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Abstract Vaccines can have adverse side-effects, and
these are predominantly associated with the inclusion of
chemical additives such as aluminum hydroxide adjuvant.
The objective of this study was to establish an in vitro
model system amenable to mechanistic investigations of
cytotoxicity induced by hepatitis B vaccine, and to investigate the mechanisms of vaccine-induced cell death. The
mouse liver hepatoma cell line Hepa1–6 was treated with
two doses of adjuvanted (aluminium hydroxide) hepatitis B
vaccine (0.5 and 1 lg protein per ml) and cell integrity was
measured after 24, 48 and 72 h. Hepatitis B vaccine
exposure increased cell apoptosis as detected by flow
cytometry and TUNEL assay. Vaccine exposure was
accompanied by significant increases in the levels of activated caspase 3, a key effector caspase in the apoptosis
cascade. Early transcriptional events were detected by
qRT-PCR. We report that hepatitis B vaccine exposure
resulted in significant upregulation of the key genes
encoding caspase 7, caspase 9, Inhibitor caspase-activated
DNase (ICAD), Rho-associated coiled-coil containing
protein kinase 1 (ROCK-1), and Apoptotic protease activating factor 1 (Apaf-1). Upregulation of cleaved caspase
3,7 were detected by western blot in addition to Apaf-1 and
caspase 9 expressions argues that cell death takes place via
the intrinsic apoptotic pathway in which release of cytochrome c from the mitochondria triggers the assembly of a
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caspase activation complex. We conclude that exposure of
Hepa1–6 cells to a low dose of adjuvanted hepatitis B
vaccine leads to loss of mitochondrial integrity, apoptosis
induction, and cell death, apoptosis effect was observed
also in C2C12 mouse myoblast cell line after treated with
low dose of vaccine (0.3, 0.1, 0.05 lg/ml). In addition
In vivo apoptotic effect of hepatitis B vaccine was
observed in mouse liver.
Keywords Hepatitis B vaccine ! Hepa1–6 cells !
Apoptosis ! Caspase-dependent pathway ! TUNEL !
Flow cytometry

Introduction
Recombinant hepatitis B vaccine, in common with many
other pharmaceutical products, can have adverse sideeffects. Hepatitis B vaccine is prepared from transformed
Chinese hamster ovary (CHO) cells expressing hepatitis B
virus surface antigen, and the purified antigen in liquid
form is rendered insoluble by that addition of aluminum
salts. The aluminum compound acts as an adjuvant to
dramatically boost the immune reaction to the vaccine and
prolong its effects.
A new syndrome termed macrophagic myofasciitis
(MMF), comprising diffuse arthromyalgias and fatigue, has
been attributed to the aluminum adjuvant in vaccines, and
the syndrome has been particularly associated with hepatitis B vaccine and tetanus vaccine. MMF lesions appear to
be secondary to intramuscular injection of vaccines containing aluminum hydroxide, and it has been shown that
long-term persistence of aluminum hydroxide and an
ongoing local immune reaction is present in MMF patients
whose systemic symptoms appeared subsequently to
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vaccination [1]. Histopathological observations of changes
at the injection site in mice were observed over 20 weeks
after a single intramuscular (i.m.) injection of aluminum
hydroxide-adsorbed tetanus toxoid (Alum-TT) but not after
injection of tetanus toxoid (TT) alone. Aluminum adjuvant
alone produced marked injury to muscle fibers, and neutrophils infiltration was observed around aluminum remnants; microabscesses have also been reported following
i.m. injection of Alum-TT [2].
In addition to local tissue damage, there is evidence that
aluminum accumulates in the central nervous system
(CNS) and can predispose to neurodegeneration. There is
increasing evidence for a link between aluminum neurotoxicity and Alzheimer’s disease (AD). Aluminum, as does
mercury, activates microglia leading to chronic brain
inflammation, a major event in both AD and Parkinson’s
disease [3]. Flarend and coworkers used radiolabeled aluminum (either aluminum hydroxide or aluminum phosphate) to study the fate of vaccine aluminum injected at a
dose approved by the US Food and Drug Administration
(0.85 mg per dose). Both these approved vaccine adjuvants
led to elevated blood levels of aluminum over 28 days, and
raised aluminum levels were also found in the kidney,
spleen, liver, heart, lymph nodes and brain [4].
It was previously reported that aluminum can cause cells
to undergo programmed cell death or apoptosis, a highly
regulated process that is present in all multicellular organisms. Apoptotic cell death has been associated with several
chronic conditions including inflammation, malignancy,
autoimmunity and neurodegeneration. Apoptotic cell death
can be induced by several different toxic agents. Carcinogenic transition metals including cadmium, chromium and
nickel are known to promote apoptosis and also DNA base
modifications, strand breaks and rearrangements [5].
Apoptosis is generally characterized by distinct morphological characteristics and is considered to be a vital
component of diverse processes including normal cell
turnover, proper development and functioning of the
immune system, hormone-dependent atrophy, and embryonic development. Excess or insufficient apoptosis is a
factor in many human conditions including neurodegenerative disease, tissue damage following ischemia, hepatotoxicity, renal toxicity, autoimmune disorders, and many
types of cancer [6].
The molecular mechanisms underlying the toxicity of
such metals, including aluminum, are not understood.
Examination of total mRNA levels in primary human
neural cells exposed in vitro to 100 Nanomolar aluminum
sulfate using high-density DNA microarrays revealed that
seven genes were significantly upregulated, and these were
found to encode pro-inflammatory or pro-apoptotic signaling elements, including nuclear factor kappa B (NF-jB)
subunits, interleukin (IL)-1b, cytosolic phospholipase A2,
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cyclooxygenase-2, beta-amyloid precursor protein (APP)
and death-domain associated protein (DAXX), a regulatory
protein known to induce apoptosis and repress transcription
[7]. Neuro-2a cells treated with aluminium for 24 h showed
alterations in apoptosis-related gene expression, and treatment induced cell death via a combination of apoptosis and
necrosis [8].
Studies have also revealed that aluminum hydroxide is
toxic in vivo. Male outbred CD-1 mice received a subcutaneous injection of a dose equivalent to two human vaccine adjuvant doses. Subsequent immunohistochemistry
of spinal cord and motor cortex revealed significantly
increased motor neuron apoptosis and raised levels of
reactive astrocytes and microglial proliferation in both
tissues [9]. Apoptotic neurons were identified in aluminuminjected animals, showed significantly increased activated
caspase 3 levels in lumbar spinal cord (255%) and primary
motor cortex (192%) compared with the controls [10].
In addition to direct actions on neural cells, aluminum
might also cause tissue damage indirectly by stimulating an
abnormal generalized immune response. Indeed, adjuvants
are selected because of their capacity to boost non-specific
immune responsiveness. The neurotoxicity of adjuvants
could therefore be due in part to an abnormal immune
response; it has been proposed that adjuvants, in conjunction with stress and other factors, can modify the specific
type of immune response [11]. In support, aluminum
hydroxide was previously shown to stimulate Th2 T-helper
cell cytokine responses selectively [12].
The demonstrated neurotoxicity of aluminum hydroxide
and its relative ubiquity as an adjuvant suggest that greater
scrutiny by the scientific community is warranted [9].
Previous in vivo study was appeared that recombinant
hepatitis B vaccine has toxic effect on mouse liver, changed the expression level of inflammation and metabolism
genes [13]. In the present study we sought to evaluate the
effects of whole hepatitis B vaccine and assess whether
Antigen/adjuvant combination exerts collective adverse
effect on mouse Hepa1–6 cells and to investigate whether
hepatitis B vaccine causes programmed cell death. A
central objective has been to establish an in vitro model
system that will be useful in defining the pathways and
mechanisms involved in vaccine toxicity. We report here
that hepatitis B vaccine causes apoptotic cell death via both
via caspase-dependent and intrinsic pathways.

Materials and methods
Vaccine
Recombinant and adjuvanted hepatitis B vaccine produced
in CHO cells and containing aluminum hydroxide was
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manufactured by Huabei Medicine (China) and was purchased from the Institute of Non-Communicable Disease
(Wuhan, China).
Animals
Male Kunming mice, weighting 17–20 g, were used in the
experiment. Mice were divided into four groups: the first,
second and third groups were injected intraperitoneally
with 20 lg/ml (one human dose) of hepatitis B vaccine and
scarified after 24, 48 and 72 h respectively, fourth group
was considered as control mice.
Cell culture and treatment
Mouse hepatoma cell lines Hepa1–6 and mouse myoblast
cell line C2C12 were obtained from American Type Culture Collection (ATCC). Cells were maintained at 37"C,
5% CO2 in a HERA cell 150 humidified incubator (Thermo
Scientific, USA). Cells were grown in Dulbecco’s modified
Eagle medium (DMEM) (Thermo Scientific, USA) supplemented with 10% v/v heat-inactivated fetal bovine
serum (Gibco, USA) and 10,000 units/ml streptomycin and
penicillin (Genome). Cells (2 9 106 cells/ml) were seeded
and exposed to different doses of hepatitis B vaccine
(0.125–2 lg protein per ml). Cell viability testing (below)
indicated that the median effective dose (ED50) for cell
death at 24–72 h was in the range 0.5–1 lg/ml. Separate
cultures were therefore treated with either 0.5 or 1 lg/ml of
hepatitis B vaccine.
C2C12 were treated with different dose of vaccine (3, 1,
0.05 lg/ml) to study apoptosis by flowcytometry.
Determination of cell viability
A commercial cell viability kit (WST-8; Beyotime, China)
was employed to determine cell viability following vaccine
treatment. WST-8, a tetrazolium dye, is reduced by NADH
produced by mitochondrial transmembrane electron transport to produce soluble formazan; the level of formazan in
the culture medium thus provides a measure of mitochondrial integrity. Hepa1–6 cells (2 9 106 per well) were
seeded in 96-well plates [14], treated with hepatitis B
vaccine, and at different times following treatment (12, 24,
48, and 72 h) 10 ll of WST-8 development solution were
added to each well and incubated for a further 2 h at 37"C.
The absorbance of each well was read at 450 nm using a
commercial ELISA reader (Thermo Labsystems, Finland).
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(4009g, 5 min, at 4"C), resuspended in 300–500 ll Propidium iodide (PI)/Triton X-100 staining solution [0.2%
v/v Triton X-100 in PBS with 100 lg/ml DNase-free
RNase (Biosharp, USA) and 50 lg/ml PI (Biosharp,
USA)], and incubated at room temperature for 30 min. PI
fluorescence intensity in the stained cells (1 9 104 cells)
depend on previous method [14] was determined using a
fluorimeter (Beckman Coulter; USA).
TUNEL assay
TUNEL [terminal deoxynucleotidyl transferase (TdT)mediated dUTP nick-end labeling] was performed using
Apo-Direct in situ DNA fragmentation assay kit (Biovision,
USA). The detection kit utilizes TdT to catalyze the incorporation of fluorescein-12-dUTP at the free 30 -hydroxyl
ends of fragmented DNA. Fluorescein-labeled DNA can
then be observed by fluorescence microscopy. Hepatitis B
vaccine—treated Hepa1–6 cells were harvested by centrifugation (3009g), resuspended in 0.5 ml PBS, and fixed by
the addition of 5 ml of 1% w/v paraformaldehyde in PBS.
After incubation on ice for 15 min on ice, cells were washed
with PBS, 5 ml of 70% v/v ethanol was added, and the
treated cells were maintained at –20"C for 24 h. Cells were
then processed using the Apo-Direct method according to
the protocol provided by the manufacturer and analyzed by
fluorescence microscopy.
Quantitative RT-PCR
To detect apoptosis-related gene expression, Hepa1–6 cells
were treated with 0.5 or 1 lg of vaccine for 48 or 72 h.
Total RNA was isolated using TRIzol (Invitrogen),
according to the manufacturer’s instructions of ferment’s
kit. First-strand cDNA was synthesized from 2 lg RNA,
the final product was diluted fivefold, and aliquots were
analyzed by quantitative PCR in 20 ll reactions according
to the manufacturer’s specifications (Applied Science;
Germany). Q-PCR was performed (Roche LightCycler
480; Germany) as follows: initiation at 95"C for 2 min;
denaturation at 95"C for 20 s, annealing at different temperatures depending on the primers employed (Table 1),
followed by final extension at 72"C for 5 min. Gene
expression levels were normalized to those of the internal
reference standard (glyceraldehyde 3-phosphate dehydrogenase, GAPDH). Data were analyzed (Excel) to calculate
the cycle threshold DCT and P values.
Western blot analysis

Flow cytometry
Vaccine-treated cell suspensions were fixed with 70% v/v
ethanol at 4"C for 24 h, washed with cold PBS, centrifuged
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Caspase 3, Caspase 7, Caspase 9, Apaf-1 and Cytochrome
c protein expression levels were analyzed by western blotting. Cells were harvested and solubilized in radioimmu-
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Table 1 Sequences and annealing temperatures of primers
Gene

Annealing temp. ("C)

Forward primer

Reverse primer

Caspase7

62

50 -GGGAAAGAGGGAGTTAGGTGC-30
0

0

Caspase9

56

5 -AACAAAAGTAGGCTCAGGAAC-3

Apaf-1

62

50 -ACCACACCAGAAGAGGGCATCA-30

Rock-1
ICAD

60
52

0

5 -CGGGCAAGAAGGTATCGT-3
0

5 -GGCACGGATTCACCTGT-3

noprecipitation assay (RIPA) lysis buffer with phenylmethylsulfonylfluoride (PMSF). Lysates were clarified by
centrifugation (13,0009g for 15 min). For cytochrome
c detection, protein was isolated from mitochondria, cells
were collected, washed with ice-cold PBS, and incubated
with buffer A (250 mM sucrose, 20 mM Hepes, pH 7.5,
10 mM KCl, 1.5 mM MgCl2, 1 mM EGTA, 1 mM EDTA,
1 mM DTT, 1 mM PMSF, 10 lg/ml each of leupeptin,
aprotinin, and pepstatin A) on ice for 30 min. The cells were
disrupted by 20 passes through a 26 G needle and centrifuged
at 7509g for 10 min. The supernatant was centrifuged at
10,0009g for 25 min; the pellet containing mitochondria
was washed briefly with buffer A and then resuspended with
a protein lysis buffer as described above. After centrifugation
at 10,0009g for 25 min, the supernatant was used as mitochondrial fraction. An equal volume of loading buffer
[60 mM Tris–HCl, pH 6.8, 2% sodium dodecyl sulphate
(SDS), 10% glycerol, 0.18 M b-mercaptoethanol, 0.005%
bromophenol blue] was added to each sample, boiled for
5 min and separated by 12.5% polyacrylamide gel electrophoresis in the presence of SDS (SDS–PAGE). Following
electrophoresis, proteins were transferred to polyvinyl
difluoride (PVDF) membranes (Solarbio, China). Membranes were washed with 0.1% Tween 20 in TBS [140 mM
NaCl, 20 mM Tris–HCl pH 7.4] and blocked (5% skim milk,
2 h at room temperature). Blots were developed at 4"C
overnight using rabbit anti- cleaved caspase 3 and caspase 7,
9, Apaf-1 and cytochrome c antibody according to the
manufacturer’s instructions (Cell Signaling Technology,
USA). Before use, antibodies were diluted 1:1000 in TBS
containing 0.1% Tween 20 containing 5% skim milk. After
extensive washing, blots were incubated with secondary
anti-rabbit antibody for 2 h, washed, and developed using an
enhanced chemiluminescence (ECL) system (Thermo Scientific, USA) and exposed to MF-chemiBis camera.
In situ cell death detection
TUNEL staining was performed using in Situ cell death
detection kit, POD from (Roche Applied Science, USA).
Paraffin sections (3 lm) of mice liver were dewaxed at
60"C for 20 min. Endogenous peroxidase activity was
blocked by incubation with 3% hydrogen peroxide for

0

0

50 -CCAAGGAGTAAAGGTGAGGTGT-30
50 -AATCTGCCACTGCCAACAC-30
50 -CTCGTGTAGCAGAGCGTTGTAGAAT-30
50 -CAACCACCCAAGGCAAC-30
50 -GGCTGTCATCACCCAAA-30

10–15 min, then slides were incubated with Proteinase K
for 15–30 min at 21–37"C. For positive control slides were
incubated with DNase grad I for 10 min at 25"C prior to
labeling procedures then Tunel reaction solution was prepared [5 ll Tunel—enzyme solution to 45 ll TUNEL—
label solution] mixed and added for 1 h at 37"C. Tunel
POD was added, incubated at 37"C for 30 min, diaminobenzidine tetrahydrochloride (DAB) chromogen was
added, as soon as the sections developed, immersed slides
in dH2O, counterstained sections in hematoxylin, sections
were dehydrated, finally slides were examined under light
microscope. TUNEL-positive nuclei was carried out in
liver sections using a light microscope with an 940
objective and a pair of 910 eyepieces. The rate of cell
apoptosis was expressed as the percentage of the TUNELpositive apoptotic nuclei per total nuclei (apoptotic plus
non apoptotic) present.

Results
Effect of vaccine on cell viability
Hepa1–6 cells were treated with different doses of hepatitis
B vaccine (0.125–2.0 lg/ml) for 12, 24, 48 and 72 h and
viability was assessed using a mitochondrial integrity
assay. Cytotoxicity was observed at all concentrations
tested, and the extent of toxicity was dependent upon both
exposure time and vaccine concentration. Figure 1 presents
the cell viability following vaccine treatment; a dose of
1 lg/ml was found to decrease cell viability by 50% after
24 h.
Vaccine treatment induces cell death
Hepa1–6 were treated with the indicated doses of hepatitis
B vaccine for 24, 48 or 72 h, cell counts treated with
propidium iodide, and viable were analyzed by flow
cytometry. Induction of cell death was both time- and dosedependent. As shown in Fig. 2, in the absence of vaccine,
only 1.69% of cells underwent cell death (Fig. 2a). By
contrast, exposure to 1 lg/ml hepatitis B vaccine caused
significant toxicity, with 9.19, 12.11, and 15.94% of cell
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(Fig. 3c), whereas significant numbers of apoptotic cells
were detected after 48 and 72 h of exposure (Fig. 3e, g).
Vaccine treatment leads to caspase 3, 7, 9, Apaf-1
and cytochrome c activation
To investigate the mechanisms of induction of apoptotic
cell death we used western blotting to determine the levels
of activated caspase after exposure of cells to 1 lg/ml
hepatitis B vaccine at 24, 72 h. As shown in Fig. 4,
exposure to 1 lg/ml at 72 h had significant effect on
caspase 3, 7, 9, Apaf-1 and Cytochrome c expression.
Vaccine upregulation of apoptosis-related gene
expression

Fig. 1 Hepa1–6 cell viability after 24, 48 or 72 h of hepatitis B
vaccine treatment as assessed by the WST-8 assay. Different doses of
vaccine (0.125–2.0) lg/ml were employed. Reduced cell viability
was both time- and dose-dependent. Values are means ± SD;
* P \ 0.05; ** P \ 0.005; *** P \ 0.0001 versus control

death at 24, 48 and 72 h, respectively (Fig. 2e, f, g).
Treatment with 0.5 lg/ml hepatitis B vaccine produced a
significant increase in cell death only after 48 h (5.84%)
and 72 h (7.80%), as shown in Fig. 2c, d, whereas there
was no significant increase in cell death following treatment with 0.5 lg/ml for 24 h (Fig. 2b). Percentage of
apoptotic cells are presented as mean ± SD. in comparison
with the control cells (Fig. 2h). For C2C12, cells were
treated with (0.3, 0.1, 0.05 lg/ml) at 24 h, vaccine was
induced apoptosis even with low doses (18.02%), (11.31%)
and (5.32%) respectively (Fig. 2j, k, l) in comparison with
control cells (0.24%) as shown in Fig. 2i. The effect of
aluminum hydroxide on cell apoptosis in Hepa1–6 cells
was studied separately as shown in Fig. 2. In the absence of
aluminum only (0.09%) of cells underwent cell death
(Fig. 2o). By contrast, exposure to aluminum hydroxide
with 0.125 mg/dose and 0.075 mg/dose appeared significant increase in cell death (0.68%), (0.31%) respectively
(Fig. 2m, n).

To determine whether vaccine exposure leads to upregulation of the expression of apoptosis-related genes, mRNA
expression levels of selected genes were determined after
vaccine exposure of Hepa1–6 cells for 48 or 72 h. During
apoptosis induction the release of cytochrome c from
mitochondria triggers the assembly of a caspase activation
complex, accompanied by increases in Apaf-1 and caspase
9 expression, leading to apoptosome assembly. This activates the caspase cascade and upregulates caspases 3 and 7,
triggering activation of ICAD and ROCK-1 that produce
DNA fragmentation and cell-membrane shrinkage. Quantitative real-time PCR (qRT-PCR) was performed for caspase 7, caspase 9, ICAD, ROCK-1 and Apaf-1. As shown
in Fig. 5, vaccine treatment was found to produce significant increases in mRNA levels for all apoptosis-related
genes tested, and the effect was both dose- and timedependent.
In situ cell death detection
Visualization of mouse liver sections, apoptosis was
detected by Tunel assay (Fig. 6a–e) in comparison to
control (Fig. 6b) where no apoptosis was detected, vaccine
treatment resulted in activation of apoptosis as early as
within 24 h of treatment (Fig. 6c). A further progressive
increase after 48 and 72 h (Fig. 6d, e). (f) Quantitative
estimation of apoptotic nuclei in mice liver sections.

DNA fragmentation
To address whether cell death resulted from apoptosis, the
TUNEL assay was employed to measure DNA fragmentation, a late step following apoptosis induction. No
TUNEL-positive apoptotic cells were detected in the
absence of vaccine (Fig. 3b). By contrast, TUNEL-positive
cells were detected after 24, 48, and 72 h of vaccine
exposure at 1 lg/ml (Fig. 3d, f, h). Few apoptotic nuclei
were detected after vaccine treatment at 0.5 lg/ml for 24 h
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Discussion
The toxicity of many vaccines has been attributed to
the inclusion of chemical additives such as aluminum
hydroxide that are intended to boost the immune response
to vaccine antigens. Potential toxic mechanisms, notably
in the CNS, include induction of inflammation (e.g.,
microgliosis), interference with cholinergic projections
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Fig. 2 Detection of apoptotic Hepa1–6 cells after 24, 48 or 72 h and
C2C12 cells after 24 h by flow cytometry. a Hepa1–6 cells control;
b 0.5 lg/ml at 24 h; c 0.5 lg/ml at48 h; d 0.5 lg/ml at 72 h; e 1 lg/
ml at 24 h; f 1 lg/ml at 48 h and g 1 lg/ml at 72 h. Hepa cells were
stained with PI and analyzed by flow cytometry. In the DNA
histogram of FL2A-channel, the first peak represents the apoptosis
peak followed by the sub-G1 peak. h Percentages of Hepa1–6

apoptotic cells are presented as means ± SD; * P \ 0.005 versus
control. j C2C12 cell treated with 0.3 lg/ml at 24 h, k C2C12 treated
with 0.1 lg/ml at 24 h, l C2C12 treated with 0.05 lg/ml at 24 h,
i C2C12 control. Hepa1–6 cells were treated with Aluminum
hydroxide 0.125 mg/dose, m 0.075 mg/dose, n control, o P \ 0.005
versus control
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Fig. 2 continued

[15], and reduced glucose utilization [16]. Altered rates of
transmembrane diffusion and selective changes in saturable
transport systems at the blood–brain barrier (BBB) have
also been observed [17]. Aluminum can also induce
apoptosis in astrocytes [18] and can provoke glutamate
release and excitotoxicity in addition to modifying several
enzymatic pathways [19].
The immunostimulatory properties of aluminum salts
have recently been shown to be dependent on dendritic cells
[20], and the T cell response depends in part on Nalp3 activation [21]. Nalp3 belongs to the nucleotide-binding oligomerization-domain-like (NLR) family of proteins that are
involved in the regulation of innate immune responses and
cell death pathways. Many NLR family members promote
activation of a multiprotein complex termed the inflammasome, leading to the production of proinflammatory caspases
[22]. Nalp3, together with ASC (apoptosis-associated specklike protein containing a caspase recruitment domain) and
caspase 1, form the inflammasome which regulates the
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cleavage and release of the potent pro-inflammatory cytokines IL-1b, IL-18 and IL-33 [23]. Aluminium also induces
the production of uric acid, thereby activating the Nalp3
inflammasome and inducing the production of IL-1b and
IL-18 [24]. In the liver, aluminum accumulation leads to
pathophysiological damage, particularly to the bile duct, and
increases alkaline phosphatase levels, a marker of hepatotoxicity [25]. Aluminum has also been reported to induce
cholestasis, hepatocellular damage, and impair liver transport function [26].
The present work has sought to establish a reliable in
vitro model to evaluate the effects of whole hepatitis B
vaccine and assess whether Antigen/adjuvant combination
exerts synergistic adverse effect on mouse Hepa1–6 cells
and to investigate whether hepatitis B vaccine causes
programmed cell death. To facilitate the investigation of
the molecular mechanisms underlying vaccine toxicity.
Disruption of mitochondrial integrity is thought to play a
central role in apoptosis induction [27]. Previous studies on

Apoptosis (2012) 17:516–527

A +ve control of kit

523

B cells control

Control

1µg/24h

1µg/72h
Apaf-1
Procaspase 9
Cleaved caspase 9

Procaspase 7

C 0.5 µg/24h

Cleaved caspase 7

D 1µg/24h

Procaspase 3
Cleaved caspase 3
GAPDH
Control

E

0.5µg/24h

F 1µg/48h

1µg/24h

1 µg/72h
Cytochrome c
GAPDH

G 0.5µg/72h

H 1µg/72h

Fig. 3 DNA fragmentation (TUNEL) assay of Hepa1–6 cells treated
with 0.5 lg/ml (c, e, g) and 1 lg/ml (d, f, h) of vaccine for 24, 48 and
72 h respectively. a Cells with apoptotic nuclei represented positive
control of kit, b Hepa1–6 cells without treatment served as negative
control. Arrows indicate nuclei of cells with fragmented DNA

neuroblastoma, glioblastoma, and retinal pigment epithelial
cells treated with 1–1,000 lM aluminum chloride reported
mitochondrial cytotoxicity and apoptosis, notably at the
low aluminum concentrations employed in the present
study. Significant apoptotic enzyme activity (caspase 3)
was reported in glioblastoma cells 24 h after exposure to
1 lM aluminum [28].
In the present study we used Hepa1–6, and found that
adjuvanted hepatitis B vaccine induced mitochondrial
cytotoxicity dependent on exposure time and the dose of
vaccine. A dose of 1 lg vaccine protein per ml decreased
cell viability by 50% after 24 h, as shown by the WST-8

Fig. 4 Representative western blot analysis of caspase 3, caspase 7,
caspase 9, Apaf-1 and cytochrome c in Hepa1–6 cells, lysates from
control cells and cells treated with 1 lg of vaccine for 24or 72 h. Two
protein bands of procaspase 9 and cleaved (49 and 39 kDa) were
detected using the caspase 9 antibody; Two protein bands of
procaspase 7 and cleaved (35 and 20 kDa) were detected using
caspase 7 antibody; 17 kDa band represents the activated caspase 3
was detected using cleaved caspase 3 antibody, Apaf-1 (140 kDa) in
addition to cytochrome c. GAPDH is the loading control

cell viability test, a measure of mitochondrial function.
Flow cytometry confirmed cell death induced by treatment
with 1 lg/ml vaccine at 24, 48 and 72 h, and similar effect
was appeared after treatment of C2C12 with different dose
(0.3, 0.1, 0.05 lg/ml) of hepatitis B vaccine. We also
report that cell death was associated with significant
increases in the levels of activated caspase 3, indicative of
apoptosis induction. Caspases are the central executioners
of apoptosis that produce the visible changes characteristic
of apoptotic cell death, and caspase 3 is thought to be the
key caspase enzyme [29]. Our results support previous
studies in which raised levels of activated caspase 3 were
found in neurons of lumbar spinal cord and primary motor
complex of aluminum-injected animals [10].
Cleavage of chromosomal DNA into oligonucleosomal
size fragments is a biochemical hallmark of apoptosis.
DNA fragmentation has also been reported following
aluminum exposure: caspase 3 activation was found to
accompanied by nuclear condensation and fragmentation
[8], and aluminum-induced degeneration of cortical neurons was associated with DNA fragmentation characteristic
of apoptosis [30]. In the present study In vitro TUNELpositive cells were detected after 24, 48, and 72 h of vaccine exposure at 1 lg/ml hepatitis B vaccine, supported by
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Fig. 5 Early expression of
apoptosis-related genes
following vaccine treatment.
Cells were exposed to vaccine
(0.5 or 1 lg/ml) for 48 or 72 h;
mRNA expression levels were
determined by a quantitative
PCR technique employing genespecific primers. Top panels,
agarose gels showing RT-PCR
products from vaccine-treated
cells and controls. Bottom;
mRNA levels for a caspase 7,
b caspase 9, c ICAD, d Rock-1,
e Apaf-1. Results are
means ± SD. mRNA levels
were normalized to GAPDH;
* P \ 0.05; ** P \ 0.001
versus control
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A

B

Control 0.5µg/ 0.5µg/ 1µg/ 1µg/
48 h
72 h 48 h 72 h

C

Control 0.5µg/ 0.5µg/ 1µg/ 1µg/
48 h
72 h 48 h 72 h

Caspase7

Caspase9

GAPDH

GAPDH

D

Control 0.5µg/ 0.5µg/ 1µg/ 1µg/
48 h
72 h
48 h 72 h

ICAD

GAPDH

E

Control 0.5µg/ 0.5µg/ 1µg/ 1µg/
48 h
72 h 48 h 72 h

Apaf-1

GAPDH
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Control 0.5µg/ 0.5µg/ 1µg/
1µg/
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72 h 48 h 72 h

ROCK-1

GAPDH
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Fig. 6 Detection of DNA
fragmentation of mouse liver
paraffin sections using the
TUNEL method. Arrows
indicate apoptotic cells. a liver
section that was pretreated with
DNase 1 to nick all DNA,
served as positive control.
b Untreated control, c liver
section of vaccinated mouse
after 24 h, d liver section of
vaccinated mouse after 48 h, e
liver section of vaccinated
mouse after 72 h, f Quantitative
estimation of apoptotic nuclei in
mice liver sections.Apoptotic
rate was expressed as the
percentage of the TUNEL
positive nuclei per total nuclei
(apoptotic plus non apoptotic).
Values are mean ± SEM
P \ 0.0001 versus control

In vivo study in mouse liver suctions after challenging with
20 lg/ml of vaccine, confirming that vaccine exposure
causes DNA fragmentation.
We also investigated the underlying molecular mechanisms. A quantitative PCR technique was used to study
early transcriptional event of several key apoptosis-related
genes as shown in other studies on detection of apoptosis
genes such as caspase 9 [31] and apoptotic changes in
histopathological evaluation, and genes associated with
apoptosis,caspases-2, -3, -9, Apaf-1 and bcl-2, were analyzed by RT-PCR [32]. We report significant increases in
mRNA for ICAD/DNA fragmentation factor (DFF45).
Upon activation of apoptosis, DFF45 is cleaved by caspase
3, and dissociates from DFF40 [33, 34]. DFF40 (caspaseactivated DNase or nuclease, CAD or CPAN) is then
activated and cleaves DNA into oligonucleosomal fragments. Subsequent work showed that ICAD (DFF45) could
also be activated by caspase 7 [35, 36]. Cell and nuclear
shrinkage, chromatin condensation, formation of apoptotic
bodies and phagocytosis by neighboring cells characterize
the central morphological changes taking place during
apoptosis. We also report significant upregulation of
Rock-1 gene expression following vaccine exposure. The

encoded protein is thought to be responsible for cell
shrinkage and is associated with nuclear fragmentation and
plasma-membrane blebbing [37].
Gene expression analysis confirms that mitochondria are
likely to play a key role in vaccine-induced cell death. The
key regulator, Apaf-1, exists as a monomeric protein in the
cytoplasm that is incapable of activating caspases [41].
Mitochondrial disruption leads to release of cytochrome
c into the cytoplasm; this then forms a complex with cytosolic Apaf-1 and activates caspase 9 [38, 39] and caspase 3
[40]. Caspase 9 is directly responsible for the activation of
downstream caspases 3 and 7 [42]. Apaf-1 thereby functions
as a sensor for cell damage by detecting the release of a
common mitochondrial protein that is not found in the
cytosol of healthy cells [41]. The involvement of this apoptotic cascade in vaccine-induced cytotoxicity is confirmed
by mRNA analysis demonstrating significant upregulation of
the genes encoding Apaf-1, caspase 7 and caspase 9, combined with raised levels of activated caspase 3.
In conclusion, this study has demonstrated that there is
increase in apoptotic cells percentage with the increase of
aluminum concentration but less than the collective effect
of hepatitis B antigen and aluminum in whole vaccine
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which is a potent inducer of apoptotic cell death in
Hepa1–6 cells in vitro. Our results confirm that loss of
mitochondrial integrity and caspase induction are centrally
involved in vaccine-induced cell death.
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