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Introduction

Histone deacetylases (HDACs) catalyze deacetylation of histones 
by cleavage of acetyl groups. Typically, this results in a compact 
chromatin configuration that restricts access of transcription fac-
tors to DNA and represses gene expression. In contrast, histone 
acetyltransferases (HATs) catalyze histone acetylation by neutral-
izing positive charges and facilitating the binding of transcription 
factors to the nucleosomal DNA of core histones.1,2 HDACs regu-
late many biologic processes, including cell cycle progression and 
cell differentiation.1 Four classes are recognized: class I (HDACs 
1–3 and 8), class II (HDACs 4–7, 9 and 10), class III (Sirt1–
Sirt7) and class IV (HDAC 11). Class I HDACs are frequently 
overexpressed in various human cancers and this overexpression 
correlates with drug resistance and poor prognosis. Thus, class I 
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associated with a significant reduction in the viability of NSCLC cells. Concomitant treatment of cells with a proteasome 
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resulted in an increase in G1 phase arrest, and a decrease in the levels of cyclin D1, D2 and cyclin dependent kinases. 
Further, administration of honokiol by oral gavage significantly inhibited the growth of subcutaneous A549 and H1299 
tumor xenografts in athymic nude mice, which was associated with the induction of apoptotic cell death and marked 
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HDACs have been considered as potential therapeutic targets for 
the treatment of cancers2,3 and some promising HDAC inhibi-
tors (HDACi) have been identified. The HDACi can inhibit 
tumor progression primarily through their ability to regulate gene 
expression by promoting acetylation of histone and non-histone 
proteins.4,5 HDACi modulate the expression of several genes that 
regulate apoptosis, angiogenesis,6,7 cell cycle progression, and cel-
lular differentiation, and have minimal toxicity against normal 
cells.8-10 Some synthetic HDACi such as vorinostat (SAHA), 
LBH589, PXD101, MS-275 and FK228, are being examined in 
clinical trials for their ability to treat various solid and hemato-
logical malignancies.11,12 The results of these trials suggest that 
although HDACi exhibit selective toxicity against tumor cells, 
their long-term use in patients may result in immune suppression, 
fatigue and gastrointestinal side effects.11
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human bronchial epithelial cells (BEAS-2B). Using the HDAC 
Activity Assay Kit, we found that the levels of HDAC activity 
were greater in the cultured NSCLC cells as compared with the 
BEAS-2B cells. The H226 cells had the greatest activity, fol-
lowed by H460 > H1299 > A549, as shown in Figure 1A (left 
panel). On analysis of the levels of HAT activity in the cell lines 
using the EpiQuikTM HAT Activity Assay Kit, we found that 
the levels of HAT activity were lower in the NSCLC cell lines 
as compared with BEAS-2B cells. In this case, the A459 and 
H1299 cells had the greatest activity followed by the H460 and 
H226 cells as shown in Figure 1A (right panel).

Effect of honokiol and TSA on HDAC and HAT activity in 
human NSCLC cell lines. To determine the effect of honokiol 
on HDAC and HAT activities in vitro, we treated A549 and 
H1299 cells with various concentrations of honokiol (0, 20, 40 
and 60 μM) or with TSA (an inhibitor of HDAC) for 24 h and 
72 h. As shown in Figure 1B (left and right panels), honokiol 
treatment of both NSCLC cells resulted in significant inhibi-
tion (p < 0.01 and p < 0.001) of HDAC activity as compared 
with vehicle-treated control cells and that this inhibitory effect 
occurred in a dose- and time-dependent manner. However, the 
inhibitory effect of honokiol on HDAC activity was greater 
in A549 cells than H1299 cells. Treatment of cells with TSA 
under identical conditions also significantly reduced the levels 
of HDAC activity in both cell lines. The effects of honokiol on 
HAT activity in A549 and H1299 cells were determined using 
the HAT Activity Assay Kit. Treatment with honokiol for 72 h 
resulted in significantly (p < 0.01, p < 0.001) enhanced levels of 
HAT activity of both A549 and H1299 cells as compared with 
the non-honokiol-treated control cells in a dose-dependent man-
ner, as shown in Figure 1C.

Honokiol reduces protein expression of class I HDACs in 
NSCLC cell lines. As we have found that the NSCLC cells 
overexpressed HDAC activity and as class I HDACs are over-
expressed in human cancers, we investigated whether honokiol 
affects the protein expression of class I HDACs in NSCLC cells. 
A549 and H1299 cells were treated with honokiol (0, 20, 40 and 
60 μM) for 72 h, then cells were harvested and nuclear extracts 
prepared. Western blot analysis revealed that treatment of cells 
with honokiol resulted in a dose-dependent reduction in the lev-
els of the HDAC1, HDAC2, HDAC3 and HDAC8 as compared 
with the vehicle-treated control cells (Fig. 1D).

Reduction of class I HDAC proteins by honokiol in NSCLC 
cells is mediated through proteasomal degradation of HDACs. 
To test whether honokiol reduces the levels of HDAC proteins in 
NSCLC cells through proteasome-mediated degradation, A549 
and H1299 cells were treated with honokiol with and without 
treatment with MG132 (5, 10 and 20 μM), an inhibitor of prote-
asomal degradation, for 72 h. Nuclear lysates were prepared and 
were subjected to western blot analysis. This analysis revealed 
that the levels of class I HDAC proteins were higher in the cells 
treated with honokiol plus MG132 as compared with levels in 
the cells treated with honokiol alone (Fig. 2A). These results 
suggest that proteasome-mediated degradation of HDACs may 
be a possible mechanism through which honokiol reduces the 
levels of class I HDACs in NSCLC cells.

Some natural plant products have been shown to have anti-
carcinogenic effects in multiple animal tumor models and the 
phytochemicals that have anti-carcinogenic activity and have no 
significant toxicity in vivo are being investigated as potentially 
effective chemotherapeutic agents for the prevention and treat-
ment of cancers. The potential of some of these phytochemicals 
to act as epigenetic regulators, including their effects on histone 
modifications and HDAC has been investigated.13-15 Honokiol 
(C

18
H

18
O

2
) is a bioactive constituent of the bark of Magnolia 

plants that has been used in traditional Japanese medicine for 
the treatment of various ailments due to its antithrombotic, anti-
depressant and anti-bacterial properties.16 Previously, we have 
shown that honokiol exerts a chemopreventive effect on UV radi-
ation-induced skin cancer and that this effect is associated with 
its targeting of mediators of inflammation and cell cycle regula-
tors.17 The anti-cancer activities of honokiol also have been dem-
onstrated in a variety of cancer cell lines18-22 and animal tumor 
xenograft models.23 Honokiol has been found to alter various 
molecular targets that are known to affect tumor cell growth and 
their survival; however, little is known as to whether honokiol 
targets alterations in epigenetic regulators in cancer or targets 
events subsequent to the epigenetic effects. As, it is well known 
that epigenetic alterations, in particular overexpression of class I 
HDACs, play a crucial role in carcinogenesis, we sought to deter-
mine the chemotherapeutic effect of honokiol on lung cancer cells 
and whether it is mediated through its effect on HDACs proteins.

To address this issue, we investigated whether honokiol has the 
ability to suppress the levels of class I HDAC and their activity in 
human non-small cell lung cancer (NSCLC) cells and whether 
this effect is associated with its effects on cell growth/viability, cell 
cycle regulation and apoptosis using in vitro and in vivo models. 
Lung cancer remains the leading cause of cancer-related deaths 
in the United States and world-wide.24 One of every three cancer-
related deaths is attributable to lung cancer, and the dismal 5-y 
survival rate of about 14% has shown no improvement over the 
past three decades.25,26 NSCLC represents approximately 80% of 
all types of lung cancer and includes adenocarcinomas, large-cell 
carcinomas and squamous cell carcinomas.27,28 Therefore, the 
exploration and development of new and effective phytochemi-
cals that are non-toxic in nature and that can target the molecules 
associated with epigenetic regulators could lead to substantially 
improved outcomes in patients with this type of cancer.

Here, we report that treatment of NSCLC cells with honokiol 
suppresses the levels of class I HDAC proteins as well as HDAC 
activity while enhancing HAT activity and that these effects are 
associated with reduced cell viability, G

1
 phase arrest and induc-

tion of apoptosis of cells in vitro and in vivo in a tumor xenograft 
model. Thus, our studies provide evidence that honokiol has the 
ability to inhibit the growth of lung cancer by targeting epigenetic 
modulators.

Results

Comparative analysis of basal levels of HDAC and HAT activ-
ities in NSCLC cell lines. First we assessed the levels of HDAC 
and HAT activities in various NSCLC cell lines and normal 
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status of histones in NSCLC cells. A549 and H1299 cells were 
treated with honokiol (0, 20, 40 and 60 μM) for 72 h, then cells 
were harvested and nuclear lysates were prepared. Western blot 
analysis revealed that treatment of cells with honokiol resulted 

Honokiol increases the levels of acetylated histone H3 and 
H4 in NSCLC cells. As we have observed that the NSCLC cells 
had lower levels of HAT activity than normal bronchial epithe-
lial cells, we examined whether honokiol affects the acetylation 

Figure 1. Treatment of NSCLC cells with honokiol reduces the levels of HDAC activity while increasing HAT activity. (A) Comparative analysis of basal 
levels of HDAC and HAT activity in four different NSCLC cell lines and non-neoplastic BEAS-2B cells using colorimetric assay kits. (B) A549 and H1299 
cells were treated with various concentrations of honokiol (0, 20, 40 and 60 μM) or TSA (100 nm) for 24 or 72 h. Total HDAC activity was determined in 
nuclear extracts of the cells. Cells treated with TSA, an inhibitor of HDACs, served as a positive control. (C) Treatment of A549 and H1299 cells with ho-
nokiol for 72 h enhanced HAT activity in a dose-dependent manner. Data are expressed in terms of percent of control as the mean ± SD of 4 replicates. 
Significant difference vs. non-honokiol-treated control, ¶p < 0.001, †p < 0.01. (D) Treatment of cells with honokiol for 72 h reduces the expression levels 
of class l HDACs proteins. After treatment for 72 h, cells were harvested, nuclear extracts were prepared and subjected to western blot analysis. His-
tone H3 was used as a loading control. Representative blots are shown. The relative intensity (arbitrary) of each band after normalization for histone 
H3 is shown under each blot as the fold change compared with non-honokiol-treated control, which was assigned an arbitrary unit 1.0 in each case.
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Figure 2. Effect of honokiol on acetylated histones and cell viability in NSCLC cells. (A) Treatment of NSCLC cells with MG132, a proteasome inhibi-
ter, inhibits the effect of honokiol on HDAC proteins. A549 and H1299 cells were treated with honokiol (60 μM) with and without the treatment of 
MG132 for 72 h, then cells were harvested and nuclear lysates were subjected to western blot analysis. (B) Treatment of NSCLC cells with honokiol for 
72 h enhances the levels of acetylated histone H3 and histone H4, as determined by western blot analysis. Equal loading of samples was verified by 
re-probing the membrane with anti-histone H3 antibody. The relative intensity of each band after normalization for the levels of histone H3 is shown 
under each blot. (C) Treatment of NSCLC cells with honokiol inhibits cell viability in a dose-dependent manner, but this effect of honokiol is not seen in 
BEAS-2B normal human bronchial epithelial cells. NSCLC cells and BEAS-2B cells were treated with various concentrations of honokiol for 48 h and cell 
viability determined using an MTT assay. (D) Honokiol (60 μM) significantly inhibited cell viability of NSCLC cells in a time-dependent manner, whereas 
a significant growth inhibitory effect was not observed in BEAS-2B cells. The cell viability data are expressed in terms of percent of control (non-ho-
nokiol treatment) cells as the mean ± SD of 5 replicates. Significant difference vs. control, ¶p < 0.001 †p < 0.05 (left panel). Treatment of A549 and H1299 
cells with MG-132 (10 μM), a proteasome inhibitor, reduced the cytotoxicity of honokiol (40 μM) in these lung cancer cells (right panel). Significant 
reduced cytotoxicity or increased cell viability vs. honokiol alone, †p < 0.05.
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of valproic acid than the A549 cells. These observations suggest 
that the effects of honokiol on the NSCLC cells are similar to 
those of an inhibitor of class I HDACs.

Honokiol induces G
1
 phase cell cycle arrest in NSCLC cells. 

As we had found that treatment of NSCLC cells with honokiol 
resulted in a reduction in class I HDACs levels and cell viability, 
we next determined whether this effect of honokiol in NSCLC 
cells is associated with cell cycle arrest. For this purpose the 
effect of honokiol on cell cycle progression in H1299 and A549 
cells was determined following treatment of cells with honokiol 
for 72 h. As shown in Figure 4A, cell cycle analysis revealed 
that treatment of A549 cells with honokiol resulted in arrest 
of cells in the G

1
 phase in a dose-dependent manner: 20 μM 

(86.1%), 40 μM (90.9%) and 60 μM (96.0%) compared with 
the control cells (68.3%). The effect of honokiol on G

1
 phase 

arrest of H1299 cells was also dose-dependent: 20 μM (65.7%),  
40 μM (69.3%), and 60 μM (80.4%) compared with control 
cells (49.0%), as shown in Figure 4B.

Cyclins and CDKs have been implicated in the regulation of 
cell cycle;30,31 therefore the effect of honokiol was determined on 
the levels of cyclins and CDKs. Treatment of H1299 cells with 
honokiol (0, 20, 40 and 60 μM) for 72 h resulted in a dose-
dependent reduction in the expression of cyclin D1 and cyclin 
D2 (Fig. 4C). Similarly, a marked reduction in the expression 
of CDK2, CDK4 and CDK6 proteins was observed. A549 cells 
were also treated with honokiol for 72 h and its effect on the 
G

1
 phase cell cycle regulatory proteins assessed using western 

blotting (Fig. 4C). Inhibitory effect of honokiol on cyclins and 
CDKs of G

1
 phase in A549 cells was identical as found with 

H1299 cells.
Honokiol suppresses the growth of NSCLC tumor xeno-

grafts in athymic nude mice. Next, we determined the effects 
of honokiol on the growth of A549 and H1299 xenografts in 
athymic nude mice. Honokiol was administered by oral gavage 
(100 mg/kg body weight of mice) twice a week. Our recorded 
data on the average body weight of mice throughout the experi-
ment suggest that there was no significant difference between 
honokiol-treated and non-honokiol-treated group of mice  
(Fig. 5A). The mice that were treated with honokiol did not 
exhibit any abnormal behavior or visible sign of toxicity.

Observations and periodic measurement of the tumor xeno-
graft volume on weekly basis suggested that the treatment with 
honokiol reduced the growth of lung tumor xenografts through-
out the experimental protocol. At the end of the eighth week after 
tumor cell inoculation, the tumor volumes were again measured. 
The results indicated that administration of honokiol had a sig-
nificant inhibitory effect (p < 0.01) on the growth of A549 xeno-
graft tumors (54% reduction in tumor volume) and the growth 
of H1299 xenograft tumors (40% reduction in tumor volume) 
(Fig. 5B). The weight of the A549 xenograft tumor/mouse 
was significantly lower (54%, p < 0.01) in the mice adminis-
tered honokiol than in the mice that did not receive honokiol  
(Fig. 5C, left panel). Similarly, the weight of the H1299 tumor 
xenograft was also significantly lower (p < 0.01) in the mice 
administered honokiol than in the mice that did not receive 
honokiol (Fig. 5C, right panel).

in a dose-dependent increase in the levels of the acetylated his-
tone H3 and histone H4 compared with the vehicle-treated con-
trol cells (Fig. 2B).

Honokiol inhibits cell growth or viability of human 
NSCLC cells but not normal human bronchial epithelial cells. 
To determine whether honokiol-induced inhibition of HDAC 
activity and induction of HAT activity in NSCLC cells is asso-
ciated with the growth inhibitory effect of cells, A549, H460, 
H1299 and H226 NSCLC cell lines were treated with vari-
ous concentrations of honokiol (0, 10, 20, 40 and 60 μM) for  
48 h. BEAS-2B cells also were treated with honokiol under iden-
tical conditions. Cell viability was determined using an MTT 
assay.29 As shown in Figure 2C, treatment of NSCLC cells 
with honokiol for 48 h resulted in a significant reduction in cell 
viability in a dose-dependent manner (60 μM dose; 40–70%,  
p < 0.001). We did not find significant inhibition of cell pro-
liferation of BEAS-2B cells (4–10% inhibition) after honokiol 
treatment at the concentrations of 10, 20, 40 and 60 μM for  
48 h. Moreover, the inhibition of cell viability of BEAS-2B cells 
by honokiol was significantly lower (p < 0.001) than the effect 
of equivalent concentrations of honokiol on the NSCLC cells 
at the same time points. This effect of honokiol on the NSCLC 
cells was also time dependent, with a 15–33% (p < 0.05) reduc-
tion after 24 h, a 40–69% (p < 0.05–0.001) reduction after  
48 h, and a 55–84% (p < 0.001) reduction after 72 h (Fig. 2D, 
left panel). The effect of MG-132, a proteasome inhibitor, was 
also determined on honokiol-induced cancer cell toxicity or cell 
viability. For this purpose A549 and H1299 cells were treated 
with honokiol (40 μM) with and without MG-132 (10 μM) 
for 48 h and then cell viability was determined. As shown in  
Figure 2D (right panel), treatment of cells with MG-132 plus 
honokiol significantly reduced (p < 0.05) the cytotoxicity of 
honokiol when compared with the cells treated with honokiol 
alone.

Valproic acid, an inhibitor of HDAC, reduces the levels 
of class I HDACs and cell viability in NSCLC cells. As the 
above results suggested that the reduction in the levels of class 
I HDACs in NSCLC cells by honokiol was associated with the 
reduction in cell viability of NSCLC cells, we further examined 
the effects of valproic acid on the levels of class I HDACs in 
these cell lines. Treatment of A549 and H1299 cells with dif-
ferent concentrations of valproic acid (0, 10 and 20 mM) for 
72 h resulted in a reduction in the levels of HDAC1, HDAC2, 
HDAC3 and HDAC8, as determined by western blot analysis 
(Fig. 3A). Next, we determined the effects of valproic acid on 
the viability of these cells. Treatment of A549 and H1299 cells 
with valproic acid (0, 10 and 20 mM) for 48 h or 72 h resulted 
in a significant reduction (p < 0.05, p < 0.001) in cell viabil-
ity in a time- and dose-dependent manner, as assessed using an 
MTT assay (Fig. 3B). Treatment of the cells with valproic acid 
resulted in a significantly (p < 0.05–0.001) higher levels of cell 
death as compared with the non-valproic acid-treated control 
cells and this effect was concentration dependent (Fig. 3C). The 
cytotoxic effect of valproic acid on the cells used in this study 
at a dose of less than 10 mM was not statistically significant. 
The H1299 cells were less susceptible to the cytotoxic effects 
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detection of TUNEL-positive cells. 
Immunohistochemical analysis indicated 
that the percentages of TUNEL-positive 
cells were significantly higher (p < 0.001) 
in the H1299 and A549 xenograft tumors 
of the honokiol-treated mice compared with 
the xenograft tumors from the control group 
of mice (Fig. 6A).

The tumor xenograft samples from each 
of the treatment groups were subjected to 
the analysis of the expressions of pro- and 
anti-apoptotic proteins of the Bcl-2 family. 
Our western blot analysis revealed that the 
levels of the anti-apoptotic proteins, Bcl-2 
and Bcl-xl, were decreased in the A549 
and H1299 xenografts from mice treated 
with honokiol than in the tumors in non-
honokiol-treated control mice. In contrast, 
the levels of the pro-apoptotic protein, Bax, 
and cleaved caspase-3 were increased in the 
tumors from the honokiol-treated mice than 
the control mice (Fig. 6B).

Honokiol suppresses the levels of class 
I HDAC proteins and HDAC activity in 
lung tumor xenografts. To further check 
whether the inhibition of tumor xenografts 
growth of NSCLC cells by honokiol was 
associated with the downregulation of class 
I HDACs in tumors, we determined the lev-
els of class I HDAC proteins in the nuclear 
extracts of tumor samples using western blot 
analysis. Our western blot analysis revealed 
that the levels of class I HDAC1, HDAC2, 
HDAC3 and HDAC8 proteins were lower 
in the A549 and H1299 xenografts from 
honokiol-treated mice than in the tumors 
from non-honokiol-treated mice, as shown 
in Figure 6C. Additionally, the HDAC 
activity was significantly reduced (p < 0.01) 
in the tumors obtained from honokiol-
treated mice as compared with control mice, 
as shown in Figure 6D.

Discussion

Cancer is a manifestation of epigenetic, as 
well as genetic, alterations. Post-translational 
modifications of histone that affect chroma-
tin structure play important roles in epigene-
tic alterations. Acetylation and deacetylation 
are the two main histone modifications that 
have been clinically identified as predictors 

of cancer progression.32-34 Overexpression of class I HDACs in 
human cancers has been reported and HDACs are promising 
targets in oncology and epigenetic therapy.32,35 In the current 
study, we establish that the levels of HDAC activity are elevated 

Honokiol enhances the number of TUNEL-positive cells 
in tumor xenografts. To determine the effect of honokiol 
on the induction of apoptotic cell death of tumor cells, the 
xenograft tumors were subjected to immunohistochemical 

Figure 3. Effect of valproic acid, an inhibitor of HDACs, on the class I HDAC levels in, and 
the growth of, NSCLC cells. (A) Treatment of A549 and H1299 cells with valproic acid for 72 h 
inhibited the expression levels of class I HDACs. Histone H3 was used as a loading control. The 
relative intensity of each band after normalization for histone H3 is shown under each blot, 
and it is in terms of fold-change. (B) A549 and H1299 cells were treated with various concentra-
tions of Valproic acid (0, 10 and 20 mM) for 48 and 72 h, and cell viability was determined using 
an MTT assay. Data on cell viability are presented in terms of percent of control (non-valproic 
acid-treated) as the mean ± SD of 4–5 replicates. (C) Treatment of NSCLC cells with valproic 
acid induces cell death. For cell death assay, 5 × 104 cells were plated in six-well culture plates 
and treated with or without valproic acid for 48 or 72 h. Cell death was determined using a 
trypan blue exclusion assay. Data are presented as the percent cell death as the mean ± SD 
from three separate experiments. Significant difference vs. non-valproic acid treated controls, 
¶p < 0.001, †p < 0.05.
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such as suberoylanilide hydroxamic acid (SAHA) and TSA, have 
been shown to induce apoptosis in neoplastic cells in vitro and 
inhibit tumor growth in vivo in animal models.36-39 Honokiol 
has been shown to have anti-carcinogenic potential in many 
organ systems.17-23 In the current study, we further demonstrate 
that treatment of A549 or H1299 cell lines as an in vitro model 
with honokiol inhibits HDAC activity and suppresses the levels 
of class I HDAC proteins in a dose- and time-dependent manner, 
while enhancing HAT activity. Class I HDACs are responsible 
for deacetylation of the catalytic core for different co-repressor 
complexes resulting in transcriptional repression. Intriguingly, 

in the human NSCLC cell lines tested, including A549, H1299, 
H460 and H226, as compared with the normal human bron-
chial epithelial cell line, BEAS-2B. Additionally, the activity of 
HAT was lower in these NSCLC cell lines as compared with 
BEAS-2B cells.

Early clinical trials with synthetic HDAC inhibitors have 
demonstrated promising therapeutic activity and therefore 
HDACs have become prime targets in cancer drug development. 
Preclinical studies suggest that HDACi modulate a wide variety 
of cellular functions, including cellular differentiation, cell cycle 
progression, apoptosis and angiogenesis.35 HDAC inhibitors, 

Figure 4. Effect of honokiol on cell cycle progression and apoptosis of A549 and H1299 cells. A549 (A) and H1299 (B) cells were treated with either 
vehicle or honokiol (0, 20, 40 and 60 μM) for 72 h. Cells were harvested, cellular DNA was stained with propidium iodide and flow cytometric analysis 
performed to analyze the cell cycle distribution. (C) Treatment of cells with honokiol for 72 h inhibits the levels of cyclins and CDKs associated with 
the G1 phase of the cell cycle in a dose-dependent manner, as analyzed by western blotting. The relative density of each band after normalization for 
β-actin is shown under each blot. ©
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with valproic acid decreased the levels of class I HDAC proteins 
(HDAC1, HDAC2, HDAC3 and HDAC8), which suggests that 
the action of honokiol against lung cancer cells is similar to that 
of this synthetic HDAC inhibitor.

As it has been recognized that cell cycle regulators are fre-
quently mutated or deregulated in most of the human malignan-
cies, the control of cell cycle progression in cancer cells may be an 
effective strategy to inhibit cancer growth.31,40-42 Our study dem-
onstrates that in vitro treatment of NSCLC cells with honokiol 
induces G

1
 phase arrest and decreases the expressions of cyclins, 

and CDKs (CDK2, CDK4 and CDK6), in both A549 and 
H1299 cell lines suggesting that honokiol induces a marked dis-
ruption of the uncontrolled cell cycle progression, and that may 
be a mechanism by which honokiol inhibits the proliferation or 
growth of lung cancer cells.

we found that honokiol had a broad-spectrum effect in that it 
suppressed the levels of all class I HDACs. Further, our study 
provides evidence that honokiol suppresses the levels of HDAC 
proteins in NSCLC cells through their proteasomal degradation.

We found that honokiol significantly reduced the viability/
proliferation of A549, H1299, H460 and H226 human NSCLC 
cell lines but had a non-significant effect on normal human 
bronchial epithelial cells. The parallel concentration- and time-
dependence suggests that the inhibition of cell proliferation by 
honokiol may be mediated, at least in part, through the down-
regulation of class I HDAC proteins and inhibition of HDAC 
activity in these NSCLC cells. Further support for this pos-
sibility was suggested by the effects of valproic acid, a known 
HDAC inhibitor, which also reduced cell viability and induced 
cell death in NSCLC cell lines. Additionally, treatment of cells 

Figure 5. Administration of honokiol by gavage inhibits the growth of A549 or H1299 tumor xenografts in athymic nude mice. Mice were inoculated 
subcutaneously with 2 × 106 cells (A549 or H1299) on the right flank. Twenty-four hours later, mice were treated with either PBS (100 μL) or honokiol 
(100 mg/kg body weight/100 μL of PBS) by gavage twice per week for a total of eight weeks. (A) The body weight of the mice was monitored weekly. 
(B) Tumor volumes were recorded on a weekly basis to determine the chemotherapeutic effect of honokiol on the growth of tumor xenografts, and 
data are presented as tumor volume ± SD/mouse (mm3) in each group. (C) Tumors were harvested at the termination of the experiment, and the wet 
weight of the tumor/mouse in grams was measured and is reported as a mean ± SD. Statistical significance vs. non-honokiol-fed control group,  
¶p < 0.01.
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the epigenetic mechanism of action of honokiol may contribute 
to the chemoprevention or treatment of lung cancer and may 
have important implications for epigenetic therapy. The use of 
honokiol in combination with other known HDACi may be 
more effective for the treatment of lung cancer and needs to be 
examined further.

Methods

Cell lines and cell culture. NSCLC cell lines, A549, H460, 
H226 and H1299, and normal human bronchial epithelial cell 
line (BEAS-2B) were obtained from the American Type Culture 
Collection. These cell lines were maintained and cultured as 
detailed previously.43

Our in vivo study provides further evidence that administra-
tion of honokiol by gavage inhibits the growth of both A549 and 
H1299 tumor xenografts without any apparent sign of toxicity 
in the mice. Furthermore, consistent with the findings in cell 
culture model, the tumor cells from honokiol-treated mice were 
undergoing apoptotic cell death as indicated by the TUNEL-
positive cells as well as increases in the levels of pro-apoptotic 
protein Bax and cleaved caspase-3. Our results also indicated 
that honokiol-induced inhibition of tumor xenograft growth 
in mice is associated with the reduction in the levels of class I 
HDAC proteins as well as decrease in HDAC activity in tumor 
xenograft tissues. In summary, our findings are of importance 
for understanding the anti-lung cancer effect, mechanisms and 
clinical applications of honokiol. Further, the new insights into 

Figure 6. Administration of honokiol by oral gavage induces apoptosis and lowers the levels of class I HDACs in A549 or H1299 tumor xenografts. At 
the termination of the experiment described in Figure 5, tumors were harvested and subjected to immunostaining and western blot analysis.  
(A) Percent of TUNEL-positive cells in sections of tumor xenograft tissues from honokiol-treated and honokiol-untreated mice. Significant increase vs. 
non-honokiol-treated controls, *p < 0.005. (B) Honokiol treatment inhibits the expression of anti-apoptotic proteins while increasing the expression of 
pro-apoptotic protein Bax and enhancing the activation of caspase-3 as determined by western blotting of the A549 and H1299 xenograft tissues.  
(C) Honokiol treatment inhibits the levels of class I HDACs as determined by western blotting of A549 and H1299 tumor xenograft tissues. Equal load-
ing of samples was verified using the antibodies against histone H3 or β-actin. Relative intensity of each band compared with non-honokiol-treated 
control group is shown under each blot after normalization for β-actin or histone H3. (D) Total HDAC activity was determined in nuclear extracts of 
tumor samples using a colorimetric assay kit. Significant inhibition of HDAC activity vs. non-honokiol-treated controls, †p < 0.01.
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1 × 104 cells per well were treated with various concentrations 
of honokiol or valproic acid for 24, 48 or 72 h. Thereafter, cells 
were harvested, washed with PBS buffer and incubated with 50 
μL of MTT (5 mg/mL) and the resulting formazan crystals dis-
solved in 150 μL of DMSO. The absorbance was recorded at 540 
nm. The effect of honokiol or valproic acid on cell viability was 
determined relative to the viability of control-treated cells that 
were assigned a value of 100%.

Cell cycle analysis. Cells were treated with honokiol (0, 20, 
40 and 60 μM) for 72 h. The cells were then harvested and pro-
cessed for routine analysis of cell cycle progression, as detailed 
previously.44 The analysis of cell cycle phase distribution was 
determined using a FACSCalibur instrument (BD Biosciences) 
equipped with CellQuest 3.3 software.

Tumor xenograft study. Four-to-five weeks old female athy-
mic nude mice were obtained from National Cancer Institute 
(Frederick, MD) and housed in the Animal Resource Facility 
at the standard conditions of a 12 h dark/12 h light cycle, rela-
tive humidity of 50 ± 10% and a temperature of 24 ± 2°C. The 
animal protocol was approved by the Institutional Animal Care 
and Use Committee. Mice were given a sterilized AIN76A diet 
and water ad libitum.

Exponentially growing A549 or H1299 cells (2 × 106) in  
100 μL of PBS were injected subcutaneously in the right flank 
of each mouse. After 24 h, mice were randomly divided in two 
groups with 10 mice in each group. One group of mice was 
treated with 100 mg honokiol/kg body weight in 100 μL of PBS 
by oral gavage twice per week. Second group of mice received an 
equal volume of PBS by gavage and served as a control group. 
The experiment was terminated 8 weeks after tumor cell inocu-
lation. Tumor growth was monitored throughout the protocol. 
Mice were also monitored for their body weight, diet consump-
tion, and normal behavior including the illness, etc. throughout 
the experiment period. At the termination of the experiment, 
mice were sacrificed and the tumor from each mouse was har-
vested. The wet weight of the tumor was recorded, and tumor 
lysates were prepared for western blot analysis. A part of the 
tumor was used to prepare paraffin block for immunohisto-
chemical analysis.

TUNEL assay for apoptotic index analysis. TUNEL-
positive cells in tumor sections were detected using DeadEndTM 
Colorimetric TUNEL System Kit (Promega Corporation) fol-
lowing the manufacturer’s instructions, and as detailed by us 
previously.45 TUNEL-positive cells were detected using a light 
microscope and are reported as the percentage of the total cells 
in the microscopic field.

Statistical analysis. The statistical significance of differ-
ences between control and honokiol-treated groups were calcu-
lated by Student’s t-test. Quantitative data are shown as mean 
± SD. In the tumor xenograft study, the statistical significance 
of difference between control and honokiol-treated groups was 
determined by ANOVA. In each case p < 0.05 was considered 
statistically significant.
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No potential conflicts of interest were disclosed.

Chemicals, reagents and antibodies. Purified honokiol was 
purchased from Quality Phytochemicals, LLC. The primary 
antibodies were purchased as follows: antibodies for Bcl-2 (Cat. 
No. 2876), Bcl-xl (Cat. No. 2762), Bax (Cat. No. 2772), cleaved 
caspase-3 (Cat. No. 9664), cyclin D1 (Cat. No. 2978), cyclin D2 
(Cat. No. 2924), CDK6 (Cat. No. 3136), class I HDAC, such as 
anti-HDAC1 (Cat. No. 5356), anti-HDAC2 (Cat. No. 2540), 
anti-HDAC3 (Cat. No. 2632) and β-actin (Cat. No. 4967) were 
obtained from Cell Signaling Technology, Inc.; antibodies for 
anti-HDAC8 (Cat. No. 07-505), anti-acetyl-histone H3 (Cat. 
No. 06-599), and anti-acetyl-histone H4 (Cat. No. 06-866) 
were obtained from EMD Chemicals. Inc.; antibodies for anti-
histone H3 (Cat. No. SC-10809), CDK2 (Cat. No. SC-6248), 
and CDK4 (Cat. No. SC-601) and the secondary antibodies, 
horseradish peroxidase-linked anti-mouse immunoglobulin G 
(Cat. No. SC-2005), and anti-rabbit immunoglobulin G (Cat. 
No. SC-2004) were obtained from Santa Cruz Biotechnology, 
Inc. The HDAC Activity Assay Kit was purchased from Active 
Motif (Cat. No. 56210). The western blotting detection reagents 
were obtained from Amersham Pharmacia Biotech.

HDAC activity assay. HDAC activity was determined using 
the colorimetric HDAC Activity Assay Kit following the manu-
facturer’s protocol. This assay kit provides: a positive control (a 
HeLa nuclear extract), a deacetylated HDAC assay standard, 
and a control inhibitor (trichostatin A; TSA) as well as the colo-
rimetric HDAC substrate. The absorbance was measured using a 
microplate reader at 405 nm, and the HDAC activity is reported 
as nmole/minute/mg protein.

Histone acetyltransferase (HAT) activity assay. HAT 
activity was determined using the EpiQuikTM HAT Activity/
Inhibition Assay Kit (Epigentek Group Inc., Cat. No. P-4003) 
following the manufacturer’s instructions. This assay kit is 
designed for measurement of total HAT activity/inhibition. The 
amount of the acetylated histone, which is directly proportional 
to HAT enzyme activity, can be colorimetrically quantified 
through an ELISA-like reaction. The color absorbance was read 
using a microplate reader at 450 nm, and the HAT activity is 
reported as ng/h/mg protein.

Western blot analysis. Cells were treated with honokiol or 
valproic acid for desired period of time and cell lysates were pre-
pared as detailed previously.29,43 Proteins were resolved on 8–12% 
SDS-PAGE and transferred onto the nitrocellulose membrane. 
Western blot analysis was performed to detect the expression 
levels of proteins of interest as detailed previously.29,43 Loading 
of equal protein on the gels was verified by re-probing the mem-
brane with antibodies against β-actin or histone H3. The rela-
tive density of protein bands in a blot was measured using an 
ImageJ program developed at the National Institutes of Health 
(http://rsb.info.nih.gov/ij) and normalized with the β-actin or 
histone H3 bands to compare the expression levels of proteins 
in different treatment groups. In each case non-honokiol-treated 
control group was assigned an arbitrary unit 1.0.

MTT cell proliferation assay. The effect of honokiol on 
the viability of cells was determined using the 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 
Sigma Chemical Co.) assay as described previously.29 Briefly,  
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