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Abstract This study was designed to examine the potential
antitumor effect of some macrolides: clarithromycin,
azithromycin, and erythromycin on chemically induced hepa-
tocellular carcinoma (HCC) in rats and on human hepatoma
cells (HepG2) as well. The possible underlying antiapoptotic
mechanisms were investigated. Antiproliferative activity was
assessed in HepG2 using Sulforhodamine-B staining method.
In vivo, HCC was induced in rats by initiation-selection-
promotion protocol using diethylnitrosamine (200 mg/kg, sin-
gle i.p. injection)/2-acetylaminofluorene (0.03% w/w
supplemented-diet for 2 weeks)/carbon tetrachloride (2 ml/
kg diluted in corn oil 1:1, single intra-gastric dose)/phenobar-
bitone sodium (0.05% w/w supplemented-diet for 28 weeks).
Macrolides were administered once daily starting from the 3rd
week until the 17th week at a dose of 100 mg/kg in the current
33-week study period. Clarithromycin showed a higher effi-
cacy in the suppression of HepG2 proliferation with lower
IC50 value than doxorubicin. In vivo, chemically-induced
HCC rat model proved that clarithromycin suppressed HCC
via induction of apoptosis through up-regulation of both
extrinsic/intrinsic apoptotic pathways’ proteins (TNFR1,
cleaved caspase-3, and Bax with an increased Bax/Bcl-2 ratio)
along with MMP-9 normalization. Similarly, azithromycin
demonstrated antitumorigenic effect through both apoptotic

pathways, however, to a lesser extent compared to
clarithromycin. Moreover, azithromycin suppressed the pro-
liferation of HepG2, however, at a higher IC50 than doxoru-
bicin. Surprisingly, erythromycin increased HepG2 prolifera-
tion in vitro, along with worsened tumorigenic effect of the
carcinogenic agents in the in vivo study with ineffective apo-
ptotic outcome. Some macrolides represent potential antitu-
mor agents; however, this evident anticancer activity is an
individual effect rather than a group effect and involves mod-
ulation of both intrinsic and extrinsic apoptotic pathways.
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Introduction

Hepatocellular carcinoma (HCC) is a prevalent primary liver
malignancy (Llovet et al. 2003) and the fifth cause leading to
cancer-related death all over the world (Parkin 2001). Because
of poor diagnosis and serious side effects of existing treatment
protocols, including surgical resection, radiation, and chemo-
therapy, the chance for curing from hepatocarcinoma is mod-
est (Al-Rejaie et al. 2009). Liver cirrhosis, the major risk fac-
tor of HCC (Okuda 1992), is mainly caused by chronic infec-
tion by hepatitis B (HBV) and C (HCV) viruses (Bosch et al.
2004; De Giorgi et al. 2009) and/or heavy alcohol consump-
tion (Marra et al. 2011). Cigarette smoking, race, diabetes
mellitus, and obesity (Franceschi et al. 2006; Davila et al.
2005) have also been associated with incidence of HCC.

Both dysregulation of the apoptosis/proliferation balance
(Fabregat 2009) and over express ion of mat r ix
metalloproteinase-9 (MMP-9) (Arii et al. 1996) contribute to
the development of HCC (Dong et al. 1999). Regarding
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apoptosis, both intrinsic and extrinsic pathways show a sig-
nificant dysregulation in HCC in such a manner that plays an
important role in its prognosis (Fabregat 2009). Recently, ma-
trix metalloproteinases (MMPs), namely MMP-9, was found
to promote the development of HCC growth (Elewa et al.
2015) by releasing growth factors from their inactive
membrane-bound form (Dong et al. 1999) and destruction of
the extracellular matrix leading to the invasion of HCC (Arii
et al. 1996; The Liver Cancer Study Group of Japan,
T.L.C.S.G.O.J, 1994). Moreover, MMP-9 inhibitors were
found to induce apoptosis through a cleavage of caspases-9
and -3, leading to a significant tumor eradication (Bhoopathi
et al. 2008; Elewa et al. 2015).

Many antitumor agents are from microbial origin like
adriamycin and epoxomicin (Hanada et al. 1992; Ohara
et al. 2004). Macrolides, a class of antibiotics found in strep-
tomycetes, are used to treat infections caused mainly by
Gram-positive and to less extent by Gram-negative bacteria.
Aside from their antibacterial properties, some macrolides
demonstrated potent antiinflammatory activities that were
evident in reducing mucus production (Kaneko et al. 2003)
and preventing neutrophil-induced epithelial cell losses
(Mitsuyama et al. 1997). They also showed an apoptotic effect
(Ohara et al. 2004; Xu et al. 2006), MMP-9 inhibitory effect
(Sassa et al. 1999; Li et al. 2010; Zhou et al. 2012), and
antitumor activity (Yatsunami et al. 1999; Yongsheng et al.
2011) in some cancer types other than HCC. Additionally,
clarithromycin and erythromycin has the same 14-membered
macrolide ring of roxithromycin which proved previously an
efficacy in the suppression of angiogenesis and modulation of
oxidative stress in human hepatoma cells (Aoki et al. 2005;
Ueno et al. 2005).

In spite of the documented antitumor effect of macrolides
(i.e., clarithromycin, azithromycin, and erythromycin) in sev-
eral cancer types (Yatsunami et al. 1999; Yongsheng et al.
2011; Lamb et al. 2015), their therapeutic potential in HCC
has never been investigated. Hence, the current study is exam-
ining the antiproliferative activity of some macrolide antibi-
otics in human hepatocellular carcinoma (HepG2) cells as well
as examining their apoptotic potential with underlying mecha-
nisms in experimental hepatocarcinogenesis model in rats.

Materials and methods

In vitro cell proliferation assay

HepG2 was obtained from the National Cancer Institute,
Cairo, Egypt. Sulforhodamine-B stain (SRB) was purchased
from Duchefa-Biochemie (Haarlem, Amsterdam,
Netherlands). Tris EDTA buffer and acetic acid were commer-
cially available. Doxorubicin was purchased from Bristol-
Myers Squibb Company. Whole study was completed at the

National Cancer Institute, Cairo, Egypt. Potential cytotoxicity
of macrolides versus the standard anticancer drug
(doxorubicin) was examined using the technique of Skehan
et al. (1990). HepG2 cells were plated in 96-multiwell plate
(104 cells/well) for 24 h before treatment to permit the adher-
ence of the cells to the plate. Then, different concentrations (0,
5, 12.5, 25, and 50 μg/ml) of doxorubicin, erythromycin,
clarithromycin, and azithromycin were added to the monolay-
er cells. Monolayer cells were incubated with the studied com-
pounds for 48 h at 37 °C in 5% CO2. After that, cells were
fixed, washed, and stained with SRB stain. Excess stain was
washed away using acetic acid, while attached stain was re-
trieved with Tris EDTA buffer. Color intensity was deter-
mined using a microplate reader. The color intensity from
vehicle-treated cells was considered as 100% of proliferation.
The relations between drugs’ concentration and surviving
fraction were plotted. The concentration at which the growth
of cells was inhibited to 50% of the control (IC50) was obtain-
ed from this dose response curve.

Experimental animals

Male Wister rats (180–200 g) were purchased from Vacsera
(Egyptian Organization for Biological Products and Vaccines,
Egypt) and retained under controlled temperature (25 ± 1 °C)
on the natural dark/light cycle. Animals accessed food and
water ad libitum during the study period. The animals were
allowed to acclimatize for 2 weeks before experiment initia-
tion. All experimental protocols were executed according to
the BGuide for the Care and Use of Laboratory Animals^.

Chemicals and drugs

Diethylnitrosamine (DEN) and 2-acetylaminofluorene (2-
AAF) were purchased from Sigma-Aldrich (USA).
Phenobarbitone sodium (PB) was obtained from Alexandria
Pharmaceutical Co. (Egypt). Clarithromycin, azithromycin,
and erythromycin were kindly provided by Sigma
Pharmaceutical Co. (Egypt), Amoun Pharmaceutical Co.
(Egypt), and Medical Union Pharmaceutical Co. (MUP,
Egypt), respectively. Cyclophosphamide (Endoxan 200 mg)
was obtained from Baxter oncology (Germany). Carbon tetra-
chloride (CCl4) and all other chemicals were purchased from
Al-Gomhorya Co. (Egypt).

Antibodies and kits

Primary rabbit polyclonal antibodies against TNF receptor
type 1 (TNFR1), Bcl-xl, Bcl-2, Bax, cytochrome c, cleaved
caspase-3, single-stranded DNA (ssDNA), and protein kinase
(Ki-67) were used. All antibodies were purchased from Bioss
(USA), except anti-ssDNAwas purchased from IBL (Japan).
Rat MMP-9 (matrix metalloproteinase-9) ELISA kit was
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purchased from CUSABIO (Japan). Rat tumor necrosis
factor-α (TNF-α) Immunoassay ELISA Kit (Quantikine®)
was purchased from BR&D systems^ (MI, USA).
EnVision™ FLEX immunohistochemistry detection kit was
purchased from BDako cytomation^ (USA).

Induction of hepatocellular carcinoma

Hepatocellular carcinoma (HCC) was induced using
initiation-selection-promotion model (de Gerlache et al.
1982; Lans et al. 1983) and modified after Solt and Farber
(Solt and Farber 1976; Solt et al. 1977). Initiation was induced
by single (i.p.) injection of DEN (200 mg/kg) diluted in saline
(100 mg/ml). The animals were given no further treatment for
2 weeks as a recovery period. After this, selection was induced
by feeding the animals a diet comprising 2-AAF (0.03%W/W)
for 2 weeks. This was followed by feeding animals the basal
diet (BD) for another week. Promotion was induced by (a)
intra-gastric administration of CCl4 as a single necrogenic
dose (2 ml/kg diluted in corn oil at a ratio of 1:1) 1 week after
starting 2-AAF, (b) feeding the animals a diet comprising PB
(0.05%W/W) starting the 6th week post DEN injection for
23 weeks. This was followed by feeding the animals the basal
diet till the end of the study (33 weeks) (Fig.1).

Pharmacological treatment

HCC was induced in 75 rats using the previously explained
protocol. These rats were divided randomly into five main
groups, 15 rats each. First group did not receive any pharma-
cological treatment till the end of the study and served as HCC
control. Second group was treated with five doses of cyclo-
phosphamide (20 mg/kg, i.p.) every 3 days modified after
Jang et al. (2011). Third, fourth, and fifth groups received
daily 100 mg/kg (i.p. injections) of erythromycin,
clarithromycin, and azithromycin, respectively (Zhou et al.

2012). All pharmacological treatments started 2 weeks after
DEN injection, and all mortalities were recorded on a daily
basis. Rats were sacrificed after 10, 17, and 33 weeks post
DEN injection (i.e., 8, 15, and 31 weeks post pharmacological
treatment, respectively). Additional 10 rats received daily
100 μl of the saline injection and served as a normal group.

Sample preparation

Blood samples were collected, centrifuged at 4000 rpm for
20 min to separate serum samples that were divided, and kept
at −20 °C for measuring MMP-9 and TNF-α levels.
Following cervical dislocation, livers were isolated and exam-
ined macroscopically, then fixed in 10% neutral buffered for-
malin for further histopathological evaluation and immunohis-
tochemical staining of apoptotic and antiapoptotic markers,
Ki-67, and ssDNA.

Immunohistochemistry

Fixed liver tissues were processed and embedded in paraffin.
For analysis, paraffin sections at a thickness of 4 μm were de-
paraffinized using xylene, then hydrated in decreasing con-
centrations of ethyl alcohol (100, 90, 80, and70%). Antigen
retrieval was done following Tris/EDTA buffer (pH = 9) re-
trieval protocol. Liver sections were stained applying
BEnVision™ FLEX horseradish peroxidase labeled, High
pH^ manufacturer protocol (Dako). All primary polyclonal
antibodies were diluted in PBS at a ratio of 1:250 (TNF re-
ceptor type1, and cleaved caspase-3), 1:200 (Bax, cytochrome
c, Bcl-2, and Bcl-xl), and 1:100 (Ki-67 and ssDNA). Sections
were incubated with corresponding primary antibody at 4 °C
overnight. After conjugation with dextran coupled with per-
oxidase molecules and goat secondary antibody molecules
against rabbit immunoglobulins, coloring was achieved with
DAB substrate chromogen then counterstained using Mayer’s

Fig. 1 Schematic diagram of study design
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hematoxylin. Positive immunoreactions (brown) for all anti-
bodies were captured in 10 serial fields for each section
(400×). Moreover, positive apoptotic nuclei for ssDNAwere
counted in each field. All photomicrographs were analyzed
using ImageJ program. The Pearson’s equation was used for
the determination of correlation coefficient between cyto-
chrome c expression and the ratios of Bax/Bcl-xl and Bax/
Bcl-2.

Determination of serum MMP-9

Serum samples were used for the determination of MMP-9
using quantitative sandwich ELISA protocol (CUSABIO).
In brief, to a microplate pre-coated with polyclonal antibody
specific for rat MMP-9, 50 μl samples were added.
Recombinant rat MMP-9 was used to setup the standard
curve. Following incubation for 2 h at 37 °C, the liquids were
removed from each well. One hundred microliter of biotin
antibody were added to each well without washing; next, they
were incubated for further1 h, and plates were washed three
time using washing buffer, then 100 μl horseradish peroxidase
(HRP)–avidin was added to each well. Incubation at 37 °C
was continued for another hour and eachwell was washed five
times. Ninety microliter of TMP substrate were added to each
well, and then incubated at 37 °C for15–30 min. The enzyme
reaction yielded a blue product that turned yellow when the
stop solution was added. The optical density was measured
using a microplate reader set to 450 nm. (Metertech, M960).

Determination of serum TNF-α

Serum samples were used for the determination of TNF-α
using quantitative solid phase ELISA protocol (R&D). In
brief, 50 μl of assay diluent were added to microplate pre-
coated with polyclonal antibody specific for rat TNFα, and
then 50 μl samples were added. After that, 50 μl of standard,
control, or sample were added to each well. Recombinant rat
TNF-α was used to setup the standard curve. Following incu-
bation for 2 h, wells were washed, and the liquid was aspirated
from each well. Then, 100 μl of conjugate were added to each
well. The microplates were incubated for another 2 h. Then
the wells were washed five times, and all liquids were aspirat-
ed. One hundred microliter of the substrate solution were
added to each well and followed by incubation for 30 min.
The enzyme reaction yielded a blue product that turned yellow
when the stop solution was added. The optical density was
measured using a microplate reader set to 450 nm. (Metertech,
M960).

Statistical analysis

All data were expressed as mean ± S.E.M. Statistical signifi-
cance was tested using one-way analysis of variance

(ANOVA) followed by the Bonferroni post hoc analysis.
The Kaplan-Meier test was used to determine any significance
in survival data. All treated groups were compared to normal
group, HCC control group, and cyclophosphamide group. The
confidence limit of P ≤ 0.05 was considered statistically
significant.

Results

In vitro antiproliferative activity

Macrolide antibiotics under study were screened for their abil-
ity to reduce cell proliferation in human hepatocellular carci-
noma cell line (HepG2) versus doxorubicin as a standard cy-
totoxic agent. The present data revealed that treatment of
HepG2 cells with increasing concentrations (5, 12.5, 25, and
50 μg/ml) of doxorubicin decreased HepG2 cell survival by
51, 44, 35, and 30%, respectively (Table 1 and Fig.2). The half
maximal inhibitory concentration (IC50) value for doxorubi-
cin on HepG2 cell line was found to be 5.87 μg/ml at 48 h.
Treatment of HepG2 with 5, 12.5, 25, and 50 μg/ml of
clarithromycin suppressed surviving of the tumor cells by
24, 23, 28, and 29%, respectively (Table 1 and Fig.2).
Interestingly, clarithromycin showed IC50 at a concentration
equal to 3.13 μg/ml, which was lower than doxorubicin IC50.
On the other hand, the treatment of HepG2 with azithromycin
showed 29% inhibition of tumor cell survival only at a con-
centration equal to 50 μg/ml, while the concentrations 5, 12.5,
and 25 did not show any antiproliferative activity. The IC50 of
azithromycin was found to be 42.8 μg/ml. Surprisingly, treat-
ment of HepG2 with 5, 12.5, 25, and 50 μg/ml erythromycin
increased HepG2 survival and viability by 137, 131, 126, and
125%, respectively (Table 1 and Fig.2).

Survival probability

Survival probability at each individual stage in the present
in vivo study was estimated according to Kaplan-Meier equa-
tion (number of rats living at the beginning of each stage-

Table 1 Estimation of
IC50a of macrolides vs.
doxorubicin on HepG2
cell line

Drugs IC50

Doxorubicin 5.87 μg/ml

Erythromycin Nil

Clarithromycin 3.13 μg/ml

Azithromycin 42.8 μg/ml

a IC50 (the half maximal inhibitory con-
centration) was calculated by linear regres-
sion analysis from the plot of logarithm of
doxorubicin and macrolides’ concentra-
tions versus percentage (%) of cell
viability
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number of dead rats at each stage)/number of rats living at the
beginning of each stage) (Alman 1992; Goel et al. 2010).
Current data showed that all groups displayed no death events
at week 10 (Tables 2 and 3). Survival probability of HCC
control group decreased gradually with the experiment stage.
Interestingly, treatment with cyclophosphamide and
clarithromycin showed a higher survival probability than
HCC control group with no death events till the 17th week
(Tables 2 and 3). In contrast, survival probability decreased to
half in the group treated by erythromycin to show less living
animals than HCC control group at week 33. It is worthy of
note that treatment with azithromycin showed a gradual de-
crease in survival probability yet, higher than HCC control
group (Tables 2 and 3).

Gross liver examination

In the current in vivo study, at week 10 post DEN, HCC control
group had abnormal morphology with mild cirrhotic nodules
(Fig. 3a). However, treatment with cyclophosphamide showed
normal liver morphology at the same time point. Conversely,
treatment with erythromycin showed an abnormal appearance
of the liver with well differentiated cirrhotic nodules (Fig. 3a).
In contrast, treatment with clarithromycin showed nearly

normal liver appearance. Similarly, treatment with azithromycin
showed almost normal appearance with rough edges.

At week 17 post DEN, HCC control group showed en-
larged and swollen liver with early neoplastic changes
(Fig. 3a). However, treatment with cyclophosphamide showed
mild liver swelling. In contrast, treatment with erythromycin
showed abnormal swelling and enlargement of the liver with
numerous well-differentiated cirrhotic and early neoplastic
nodules. Conversely, treatment with clarithromycin or
azithromycin showed almost normal appearance of the liver
with mild liver enlargement (Fig. 3a).

At week 33 post DEN, HCC control group showed a liver
full of well-differentiated early neoplastic changes accompa-
nied by swelling and enlargement of the liver. However, treat-
ment with cyclophosphamide showed mild liver enlargement
with abnormal appearance. On the other hand, treatment with
erythromycin showed abnormal enlarged swollen liver with
numerous developed early neoplastic and cirrhotic nodules.
Conversely, treatment with clarithromycin showed enlarged
liver with few early neoplastic changes. In the same way,
treatment with azithromycin showed enlarged swollen liver
with early neoplastic changes (Fig. 3a).

Histopathological examination

Current in vivo results revealed that, at week 10, HCC control
group showed grade I dysplasia (Fig. 3b, c). Hepatocytes
showed enlarged nuclei, arranged in thick plates with disturbed
architecture, mildly increased nucleocytoplasmic ratio, some

0

20

40

60

80

100

120

140

160

0 10 20 30 40 50 60

H
ep

G
2 

ce
ll 

vi
ab

ili
ty

 (%
)

Concentra�on (μg/ml)

Doxorubicin

Erythromycin

Clarithromycin

Azithromycin

Fig. 2 The effect of 48-h
incubation with various
concentrations of macrolide
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Table 2 Estimation of survival probabilitya at each stage individually

Group Stage A B C
(10 weeks) (17 weeks) (33 weeks)

Normal 1 1 1

HCC control 1 0.8 0.6

Cyclophosphamide 1 1 0.8

Erythromycin 1 0.9 0.5

Clarithromycin 1 1 0.8

Azithromycin 1 0.9 0.75

a Survival probability at each individual stage was estimated according to
Kaplan-Meier equation [(number of rats living at the beginning of each
stage-number of dead rats at each stage)/number of rats living at the
beginning of each stage]

Table 3 Kaplan-Meier statistical analysis of survival rate at each stage
individually

Stage Log rank Chi-square df Sig.

A (10 weeks)a – 5 –

B (17 weeks) 5.577 5 0.350

C (33 weeks) 3.062 5 0.690

aNo statistics were computed because all cases were censored (i.e., no
mortality was recorded)
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showed coarse chromatin, others showed distinct nucleoli.
There was moderate hydropic degeneration with minimal lym-
phocytic infiltrate (Fig. 3b). However, treatment with cyclo-
phosphamide at the same time point showed marked improve-
ment with no dysplasia. The liver showed restored architecture;
hepatocytes are arranged in thin plates of one to two cell thick-
ness and smaller nuclei. In contrast, treatment with erythromy-
cin showed grade I dysplasia at week 10 (Fig. 3b, c). On the
other hand, treatment with clarithromycin, for 10 weeks,
showed almost normal liver tissue which indicated marked im-
provement. Moderate improvement was observed in
azithromycin-treated group at week 10 post DEN (Fig. 3b).

At week 17, grade II dysplasia was observed in HCC
control group where hepatocytes showed enlarged nuclei
arranged in thick plates with disrupted architecture,
along with moderately increased nucleocytoplasmic ratio
(Fig. 3b, c). Some hepatocytes showed coarse chroma-
tin, while other showed nucleoli along with bi-nucleated
cells. There was a mild hydropic degeneration with mild
lymphocytic infiltrate. The treatment with cyclophospha-
mide showed marked improvement with a focal grade I
dysplasia. On the other hand, erythromycin-treated
group showed grade II dysplasia. In contrast, moderate
improvement was observed in the groups treated with
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Fig. 3 a Macroscopic images of
gross liver. bMicroscopic images
of H&E-stained liver sections that
were captured at different stages
of initiation-selection-promotion
model (10, 17, and 33 weeks). c
Time course scoring of dysplasia
grades along the study period.
Values are expressed as
mean ± S.E.M. All data were
analyzed using ANOVA followed
by the Bonferroni post hoc test.
*P ≤ 0.05 with respect to normal
(data of normal group are not
represented on the bar graph),
#P ≤ 0.05 with respect to
corresponding control (i.e., either
stage A or B), •P ≤ 0.05 with
respect to corresponding
cyclophosphamide (i.e., either
stage A or B). (n = 4–5)
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clarithromycin or azithromycin where grade I dysplasia
was detected at week 17 (Fig. 3b, c).

At week 33, HCC control group demonstrated grade III
dysplasia where hepatocytes showed markedly enlarged nu-
clei arranged in thick plates, nests, and sheets with disturbed
architecture, markedly increased nucleocytoplasmic ratio,
some showed coarse chromatin, others showed more than
one nucleolus, moderate number of bi-nucleated and multi-
nucleated cells, minimal hydropic degeneration with mild
lymphocytic infiltrate (Fig. 3b, c). In contrast, treatment with
cyclophosphamide showed, at the same time point, marked
improvement with focal grade I dysplasia. Surprisingly, grade
III dysplasia was observed in erythromycin-treated group at
week 33 (Fig. 3b, c). In contrast, treatment with
clarithromycin showed a minimal focal improvement where
livers had a restored architecture; hepatocytes were arranged
in thin plates of one to two cell thicknesses with smaller nu-
clei. But most fields showed grade II dysplasia with thick
plates and nest arrangement with large nuclei along with some
bi-nucleated cells, and mild hydropic degeneration. On the
other hand, no improvement was observed in azithromycin-
treated group at the same time point where hepatocytes
showed grade III dysplasia (Fig. 3b, c).

Serum levels of MMP-9

To reveal the influence of MMP-9 on the HCC development,
the differences in serum levels of MMP-9 among different
groups were statistically compared. All groups showed, after
10 and 17 weeks post DEN insult, significant higher levels of
MMP-9 compared to normal group, except for groups treated
with clarithromycin (Fig. 4a). Moreover, the group treated with
cyclophosphamide did not show any significant change com-
pared to normal group at week 10. Additionally, the individual
treatment with the reference anticarcinogenic agent (i.e., cyclo-
phosphamide) or the studied macrolides showed a significant
reduction in MMP-9 serum levels after 10 weeks compared to
corresponding HCC control group (Fig. 4a). It is worth men-
tioning that erythromycin group showed a significant increase
in MMP-9 serum levels after 10 weeks post DEN compared to
corresponding cyclophosphamide group. However, after
17 weeks post DEN, treatment with cyclophosphamide, eryth-
romycin, or azithromycin did not show any significant differ-
ence compared to corresponding HCC control. On the other
hand, treatment with clarithromycin showed a significant re-
duction inMMP-9 serum levels compared to both HCC control
and cyclophosphamide groups at week 17 post DEN (Fig. 4a).

Serum levels of TNF-α

TNF-α is the agonist of TNF receptor type-1 that play an initi-
ator role in the extrinsic pathway of apoptosis (Locksley et al.
2001). Moreover, TNF-α has a critical role in the inflammation,

which is an important key in the pathogenesis of HCC (Martin
and Herceg 2012). Hence, serum levels of TNF-α was deter-
mined to reveal its role in the current HCCmodel. A significant
difference in serum levels of TNF-α was observed among all
groups (Fig. 4b). HCC control group showed a significant in-
crease at both 10 and 17 weeks post DEN insult compared to
normal group. Treatment with cyclophosphamide or macrolide
antibiotics showed a significant reduction in the serum TNF-α
compared to corresponding HCC control group after 10 weeks.
In the same way, treatment with cyclophosphamide,
clarithromycin, or azithromycin showed, after 17 weeks, a sig-
nificant reduction at TNF-α serum levels compared to corre-
sponding HCC control (Fig. 4b).

Interestingly, treatment with cyclophosphamide reduced
TNF-α serum levels significantly compared to normal group
at week 17 post DEN. On the other hand, treatment with
erythromycin showed, after 17 weeks, a significant increase
compared to normal group. It is worth mentioning that treat-
ment with macrolide showed, after 17 weeks, a significant
increase at TNF-α serum levels compared to corresponding
cyclophosphamide group (Fig. 4b).

Expression of TNF receptor type-1

TNF receptor type-1 is an initiator of extrinsic apoptotic path-
way (Hsu et al. 1995). To reveal the influence of macrolides
on extrinsic pathway of apoptosis through TNF receptor type-
1, its expression in hepatic tissues was assayed. At week 10
post DEN insult, treatment with azithromycin increased the
expression of TNF receptor type-1 significantly (Fig. 4c, d).
Moreover, treatment with clarithromycin or azithromycin in-
creased the expression of TNF receptor type-1 significantly at
week 17 post DEN (Fig. 4c, d).

Expression of Bcl-xl, Bcl-2, and Bax

Since Bcl-2 family members are essential regulators of the
mitochondrial pathway that induce the intrinsic activation of
caspases, IHC was carried out to determine the expression of
the Bcl-2 family proteins Bcl-xl, Bcl-2, and Bax. Regarding
antiapoptotic markers, HCC control group showed a signifi-
cant increase in the expression of Bcl-xl, at week 10 post DEN
insult, compared to normal group (Fig. 5a, b). Similarly, treat-
ment with cyclophosphamide or erythromycin maintained the
higher expression of Bcl-xl compared to normal group, at the
same time point. However, a significant reduction in the ex-
pression of Bcl-xl was observed after treatment with
clarithromycin or azithromycin, at week 10 post DEN, com-
pared to the corresponding HCC control group and
cyclophosphamide-treated group as well (Fig. 5a, b). On the
other hand, at week 17 post DEN insult, both HCC control
group and erythromycin-treated group showed a significant
increase in the expression of Bcl-xl compared to normal
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group. In contrast, treatment with cyclophosphamide signifi-
cantly reduced the expression of Bcl-xl compared to corre-
sponding control group, at the same time point, yet remained
higher than normal group (Fig. 5a, b). On the other hand,
treatment with clarithromycin or azithromycin showed, at
week 17 post DEN, a significantly reduced expression of
Bcl-xl compared to normal, corresponding HCC control, and
corresponding cyclophosphamide groups (Fig. 5a, b).

In the same manner, a significant increase in Bcl-2 expres-
sion was observed in both HCC control and erythromycin-
treated groups at weeks 10 and 17 post DEN insult compared
to normal group (Fig. 5c, d). Conversely, at week 17 post
DEN, treatment with clarithromycin or azithromycin signifi-
cantly decreased the expression of Bcl-2 compared to corre-
sponding HCC control group. It is worth mentioning that Bcl-
2 expression, in both clarithromycin and azithromycin groups,
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Fig. 4 a and b Differential effect
of cyclophosphamide (20 mg/kg,
i.p.) and macrolide antibiotics
(erythromycin, clarithromycin,
and azithromycin; 100 mg/kg,
i.p.) on serum levels of MMP-9
and TNF-α, respectively as
measured by ELISA. c
Photomicrographs represent the
expression of TNF receptor
type-1 assessed
immunohistochemically (400×).
d Optical density (O.D) of
positive immunohistochemical
reaction (brown) determined
using ImageJ program. Values are
expressed as mean ± S.E.M. All
data were analyzed using
ANOVA followed by the
Bonferroni post hoc test.
*P ≤ 0.05 with respect to normal,
#P ≤ 0.05 with respect to
corresponding HCC control (i.e.,
either stage A or B), •P ≤ 0.05
with respect to corresponding
cyclophosphamide (i.e., either
stage A or B). (n = 4–5)
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was comparable to normal group at the same former time
point (Fig. 5c, d).

Concerning the apoptotic marker Bax, HCC control group
showed a significantly lower Bax expression compared to
normal group at both weeks 10 and 17 post DEN insult
(Fig. 6a, b). On the other hand, significant increase in Bax
expression was observed at both time points upon treatment
with cyclophosphamide or clarithromycin, compared to either
normal group or corresponding HCC control group. In the
same way, treatment with erythromycin or azithromycin
showed a significantly higher expression of that pro-
apoptotic protein compared to corresponding HCC control at
both weeks 10 and 17 post DEN, to reach by that the normal
level. It is worthy of note that treatment with erythromycin
showed a l owe r Bax exp r e s s i on compa r ed t o

cyclophosphamide-treated group at both weeks 10 and 17 post
DEN. Similarly, treatment with azithromycin showed lower
Bax expression in comparison with cyclophosphamide group
at week 17 post DEN (Fig. 6a, b).

Determination of Bax/Bcl-xl and Bax/Bcl-2 ratios

The effect of macrolide antibiotics on Bax/Bcl-xl and Bax/
Bcl-2 ratios was calculated. Regarding Bax/Bcl-xl, HCC con-
trol group showed a significant reduction compared to normal
group after 10 and 17 weeks as well (Fig. 6c). However, treat-
ment with cyclophosphamide, clari thromycin, or
azithromycin increased the Bax/Bcl-xl ratio significantly com-
pared to HCC control group at week 10 post DEN. Moreover,
treatment with clarithromycin showed a significant higher
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Fig. 5 Differential effect of
cyclophosphamide (20 mg/kg,
i.p.) and macrolide antibiotics
(erythromycin, clarithromycin,
and azithromycin; 100 mg/kg,
i.p.) on Bcl-xl and Bcl-2
expression. a and c
Photomicrographs represent
expression of Bcl-xl and Bcl-2,
respectively as assessed
immunohistochemically (400×).
b and d Optical density (O.D) of
positive immunohistochemical
reactions (brown) determined
using ImageJ program. Values are
expressed as mean ± S.E.M. All
data were analyzed using
ANOVA followed by the
Bonferroni post hoc test.
*P ≤ 0.05 with respect to normal,
#P ≤ 0.05 with respect to
corresponding HCC control (i.e.,
either stage A or B), •P ≤ 0.05
with respect to corresponding
cyclophosphamide (i.e., either
stage A or B). (n = 4–5)
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ratio compared to the normal group at week 10. However,
treatment with erythromycin showed a significant lower ratio
than corresponding HCC control group at the same time point.
On the other hand, at week 17 post DEN, only treatment with
clarithromycin or azithromycin showed a significant increase
in Bax/Bcl-xl ratio compared to normal, corresponding HCC
control, and cyclophosphamide groups (Fig. 6c).

Regarding Bax/Bcl-2 ratio, a significant reduction was ob-
served in HCC control group compared to normal group after
10 and 17 weeks as well (Fig. 6d). Treatment with

cyclophosphamide, clarithromycin, or azithromycin signifi-
cantly increased the ratio, compared to corresponding HCC
control group, to reach the normal level at week 10 post DEN
insult. However, at the same former time point, treatment with
erythromycin showed a significant reduction in Bax/Bcl-2 ra-
tio compared to normal and corresponding cyclophosphamide
groups. On the other hand, at week 17 post DEN, treatment
with clarithromycin or azithromycin significantly increased
the ratio, compared to corresponding HCC control group, to
reach the normal level (Fig. 6d).
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Fig. 6 Differential effect of
cyclophosphamide (20 mg/kg,
i.p.) and macrolide antibiotics
(erythromycin, clarithromycin,
and azithromycin; 100 mg/kg,
i.p.) on Bax expression, Bax/Bcl-
xl ratio, and Bax/Bcl-2 ratio. a
Photomicrographs represent Bax
expression assessed
immunohistochemically (400×).
b Optical density (O.D) of
positive immunohistochemical
reaction (brown) determined
using ImageJ program. c and d
represent Bax/Bcl-xl ratio and
Bax/Bcl-2 ratio, respectively.
Values are expressed as
mean ± S.E.M. All data were
analyzed using ANOVA followed
by the Bonferroni post hoc test.
*P ≤ 0.05 with respect to normal,
#P ≤ 0.05 with respect to
corresponding HCC control (i.e.,
either stage A or B), •P ≤ 0.05
with respect to corresponding
cyclophosphamide (i.e., either
stage A or B). (n = 4–5)

388 Naunyn-Schmiedeberg's Arch Pharmacol (2017) 390:379–395



Expression of cytochrome c

Cytochrome c was measured immunohistochemically to in-
vestigate whether the effect of the macrolides on the ratios of
Bax/Bcl-xl and Bax/Bcl-2 has affected the expression of cy-
tochrome c. A significant decrease in the expression of cyto-
chrome c was observed in HCC control group compared to
normal group, after 10 and 17 weeks as well (Fig. 7a, b). In
contrast, treatment with cyclophosphamide or macrolides at
week 10 post DEN resulted in a significant increase in the
expression of cytochrome c compared to both normal group
and corresponding HCC control group. On the other hand,
treatment with cyclophosphamide, clarithromycin, or
azithromycin showed, at week 17 post DEN, a significant
increase in the expression of cytochrome c compared to both
normal group and corresponding HCC control group (Fig. 7a,
b). Additionally, treatment with erythromycin showed a
higher cytochrome c expression than the corresponding
HCC control group that was comparable to normal group at
week 17 post DEN. It is worth mentioning that at week 17
post DEN, only treatment with clarithromycin or azithromycin
showed a significant increase in cytochrome c expression
compared to corresponding cyclophosphamide group. In con-
trast, treatment with erythromycin showed a significant reduc-
tion in cytochrome c expression compared to corresponding
cyclophosphamide group at the same time point (Fig. 7a, b).

Correlation between cytochrome c expression
and pro-apoptotic/antiapoptotic proteins’ ratios

The Pearson’s correlation coefficient was determined for the
relationship between cytochrome c expression and the ratios
of Bax/Bcl-xl and Bax/Bcl-2. Correlation studies showed a
strong positive association between cytochrome c and the ra-
tios of Bax/Bcl-xl (r = 0.86) and Bax/Bcl-2 (r = 0.85), indi-
cating the influence of macrolides on cytochrome c expression
and consequently intrinsic apoptotic pathway through the
modulation of pro-apoptotic/antiapoptotic proteins’ ratios.
(Fig. 7e).

Expression of cleaved caspase-3

As cleaved caspase-3 plays a critical role in proceeding apo-
ptosis, it was assessed in the present study. The current results
revealed that HCC control group had a significantly lower
expression of cleaved caspase-3 at both weeks 10 and 17 post
DEN insult compared to normal group (Fig. 7c, d). However,
treatment with cyclophosphamide, clarithromycin, or
azithromycin significantly increased cleaved caspase-3 ex-
pression compared to normal group and corresponding HCC
control group as well at both weeks 10 and 17 post DEN.
Interestingly, treatment with clarithromycin or azithromycin
showed a significant increase in cleaved caspase-3 expression

at week 10 compared to corresponding cyclophosphamide
group (Fig. 7c, d). On the other hand, treatment with erythro-
mycin showed a rise in the expression of cleaved caspase-3
compared to normal and corresponding HCC control groups
at week 10 post DEN. It is worth mentioning that in spite of
higher expression of cleaved caspase-3 in erythromycin-
treated group compared to HCC control group, it remained
significantly lower than cyclophosphamide-treated group
and comparable to normal group at week 17 post DEN
(Fig. 7c, d).

Expression of ssDNA

Since single-stranded DNA (ssDNA) modification in the nu-
cleosomal linker region might constitute a critical early step in
apoptosis (Tomei 1991); it was used in the current study to
detect the differences in the apoptotic cells among all groups.
Statistical analysis showed a lower degree of apoptosis in
HCC control group at week 17 compared to normal group
(Fig. 8a, b). Treatment with cyclophosphamide or
clarithromycin showed a significant increase in apoptotic cells
compared to normal group and corresponding control group at
both weeks 10 and 17 post DEN. Moreover, treatment with
clarithromycin increased the number of apoptotic cells signif-
icantly compared to corresponding cyclophosphamide group
at week 17 post DEN (Fig. 8a, b). On the other hand, treatment
with erythromycin or azithromycin showed, at week 17 post
DEN, a significant increase in apoptosis compared to corre-
spondingHCC control group. Treatment with erythromycin or
azithromycin showed a significantly lower number of ssDNA
positive cells compared to corresponding cyclophosphamide
group at week 10 or 17, respectively (Fig. 8a, b).

Expression of Ki-67

To assess the cellular proliferation, Ki-67 was estimated
immunohistochemically. A significant increase at Ki-67 ex-
pression was observed in all groups both at weeks 10 and 17
post DEN insult compared to normal group (Fig. 8c, d).
Interestingly, treatment with cyclophosphamide or
clarithromycin showed a lower expression compared to
HCC control group at both weeks 10 and 17 post DEN. In
contrast, treatment with erythromycin or azithromycin in-
creased Ki-67 expression significantly compared to corre-
sponding cyclophosphamide group at both weeks 10 and 17
post DEN (Fig. 8c, d).

Discussion

The incidence of hepatocellular carcinoma (HCC) is particu-
larly high in developing countries, making it as a major chal-
lenge due to a lack of early diagnosis (Bosch et al. 2004).
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HCC is often diagnosed at advanced stages, resulting in low
survival rates. Current treatment protocols including surgical
ablation, radiation, and chemotherapy provoke serious side
effects with modest chances for recovery (Al-Rejaie et al.
2009).

Unrestrained propagation of immortal cells forms solid
cancerous mass (Mukherjee et al. 2012). These excessively
proliferating cells along with insufficient apoptosis result in
HCC formation (Evan and Vousden 2001). The initiation-
selection-promotion protocol selected in the current study
has the advantage of distinction of each stimulus (de
Gerlache et al. 1984), thus, allowing for a better examination
of the apoptotic and antitumorigenic effect of studied drugs.
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Fig. 8 Differential effect of
cyclophosphamide (20 mg/kg,
i.p.) and macrolide antibiotics
(erythromycin, clarithromycin,
and azithromycin; 100 mg/kg,
i.p.) on ssDNA and ki-67
expression. a and c
Photomicrographs represent
expression of ssDNA and ki-67,
respectively as assessed
immunohistochemically (400×).
b and d Optical density (O.D) of
positive immunohistochemical
reactions (brown) determined
using ImageJ program. Values are
expressed as mean ± S.E.M. All
data were analyzed using
ANOVA followed by the
Bonferroni post hoc test.
*P ≤ 0.05 with respect to normal,
#P ≤ 0.05 with respect to
corresponding HCC control (i.e.,
either stage A or B). •P ≤ 0.05
with respect to corresponding
cyclophosphamide (i.e., either
stage A or B). (n = 4–5)

�Fig. 7 Differential effect of cyclophosphamide (20 mg/kg, i.p.) and
macrolide antibiotics (erythromycin, clarithromycin, and azithromycin;
100 mg/kg, i.p.) on cytochrome c and b cleaved caspase-3 expression.
a and c: Photomicrographs represent the expression of cytochrome c and
cleaved caspase-3 as assessed immunohistochemically (400×). b and d
Optical density (O.D) of positive immunohistochemical reactions
(brown) determined using ImageJ program. Values are expressed as
mean ± S.E.M. All data were analyzed using ANOVA followed by the
Bonferroni post hoc test. *P ≤ 0.05with respect to normal, #P ≤ 0.05with
respect to corresponding HCC control (i.e., either stage A or B). •P ≤ 0.05
with respect to corresponding cyclophosphamide (i.e., either stage A or
B). (n = 4–5). e Correlation between cytochrome c expression and Bax/
Bcl-xl or Bax/Bcl-2 expression. r denotes the Pearson’s correlation
coefficient obtained from the linear regression line
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Current treatments started 2 weeks post DEN to investigate
their effect on the formation of early neoplastic lesions and to
evaluate their secondary preventive effect through their pro-
posed apoptotic potential. According to our findings, HCC
control group showed a gradual progression of dysplasia from
grade1 to grade 3 along the study period with impaired apo-
ptotic mechanisms.

Indeed, insufficient apoptosis has been associated with de-
velopment and progression of liver tumors (Guicciardi and
Gores 2005; Fabregat et al. 2007). Both intrinsic and extrinsic
pathways of apoptosis are significantly dysregulated in HCC
in such a manner that plays an important role in its prognosis
(Fabregat 2009). Among the most common alterations in the
apoptotic mechanisms that were observed in HCC: (a) muta-
tions in p53 tumor suppressor gene (Hussain et al. 2007) (b)
imbalance in the pro- and antiapoptotic members of the Bcl-2
family (Mott and Gores 2007) (c) loss of response to Fas in
HCC cells as a result of down-regulation of Fas expression
(Shin et al. 1998; Lee et al. 2001) (d) over expression of the
antiapoptotic protein BBrain and Reproductive organ-
Expressed protein (BRE)^ that binds to the cytoplasmic do-
mains of TNF receptor type-1 and Fas, thus, attenuating death
receptor-initiated apoptosis in HCC tissues (Chan et al. 2008).

Current study showed a dysregulated intrinsic apoptotic
pathway in HCC control group as a result of significant lower
Bax/Bcl-2 and Bax/Bcl-xl ratios which correlated with the
lower release of cytochrome c into cytosol along with the
lower expression of cleaved caspase-3 in hepatic tissues.
These results were supported by previous studies that reported
over expression of the antiapoptotic protein (Bcl-xl) and
down-regulation of the pro-apoptotic protein (Bax) in a great
percentage of HCCs (Beerheide et al. 2000). On the other
hand, the significant high expression of TNF-α, that was de-
tected in the promotion phase with HCC control group, was
not accompanied by any significant difference in the expres-
sion of TNF receptor type 1 indicating that the extrinsic apo-
ptotic pathway is not the main regulator of apoptosis in the
current model. The high TNF-α expression observed in the
current study is suggested to be related to inflammation which
is known to play a major role in HCC pathogenesis (Martin
and Herceg 2012).

Although the antitumor effect of clarithromycin,
azithromycin, and erythromycin was not previously elucidat-
ed in HepG2 studies, in 2005, Aoki et al. has investigated the
antitumor effect of roxithromycin, another 14-member
macrolide antibiotic, on HepG2. Roxithromycin showed an
inhibition of several newly developed vasculatures in
HepG2 cells in a dose dependent manner; however, it did
not inhibit the growth of HepG2 cells at concentrations up to
100 μM. In contrary, clarithromycin showed a different pat-
tern in the current study where it decreased the survival of
HepG2 by 50% at a concentration lower than doxorubicin.
Similarly, treatment with azithromycin decreased 50% of the

HepG2 survival yet, at a higher concentration. Surprisingly,
treatment with erythromycin increased HepG2 survival and
viability.

Recent studies demonstrated the induction of apoptosis as a
protective and curative mechanism in the HCC therapy
(Wilhelm et al. 2008; Wang et al. 2014). Clarithromycin
showed an antiinflammatory effect beside its antibacterial ac-
tivity in the treatment of chronic lower respiratory tract disease
(Takizawa et al. 1995; Mitsuyama et al. 1997). In the current
study, antiinflammatory effect of clarithromycin and
azithromycin was evident by normalization of serum
TNF-α. This normal TNF-α serum level that was detected
after treatment with clarithromycin or azithromycin was com-
pensated by an up-regulation of TNF receptor type-1and sub-
sequent activation of extrinsic apoptotic pathway. Moreover,
the two drugs showed a significant increase in both Bax/Bcl-
xl and Bax/Bcl-2 ratios that correlated with the significant
release of cytochrome c along with elevation in the expression
of cleaved caspase-3, indicating activation of intrinsic apopto-
tic pathway. Those previously mentioned changes in the bal-
ance of pro-apoptotic versus antiapoptotic markers in treated
groups were in favor of the induction of apoptosis in cancer-
ous tissues at the expense of proliferation. Current results are
supported by previous models which reported that
clarithromycin and azithromycin suppressed Bcl-xl signifi-
cantly, and this effect was involved in the augmentation of
apoptosis (Mizunoe et al. 2004). Similarly, clarithromycinme-
tabolite (N-demethyl-clarithromycin) was found to increase
the ratios of Bax/Bcl-2 and Bax/Bcl-xl resulting in high ex-
pression of caspase-3 in cervical carcinoma (Qiao et al. 2006).
Additionally, clarithromycin and azithromycin were reported
to attenuate lymphoma through induction of apoptosis (Ohara
et al. 2004).

Although Mitsuyama et al. (1997) reported an
antiinflammatory effect of erythromycin in an endothelial cell
damage model, the current results showed an opposite effect
where the treatment with erythromycin at week 17 significant-
ly increased the serum TNF-α expression, however, without
any significant difference in the expression of TNF receptor
type-1. On the other hand, erythromycin increased the expres-
sion of cytochrome c along with cleaved caspase-3 suggesting
that erythromycin induced apoptosis through only intrinsic
pathway. The previously mentioned apoptotic effect of eryth-
romycin was supported by Xu et al. (2006) who detected the
high expression of Bax in nasal polyps. The currently ob-
served inflammatory effect of erythromycin that overweighed
its apoptotic effect besides the previously reported data of
causing cholestasis (Ansede et al. 2010) may explain the no-
ticed accelerated tumor growth in this HCCmodel with eryth-
romycin treatment.

In l ine with the previous in vi t ro resul ts and
immunohistochemical findings, histopathological results
showed that clarithromycin delayed and decreased the
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appearance of early neoplastic changes. Similarly,
azithromycin showed histopathological improvement yet, to
a lesser degree compared to clarithromycin. The antitumor
effect of clarithromycin and azithromycin was previously
reported by Yatsunami et al. (1999) in melanoma growth.
Surprisingly, erythromycin accelerated the appearance of ear-
ly neoplastic changes which is contradictory to a previous
finding by Yongsheng et al. (2011) who detected an antitumor
effect of erythromycin in vitro using neuroblastoma cell line.
This discrepancy may be explained based on different exper-
imental settings and unlike susceptibility of the studied cells.
The apoptotic and antitumor effects of the cytotoxic agent
cyclophosphamide were comparable to clarithromycin and
to less extent to azithromycin.

On the other hand, cyclophosphamide showed a stronger
antiinflammatory effect compared tomacrolides. In contrast to
erythromycin, cyclophosphamide showed antiinflammatory
properties in the current model which is consistent with a
recent report in an experimental myocardial ischemia-
reperfusion model (Jin et al. 2013). Cyclophosphamide has
been previously reported to induce activation of intrinsic and
extrinsic pathways of apoptosis (Singh et al. 2009). However,
current results showed that cyclophosphamide induced apo-
ptosis in hepatocytes mainly via intrinsic pathway. This result-
ed from, at least in part, the elevated Bax/Bcl-xl and Bax/Bcl-
2 ratios that correlated with the high expression of cytochrome
c and cleaved caspase-3.

In 2015, Elewa et al. showed an efficient inhibitory effect
of HCC invasion cascade by significant decrease of the activ-
ity of MMP-9. Similarly, Bhoopathi et al. (2008) have report-
ed MMP-9 inhibition as one of the apoptosis-inducing mech-
anisms. Its inhibition was associated with cytochrome c re-
lease and consequently increased a cleavage of caspases-9
and -3 resulting in significant tumor eradication (Bhoopathi
et al. 2008). Our findings showed a higher MMP-9 expression
in HCC control group which may have contributed to the
malignant hepatocytes growth and progression. Earlier
studies supported the current findings where the Liver
Cancer Study Group of Japan, T.L.C.S.G.O.J (1994) and
Arii et al. (1996) reported an over expression of MMP-9 that
lead to infiltration into the fibrous tumor capsule and destruc-
tion of the extracellular matrix resulting in HCC invasion. In
addition, induction of the gene transcription of MMP-9 was
found to be correlated with the promoter region which is ex-
tremely responsive to cytokines and growth factors in numer-
ous cells (Van den Steen et al. 2002). Clarithromycin,
azithromycin, and erythromycin were reported earlier as in-
hibitors of MMP-9 expression in rat mammary adenocarcino-
ma, human corneal epithelial cells, and cigarette-smoke-
induced emphysema and inflammation in rats, respectively
(Sassa et al. 1999; Li et al. 2010; Zhou et al. 2012). In the
same way, clarithromycin and azithromycin showed, in the
current study, a lower expression of MMP-9 that might have

contributed to their observed apoptotic effect and consequent-
ly decreased HCC progression. Although erythromycin
showed an inhibitory effect on MMP-9, it did not inhibit the
progression of the dysplasia. In contrast to erythromycin, cy-
clophosphamide suppressed the expression of MMP-9 that
was associated with its antitumor activity and might have par-
ticipated in its apoptotic effect. In line with current results,
previous studies reported that cyclophosphamide down-
regulated MMP-9 in breast cancer model (Liu et al. 2006)
and hepatocellular carcinoma model by metronomic therapy
(Jang et al. 2011).

Conclusions

It is concluded that the activation of both intrinsic and extrin-
sic apoptotic pathways plays an important role in mediating
the antitumor effect that was detected for some macrolide
antibiotics (clarithromycin and azithromycin) in the current
study. Nevertheless, this evident anticancer potential is an in-
dividual effect rather than a group effect as some other
macrolides, like erythromycin, could enhance the carcinogen-
ic effect of hepatotoxic xenobiotics and ought to be avoided in
patients with risk factors for developing HCC. All of all, cur-
rent study suggests further clinical investigations for the use of
clarithromycin or azithromycin as adjuvant to chemotherapy
in HCC patients, especially if microbial infections with sus-
ceptible bacteria are suspected. On the other hand, erythromy-
cin should be contraindicated as an antibacterial agent for
HCC patients.
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