxidant power (FRAP) assay

The total antioxidant capacity of the PZM and phloridzin was deter-
mined based on the FRAP assay reported in Benzie and Strain (1996). The
FRAP reagent was prepared fresh from 300 mM acetate buffer (pH 3.6),
20 mM ferric chloride and 10 mM TPTZ in 40 mM HCl mixed together in
the ratio of 10:1:1. Vitamin C was used as a standard. The appropriate
quality of the vitamin was dissolved in 95% ethanol to obtain 70, 80, 90,
100, 110, 120 and 130 μM concentrations to obtain a calibration curve.
PZM and PZ were also dissolved in 95% ethanol to prepare desired
concentrations. To perform the assay, 100 μL of blank, standard or
samples was made to react with 900 μL of FRAP solution at 37 �C.
Absorbance was recorded at 593 nm after 10 min reaction time. Anti-
oxidant capacity was calculated as μM ascorbic acid equivalent/L of 1
mM of solution.

2.5. ABTS⋅þ radical scavenging assay

The ABTS⋅þ radical scavenging assay of the PZM and PZ was carried
out using the method of Re et al. (1999) with some modifications.
ABTS⋅þ, a blue/green free radical, has absorptionmaxima at wavelengths
645, 734 and 815 nm, but turns colorless by antioxidants. ABTS and
potassium persulfate were prepared in water at 7 mM and 14 mM con-
centration, respectively. ABTS⋅þ was produced by reaction of 5 mL
ABTS⋅þ solution with 88 μL potassium persulfate. The mixture was held
in dark at room temperature for 12–16 h to complete the reaction. For the
study of PZM and PZ, the ABTS⋅þ solution was diluted with 95% ethanol
to an absorbance of 0.70 (�0.2) at 734 nm to form the test reagent. The
reaction mixture containing 50 μL test sample and 1mL test reagent was
incubated at room temperature for 5 min. The absorbance was recorded
at 734 nm exactly after 1 min. Ascorbic acid was used as a standard
material. The appropriate quality ascorbic acid was dissolved in 95%
ethanol to obtain 300, 400, 500, 600 and 700 μM concentration and a
calibration curve was prepared. Antioxidant capacity was calculated as
μM ascorbic acid equivalent/L of 1 mM of solution.
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2.6. DPPH⋅ radical scavenging assay

The DPPH⋅ radical scavenging assay of PZM and PZ was carried out
using a modified method of Brand-Williams et al. (1995). DPPH⋅ is a
stable free radical with an intense violet color with a maximum absor-
bance at 517 nm, and colorless as the unpaired electrons are scavenged
by antioxidants. The reaction mixture containing 400 μL of 0.2 mM
DPPH⋅ solution (prepared in 95% ethanol) and 400μL control or vitamin
C standard solution or test sample (prepared in 95% ethanol) were
incubated in a water bath at 37 �C for 30 min, and the absorbance was
measured at 517 nm. Vitamin C was used as the standard material and a
calibration curve was prepared with 30, 40, 50, 60, 70 and 80 μM con-
centrations (in 95% ethanol). Antioxidant capacity was calculated as μM
ascorbic acid equivalent/L of 1 mM of solution.

2.7. Animals and treatment

Male BALB/C mice weighing 18–22 g were obtained from the
Experimental Animal Center of The Fourth Military Medical University
(Xi'an, China) - production license number SCXK (army corps) 2012-
0007. The animals were held in a controlled environment chamber at
23 � 2 �C, 60 � 5% relative humidity with 12 h light/dark cycles with a
standard chow diet (The Fourth Military Medical University, Xi'an,
China) and tap water ad libitum. The procedures involving animal care
were complied with China National Institutes of Healthy Guidelines for
the Care and Use of Laboratory Animals.

After acclimatizing the animals for 1 week, they were divided
randomly into eight individual groups. Group I which represented
normal control was given vehicles only at 10 ml/kg body weight. Group
II was used as PZM control and fed PZM dissolved in 5% Tween-80 saline
at 80 mg/kg. Group III which was treated as a model was given vehicles.
Group IV was the positive control and given Silymarin dissolved in 5%
Tween-80 saline at 40 mg/kg). Group V was used as the PZ control and
given PZ at 40 mg/kg. Groups VI, VII and VIII (low, medium and high
dosage) were administrated other levels of PZM (20, 40 and 80 mg/kg,
respectively). After the specific diet for 5 days, and one hour after the
final administration, the mice in Groups I and II were fed olive oil, while
mice in Groups III–VIII were given 0.11% (v/v) CCl4 (10 ml/kg, dissolved
in olive oil) injection intraperitoneally. Twenty-four hours after the CCl4
administration and followed by fasting (but given water ad libitum), the
animals were anesthetized for obtaining the blood and then sacrificed to
collect the livers. Blood samples were centrifuged at 3000 � g for 15 min
at 4 �C to obtain serum. The excised livers were washed with cold
phosphate buffered saline (pH 7.4), and the left lobe of the liver was fixed
in 10% formalin to prepare paraffin sections and the remaining parts
were stored at -80 �C for the other assays.

All of the experimental procedures with animals were carried out
following the Guide for the Care and Use of Laboratory Animals: Eighth
Edition, ISBN-10: 0-309-15396-4 and the animal protocol was approved
by the animal ethics committee of Northwest A&F University. All ex-
periments were carried out in ways to minimize suffering.

2.8. Determination of serum aminotransferase activities

The serum activities of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were measured to evaluate hepatotoxicity. An
automatic biochemical analyzer (7180 series, Hitachi High-Tech Science
Systems Co., Ltd, Japan) was used in the experiments. The enzyme ac-
tivities are expressed in international units (U/L).

2.9. Preparation of liver protein homogenate

Liver tissues were homogenized with saline (1 part of liver tissue with
9 parts of saline) and centrifuged at 4,000 rpm for 10 min at 4 �C
(Centrifuge 5804R, Eppendorf, Germany) to remove cell debris and
nuclei. The supernatants were collected and stored at �80 �C for
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following various biochemical assays.

2.10. Measurement of protein

Protein concentrations from liver supernatants were determined by
bicinchoninic acid (BCA) protein assay according to the manufacture's
analysis. BCA was capable of monitoring and complexing cuprous ion
(Cuþ) produced in the reaction of protein and alkaline Cu2þ (Smith et al.,
1985). The results are expressed as μg/μL in liver homogenates.

2.11. Determination of antioxidant enzymes activity

The activity of catalase (CAT), superoxide dismutase (SOD), and
glutathione peroxidase activities (GSH-Px) were evaluated with the
corresponding commercial kits according to the manufacturer's in-
structions. Briefly, CAT activity was determined based on the hydrogen
peroxide decomposition method of Chance and Maehly (1955). The CAT
activity was defined based on the amount (mL, units) of μmol H2O2
decomposing in one second. SOD activity was determined using xanthine
substrate oxidized by xanthine oxidase (Beauchamp and Fridovic, 1971).
Nitroblue tetrazolium (NBT) have the ability to inhibit superoxide anion
radicals (O2

- ), which are generated as a result of xanthine oxidase activity
on xanthine. SOD activity was based on the amount of SOD (unit, mL)
resulting in a 50% inhibition of the NBT reduction in 1.0 mL of the re-
action system. GSH-Px activity was determined by reduced glutathione
GSH-H2O2 reaction system (Mohanda et al., 1984) and defined as amount
of enzyme that reduced the level of GSH by 1.0 μmol/L per mg protein
per min.

2.12. Measurement of the content of MDA and GSH

The content of MDA and GSH were evaluated by manufacturer's in-
structions. The amount of MDA was determined by the concentration of
TBARS (Berton et al., 1998). MDA and the thiobarbituric acid (TBA)
reacted to form a red complex with absorption maximum at 532 nm. The
results are expressed as nmol/mg proteins in liver homogenates. The
level of reduced GSH was evaluated by colorimetric analysis. The
reduced GSH and dithio-bis-nitrobenzoic acid (DTNB) reacted to form a
yellow complex with absorption maximum at 405 nm (Staal et al., 1969).
The results are expressed as μmol/mg proteins in liver homogenates.

2.13. Assessment of pro-inflammatory cytokine

The liver Interleukin-6 (IL-6) level was quantified using a commercial
TL-6 ELISA assay kit according to the manufacturer's instructions. The
concentrations were expressed as ng/L.

2.14. Statistical analysis

All data obtained are expressed as a mean � SD. Significance was
considered at P˂0.05 and P˂0.01 using one-way analysis of variance
(ANOVA) followed by Turkey's multiple comparison tests.

3. Results

3.1. Chemistry

Fig. 1 shows the structure of phloridzin (PZ). NMR analysis of the
purified product showed that acylation by lipase B did actually takes
place on the 600-OH of phloridzin glycoside moiety (Fig. 2), which agrees
with the previous studies (Ardhaoui et al., 2004a, b).

3.2. Antioxidant capacity of phloridzin-600-O-myristate (PZM)

The antioxidant capacity of PZM was expressed as ascorbic acid
equivalent antioxidant capacity (AE). FRAP assay resulted in significantly
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higher (P˂0.05) AE for the PZM than for PZ (Table 1). The FRAR capacity
of PZMwas 1.28 folds higher than that of PZ. In ABTS⋅þ radical assay, the
results demosntrated that both PZM and PZ were effective scavengers of
the ABTS⋅þ radical, and there was no statistical difference between them
(P˃0.05). Both PZ and PZMwere stronger than the ascorbic acid standard.
However, the DPPH⋅ radical assay showed that PZM has a weaker DPPH⋅
radical scavenging ability than PZ (P˂0.01). The reason for this lower
DPPH⋅ activity with PZM, which was unlike the other two antioxidant
behavior, is not clear.
3.3. Effects of PZM on serum ALT and AST activities

Serum AST, ALT and histopathology were examined to evaluate the
effects of PZM on CCl4-induced hepatotoxicity in mice. ALT and AST
activities in the normal control group were 40.0 � 4.20 and 125.5 �
11.28 U⋅L�1, respectively. Serum ALT and AST activities showed a
marked increase to 1459� 260.8 and 1063� 150.8 U⋅L�1 24 h after CCl4
injection (Fig. 3), indicating CCl4 administration induced remarkable
liver damage. PZM control group showed no significance with normal
control group, indicating that PZM was harmless to the mice. PZM
treatment, in a dose independent manner, significantly reversed the CCl4-
induced alteration of serum transaminase activity. Silymarin and PZ
treatments also remarkably prevented the increase in AST and ALT. Even
though the enzymatic activities in PZM treatment groups were still
higher than those in the control group, obvious amelioration could be
found (Gan et al., 2012; Gosch et al., 2011).
3.4. Effects of PZM on CCl4-induced changes in liver enzymatic activities

Liver enzymatic activities of CAT, SOD and GSH-Px were examined to
evaluate the antioxidant ability of PZM on CCl4-induced acute liver
injury. As shown in Fig. 4 (A–C), the levels of CAT, SOD and GSH-Px were
significantly impaired by the treatment of CCl4 when compared with the
control group. Administration of PZM significantly exhibited a notable
increase in CAT, SOD and GSH-Px in a dose dependent fashion. The
treatment of Silymarin and PZ also showed a remarkable effect compared
to the model. The PZM at a dose of 80 mg/kg was more effective than
Table 1
Antioxidant capacity measured by FRAP, ABTS⋅þ and DPPH⋅ radical assays for
phloridzin (PZ) and myristic acid ester of phloridzin (PZM).

Compound FRAP (μmol AE L�1) ABTS (μmol AE L�1) DPPH (μmol AE L�1)

Phloridzin 77.9 � 5.17 1794 � 20.7 3.99 � 0.3
PZM 95.9 � 3.77* 1792 � 85.1 1.76 � 0.003**

Results were expressed as Means � SD, *P˂0.05, **P˂0.01.
Antioxidant activity unit: μmol ascorbic acid equivalents/L of 1 mM of solution;
PZM: Phloridzin myristate.

4

phloridzin treatment in CAT, SOD and GSH-Px when compared to the
model group.

3.5. Effects of PZM on the content of MDA and GSH

The content of MDA was determined to evaluate the effect of PZM
treatment on CCl4-induced lipid peroxidation. CCl4 induced significantly
elevation as compared to the control group (Fig. 4 D), which confirmed
that CCl4 treatment had exactly induced oxidative damage in mice. PZM
treatment, in a manner of dosage independent, significantly attenuated
the alteration compared with the model group, so the treatment of
Silymarin and PZ did. PZM at dose of 40 and 80 mg/kg showed a better
effect than phloridzin treatment.

As shown in Fig. 4 E, compared with the control group, CCl4 had a
notable decrease in the content of GSH, indicating the liver injury had
been initiated by CCl4 treatment. Silymarin, phloridzin and PZM treat-
ment elevated the GSH level, but no significant differences were observed
when compared to the model group.

3.6. Effects of PZM on IL-6 expression

For a comprehensive evaluation of the effect of PZM on CCl4-induced
hepatoxicity in mice, the level of IL-6 was investigated. IL-6 is a critical
proregenerative factor and acute-phase inducer in the liver that also
confers resistance to liver injury by hepatic toxins (2003 IL-6). As shown
in Fig. 4F, CCl4-treated group exhibited a significant increase compared
to the control group. PZM treatment, dose independently, inhibited
remarkably the increase when compared with the model group, which
reached approximately 34.4% by at dose of PZM at 80 mg/kg. Admin-
istration of Silymarin and PZ also reduced the level of IL-6 as compared to
the model group. PZM, at dose of 40 and 80 mg/kg, shown a significant
effect than PZ treatment (P < 0.05) and (P < 0.01).

4. Discussion

Enzymatic acylation of flavonoid compounds using lipase B (Novo-
zym 435®) have been proved to be region-selective and easy reaction
(Stevenson et al., 2006; Salem et al., 2010). Relatively high conversion
yields of PZM (93%) could be obtained with ideal reaction condition. In
the present investigation, high efficiency was achieved according to keep
the reaction system under vacuum and the water content of the medium
low.

Region-selective reactions of PZM ensured that some hydroxyl groups
remain on the PZ chemical structure, preserving its antioxidant proper-
ties. The assessment of antioxidant capacity detailed earlier has shown
that PZ and PZM have strong total antioxidant ability and good radical
scavenging ability. Some differences were observed however between
the two radical scavenging assays (DPPH⋅ and ABTS⋅þ), the reason for
this is not very clear. Firstly, the ABTS⋅þ assay based on electron transfer
behavior, and an end-point assay whereby different antioxidant com-
pounds donate one or two electrons to scavenge the radical cation
thereby providing the antioxidant activity. According to Huang et al.
(2005), regardless of the donating potential of individual antioxidants
they all have the time to react fully giving an accurate measurement of
TAC at the end-point of the assay. The DPPH⋅ assay on the other hand is
based on the normal HAT reaction that occurs between antioxidants and
the peroxyl radical. Instead of peroxyl radicals, more stable and less
transient nitrogen radicals are created, with which some antioxidants can
react more slowly than they would with the peroxyl radical in a biolog-
ical system (Huang et al., 2005). Hence there could be some differences
in the antioxidant behavior expressed by the two systems.

CCl4-induced liver acute injury is widely recognized and considered
to be similar to liver injury caused by hepatotoxins in humans (Choi et al.,
2011). CCl4 is a lipid-soluble effective hepatotoxic compound. Admin-
istration of CCl4 can alter permeability of the membrane and release the
enzymes from the cells into circulation, resulting in abnormally elevation
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Fig. 4. Effects of PZM on the levels of CAT (A), SOD (B), GSH-Px (C), MDA (D) and GSH (E) against CCl4-induced hepatoxicity in mice. Group I: normal control; group
II: PZM control; group III: model; group IV: Silymarin-treated; group V: PZ-treated; group VI: PZM-treated (20 mg/kg); group VII: PZM-treated (40 mg/kg), group VIII:
PZM-treated (80 mg/kg). values are expressed as mean � SD.*P < 0.05, **P < 0.01 compared to normal group. þP < 0.05, þþP < 0.01 compared to model group.
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of ALT and AST (Drotman and Lawhorn, 1978). In this study, serum ALT
and AST were increased significantly by administration of CCl4, indi-
cating that cells in liver lost the functional integrity. However, the serum
levels were remarkably attenuated by PZM, suggesting that PZM effec-
tively protected the mice against CCl4-induced hepatoxicity.

CCl4 metabolism occurred in liver endoplasmic reticulum (ER) by
5

cytochrome P450 and evoked a chain of reactive free radical formation,
resulting in hepatocellular necrosis and lipid peroxidation in hepatic
tissue (Wang et al., 2014). It is widely believed that CCl4 is transferred to
trichloromethyl radical (CCl3⋅), and CCl3 forms the more toxic CCl3O2⋅
when interact with oxygen. The liver tissue can develop some antioxidant
defense to prevent the oxidative damage, including enzymatic activities
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(e.g., CAT, SOD and GSH-Px) and nonezymatic antioxidants (such as
GSH) (Szymonik et al., 2003). Docosahexaenoic acid-acylated phloridzin
(PZ-DHA) has been tested against tumorigenesis in the models of mam-
mary carcinoma. The tumor volume and tumor weight and tumor sec-
tions have been investigated to evaluate the tumorigenesis of PZDHA;
however, the relevant serum markers and biochemical indexes have not
been studied. In present study, when compared to the control group, CCl4
treatment decreased significantly the enzymatic activities of CAT, SOD
and GSH-Px, which suggested that CCl4 intoxication lead to inactivation
of antioxidant enzymes. PZM treatment, in a dose-dependent manner,
attenuated these decrease remarkably compared as the model group. The
treatment of Silymarin and PZ also can alter the enzymatic activities of
CAT, SOD and GSH-Px compared to the CCl4 group. For the CAT and
GSH-Px, the low dose of PZM almost reached the same effect with PZ,
while the medium and high dose of PZM showed a better protective
tendency. For enzymatic activity of SOD, the medium and high dose of
PZM showed similar effect as PZ. GSH is the most abundant redox system
and plays a vital role in terminate oxidative damage caused by most
hepatotoxins (Kim et al., 2010). The content of GSH was decreased
significantly by injection of CCl4 compared to the control group. No
statistic significant changes in the GSH level were observed for the
treatment of Silymarin, PZ and PZM. It indicated that the enzymatic
antioxidant system maybe played a more vital role in attenuating hepa-
totoxicity. The results of enzymatic activities suggested that PZM had a
hepatoprotective effect, even though the PZM had no statistic significant
difference with the parent compound PZ, the PZM still resisted against
oxidative stress and maintained potent protective effect for liver tissue.

MDA, as an indicator of lipid peroxidation, reflects the level of
oxidative stress directly (Gan et al., 2012). In the present study, a sig-
nificant increase in the level of MDA was observed after CCl4 injection
and treatment with PZM attenuated this increase. PZM significantly
reduced the level of lipid peroxidation, that suggesting PZMmight have a
hepatoprotective effect by decreasing oxidative stress in the CCl4-in-
duced acute liver injury.

In acute liver failure, CCl4 as hepatotoxins damaged cell membranes
and released inflammatory mediators from activated hepatic macro-
phages, which enhanced the CCl4-induced hepatotoxicity (Shim et al.,
2010). Cytokine, such as IL-6, promoted hepatic survival by regulating
inherent and adaptive immunity, stimulating hemocytogenesis and liver
regeneration (Taub, 2003). In our present study, administration of CCl4
significantly elevated the level of IL-6 compared to the control group,
indicating that CCl4 exactly resulted hepatic apoptosis and inflammation.
The alteration of IL-6 was remarkably attenuated by the treatment of
PZM compared as the model group, suggesting PZM protected cytokine
IL-6 and stimulating liver regeneration. The treatment of Silymarin and
PZ also can reduce the level of IL-6 compared to the CCl4 group. For the
level of IL-6, the low dose of PZM had reached a better effect than the
parent PZ, while the medium and high dose of PZM almost reduced 15%
and 25% IL-6 content compared to PZ treatment. The results of IL-6
showed that the derivative of phloridzin, PZM, maybe had a better
bioactivity.

The synthesis, antioxidant capacity and hepatoprotective of myristic
acid acylated derivative of phloridzin (PZM) were investigated. The
synthesis of PZM achieved 93% yield, using lipase B (Novozym 435®) as
catalyzing enzyme, acetone as solvent incubating in 45 �C. PZM had
strong total antioxidant ability and defined ability to scavenge free
radical of DPPH and ABTS. Compared to the parent PZ, PZM retained
better antioxidant abilities. In the study of PZM against CCl4-induced
acute liver injury in mice, when compared to the CCl4-induced hepato-
toxicity group, treatment with PZM significantly reduced the serum level
of ALT and AST, the l content of MDA and the cytokine IL-6, and
remarkably elevated the enzymatic activities of CAT, SOD and GSH-Px,
and the content of GSH. PZM reduced oxidative stress and suppressed
liver inflammation. PZM had good hepatoprotective effects, and better
biological activities than the parent PZ.
6

5. Conclusions

PZM demonstrated a significantly higher total antioxidant ability,
similar scavenging ABTSþ⋅ ability but weaker scavenging DPPH⋅ ability
when compared to the parent PZ. The serum activities of aminotrans-
ferases and the hepatic level of malondialdehyde were confirmed to be
elevated after CCl4 treatment, while the liver enzymatic activities
(catalase, superoxide dismutase, and glutathione peroxidase) and the
concentration of reduced glutathione were lower. However, these
changes were attenuated by PZM treatment. Further, PZM treatment
reduced the interleukin-6 expression and stimulated liver regeneration
caused by CCl4. PZM demonstrated good antioxidant capacity in vitro,
had excellent hepatoprotective effects in vivo and better bioactivity
compared to the parent PZ. This is the first time report on the hep-
atoprotective effect of PZM against CCl4-induced hepatotoxicity in mice.
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