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A B S T R A C T

β-Amyloid peptide (Aβ) is a potent neurotoxic protein associated with Alzheimer’s disease (AD) which causes
oxidative damage to neurons. Incensole acetate (IA) is a major constituent of Boswellia carterii resin, which has
anti-inflammatory and protective properties against damage of a large verity of neural subtypes. However, this
neuroprotective effect was not studied on human olfactory bulb neural stem cells (hOBNSCs). Herein, we
evaluated this effect and studied the underlying mechanisms. Exposure to Aβ25–35 (5 and 10 μM for 24 h) in-
hibited proliferation (revealed by downregulation of Nestin and Sox2 gene expression), and induced differ-
entiation (marked by increased expression of the immature neuronal marker Map2 and the astrocyte marker
Gfap) of hOBNSCs. However, pre-treatment with IA (100 μM for 4 h) stimulated proliferation and differentiation
of neuronal, rather than astrocyte, markers. Moreover, IA pretreatment significantly decreased the Aβ25–35-
induced viability loss, apoptotic rate (revealed by decreased caspase 3 activity and protein expression, down-
regulated expression of Bax, caspase 8, cyto c, caspase3, and upregulated expression of Bcl2 mRNAs and pro-
teins, in addition to elevated mitochondrial membrane potential and lowered intracellular Ca+2). IA reduced Aβ-
mediated ROS production (revealed by decreased intracellular ROS and MDA level, and increased SOD, CAT, and
GPX contents), and inhibited Aβ-induced inflammation (marked by down-regulated expression of IL1b, TNFa,
NfKb, and Cox2 genes). IA also significantly upregulated mRNA and protein expression of Erk1/2 and Nrf2.
Notably, IA increased the antioxidant enzyme heme oxygenase-1 (HO-1) expression and this effect was reversed
by HO-1 inhibitor zinc protoporphyrin (ZnPP) leading to reduction of the neuroprotective effect of IA against Aβ-
induced neurotoxicity. These findings clearly show the ability of IA to initiate proliferation and differentiation of
neuronal progenitors in hOBNSCs and induce HO-1 expression, thereby protecting the hOBNSCs cells from
Aβ25–35-induced oxidative cell death. Thus, IA may be applicable as a potential preventive agent for AD by its
effect on hOBNSCs and could also be used as an adjuvant to hOBNSCs in cellular therapy of neurodegenerative
diseases.
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1. Introduction

β-Amyloid peptide (Aβ) is a potent neurotoxic protein which to-
gether with intracellular neurofibrillary tangles constitute the main
hallmark for Alzheimer’s disease (AD) [1,2]. Aggregation of this peptide
induces oxidative stress [1,3] which subsequently leads to neural
apoptosis in AD [4,5]. The Aβ25–35 peptide, which recently detected in
elderly people, was reported to have more potent neurotoxic effects
than the well characteristic full length amyloid peptide, Aβ1–42 [6–8].

Drug treatments and cells based therapies are the most promising
strategy for treatment of neurodegenerative diseases. Several types of
stem cells, including embryonic stem cells, neural stem cells (NSCs),
human olfactory bulb neural stem cells (hOBNSCs), induced pluripotent
stem cells (iPSCs), and mesenchymal stem cells (MSCs) have been in-
vestigated as a cellular therapy for neural injuries and associated neu-
rodegenerative diseases. Among these cells, hOBNSCs therapy is more
acceptable for ethical, moral, and safety concerns. Our previous ex-
periments showed the potential of hOBNSCs to restore cognitive deficit
in AD and to regenerate neural damage in spinal cord of rats [9–11]. On
the other side, controversial results were obtained regarding the ther-
apeutic effect of other stem cells. Some studies showed negative effect
for these cells on AD progression and this was attributed to presence of
unfavorable constituents, such as Aβ, which inhibit NSCs proliferation
and survival [12–16]. In contrast, other reports showed either a sti-
mulatory effect of Aβ on NSCs proliferation, suggesting enhanced
neurogenesis [2,17,18], or no significant effect [19]. None of these
studies was applied on hOBNSCs.

AD is associated with oxidative stress and inflammation. Many
studies highlighted natural herbs as potential neuroprotective candi-
dates to attenuate oxidative stress induced by Aβ deposition in neural
cells [7,20]. Boswellic acid derived from Boswellia species was widely
used for treatment of various types of inflammation and injuries [21]
and as memory enhancer [22]. Incensole acetate (IA), a main con-
stituent of Boswellia carterii resin, has neuroprotective effects against
neuronal damage in traumatic and ischemic head injury [23,24]. IA
exerts its anti-inflammatory effect through inhibition of pro-in-
flammatory cytokines, including TNFa, IL1b, TGFb, Cox2, and NFkb
[23–25]. However, the mechanisms by which IA mediates its effects are
unclear and to the best of our knowledge, no publications are available
in the literature that address Aβ-induced cytotoxicity in hOBNSCs.

Additionally, ample previous experimental data indicate positive
role played by the antioxidant enzyme heme oxygenase-1 (HO-1) in
protecting neurons against oxidative stress damage induced by Aβ
[6,7]. HO-1 protein levels are normally low in neurons, however it can
be remarkably increased during the formation of Aβ in AD brain [26].
Several studies have reported that Erk1/2 can activate cytosolic Nrf2
and help its translocation to nucleus (to protect it from cytosolic de-
gradation) where it promotes synthesis of HO-1 [reviewerd in 7]. Thus,
in the present study, we aimed to elucidate the effect of IA on hOBNSCs
proliferation and differentiation and to investigate the underlying me-
chanisms regulating IA effects on Aβ-induced neurotoxicity with special
concern to the role of HO-1 and its upstream modulators, Erk1/2 and
Nrf2.

2. Materials and methods

2.1. Human OBNSCs culture and treatment

The olfactory bulbs (OBs) were obtained from two adult patients
undergoing craniotomy at the Institute of Neurosurgery, Catholic
University, Rome, Italy [27]. Prior signed agreements were obtained
according to protocols approved by the Ethical Committee of the
Catholic University. Obtained OBs were directly broken down at 37 °C
in 0.1% Papain (Sigma-Aldrich, St. Louis, MO, USA) for 30min. Cell
suspensions were grown in a proliferation medium (DF12) composed of
DMEM/F12 (1:1) (Invitrogen), 0.025mg/mL progesterone, 2mM L-

glutamine, 0.6% glucose, 5.2 ng/mL sodium selenite, 0.025mg/mL
insulin, 0.1 mg/mL apo-transferrin sodium salt, 9.6 μg/mL putrescine,
3 mM sodium bicarbonate, 5 mM Hepes, 4 mg/mL BSA, heparin 4 μg/
mL (all from Sigma), 20 ng/mL epidermal growth factor (EGF; Pepro-
Tech, Rocky Hill, NJ, USA), 10 ng/mL basic fibroblast growth factor
(bFGF; PeproTech, Rocky Hill, NJ, USA), and 20 ng/mL leukemia in-
hibitory factor (LIF; Immunological Sciences, Rome, Italy). The cells
grew in form of free-floating neurospheres and were passaged twice by
chemical dissociation (by incubation with accutase for 4min at 37 °C)
every 3–4 d. At passage 3 (P3), the cells were plated (single cell/mini-
well) onto 96-well plates for 7 days and the formed secondary neuro-
sphere were dissociated and then cultured (1000 cells/cm2) in serum-
free medium containing EGF and bFGF, and passaged up to P14. At P15,
cells were plated (18,000 cells/cm2) on 15 μg/ml poly-L-lysine into
coated glass coverslips and cultured in DF12 medium containing EGF
and bFGF for 3 d. Finally, cells grew in DF12 without growth factors
(differentiation medium) for longer culture periods to induce neural
differentiation.

To detect the effects of Aβ25–35 on proliferation and differentiation
of hOBNSCs, cells cultured in either proliferation or differentiation
media were incubated with 5 μM [28], or 10 μM [2] of Aβ25–35 peptide
(Bachem Bioscience,Torrance, CA) for 24 h. The Aβ25–35 peptide was
prepared by incubating freshly solubilized peptides at 400 μM in sterile
distilled water at 37 °C for 3 d to induce aggregation and stored frozen
at −20 °C until use. To study the effects of IA, cells were pretreated
with 100 μM IA for 4 h, and then Aβ25–35 was added to the medium for
24 h. IA was extracted from Boswellia carterii resin and then purified and
identified as previously described [29,30]. The IA dose was chosen
based on a preliminary dose/response experiment using five doses,
12.5, 25, 50, 100, 200 μM, and the best neuroprotective dose, 100 μM,
was selected. Parallel wells were cultured in DF12 without Aβ25–35 or IA
(untreated control group).

2.2. Detection of cell viability by MTT assay

MTT assay was performed on hOBNSCs neurospheres cultured in
proliferation medium (DF12) in 96-well plates. A volume of 20 μL MTT
stock solution (5mg/ml) was added to either untreated cells, cells
treated with Aβ25–35 (at concentrations of 5 or 10 μM) alone or pre-
treated with IA. Absorbance of extracted resultant MTT formazan, with
150 μL dimethyl sulfoxide (DMSO), was recorded at 570 nm.

2.3. Detection of oxidative stress, mitochondrial membrane potential, and
intracellular Ca2+

Intracellular reactive oxygen species (ROS) was measured using the
fluorescent probe 2,7-dichlorofluorescein diacetate and mitochondrial
membrane potential (MMP) was detected using the rhodamine 123
(Rh123) fluorescence as previously described [7]. The levels of mal-
ondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT) and
glutathione peroxidase (GPX) were measured using commercial kits
and as previously described [20,31]. Intracytoplasmic level of Ca2+

was measured using imaging of the fluorescent probe Fura-2/AM as
published procedure [28].

2.4. Caspase3 activity assay

Cells were homogenized in phosphate buffer saline (PBS), the ly-
sates were centrifuged at 15,000 rpm for 10min at 4 °C and super-
natants were collected. Protein concentration was determined by
Bradford assay. Equal amounts of protein were incubated for 1 h at
37 °C with the specific fluorogenic substrate of caspase3 (7-amino-4-
methylcoumarin N-acetyl-L-aspartyl-L-glutamyl-L-valyl-L-aspartic acid
amide). Cleavage of the caspase substrates was detected using a fluor-
escence microtitre plate reader at excitation/emission wavelengths of
360/460 nm.
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