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Abstract

Background—We previously showed that a water extract of the medicinal plant Centella 

asiatica (CAW) attenuates β-amyloid (Aβ)-induced cognitive deficits in vivo, and prevents Aβ-

induced cytotoxicity in vitro. Yet the neuroprotective mechanism of CAW is unknown.

Objective—The goal of this study was to identify biochemical pathways altered by CAW using 

in vitro models of Aβ toxicity.

Methods—The effects of CAW on aberrations in antioxidant response, calcium homeostasis and 

mitochondrial function induced by Aβ were evaluated in MC65 and SH-SY5Y neuroblastoma 

cells.

Results—CAW decreased intracellular ROS and calcium levels elevated in response to Aβ, and 

induced the expression of antioxidant response genes in both cell lines. In SH-SY5Y cells, CAW 

increased basal and maximal oxygen consumption without altering spare capacity, and attenuated 

Aβ-induced decreases in mitochondrial respiration. CAW also prevented Aβ –induced decreases in 

ATP and induced the expression of mitochondrial genes and proteins in both cell types. 

Caffeoylquinic acids from CAW were shown to have a similar effect on antioxidant and 

mitochondrial gene expression in neuroblastoma cells. Primary rat hippocampal neurons treated 

with CAW also showed an increase in mitochondrial and antioxidant gene expression.

Conclusions—These data suggest an effect of CAW on mitochondrial biogenesis, which in 

conjunction with activation of antioxidant response genes and normalizing calcium homeostasis, 

likely contributes to its neuroprotective action against Aβ toxicity.
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Introduction

Alzheimer’s disease (AD) affects more than 5 million people in the United States alone [1]. 

While the hallmarks of AD, beta-amyloid (Aβ) plaques and neurofibrillary tangles, are well 

established, the molecular mechanisms underlying the progression of the disease remain 

unknown. This incomplete understanding of the etiology of AD has limited the development 

of effective therapeutic agents.

Mitochondrial dysfunction and oxidative stress increase with age and are thought to 

contribute to cognitive decline and neuronal cell death in AD[2]. AD patients show deficits 

in proteins in the electron transport chain (ETC) [3] as well as impaired mitochondrial 

function [4, 5]. Mitochondrial dysfunction causes lower ATP production, calcium 

mishandling, and increased reactive oxygen species (ROS), which are also observed in 

AD[6, 7].

These effects have been recapitulated in various models of AD. Synaptic Aβ accumulation 

in primary neurons, particularly within mitochondria, leads to mitochondrial dysfunction 

and synaptic degradation [8]. Cell culture experiments have similarly shown that Aβ 

treatment generates ROS, decreases ATP production, and disrupts mitochondrial membrane 

potential [9, 10]. Increased oxidative stress and mitochondrial defects are also observed in 

mouse models of Aβ toxicity [11–13]. This evidence implicating mitochondrial dysfunction 

and oxidative stress in AD pathology has sparked an interest in these pathways as 

therapeutic targets.

The plant Centella asiatica (L) Urban, (Apiaceae), known in the United States as Gotu Kola, 

is used in traditional Chinese and Ayurvedic medicine to improve cognitive function [14]. 

The neuroprotective and cognitive enhancing effects of Centella asiatica have been 

confirmed in human studies [15–17] as well as in vitro and in vivo model systems [18–20].

Our earlier studies have shown that a water extract of Centella asiatica (CAW) can attenuate 

the cognitive impairments in the Tg2576 mouse model of Aβ accumulation without altering 

plaque burden [21] and can prevent Aβ toxicity in vitro [22]. Although the mechanism 

remains unknown, studies in other models of neurotoxicity show that Centella asiatica 

possesses antioxidant activity and can alter mitochondrial function [23, 24].

In the present study we investigated the mechanism by which CAW protects against Aβ 

toxicity using the MC65 and the SH-SY5Y neuroblastoma cell lines. MC65 cells 

conditionally express amyloid β precursor protein (APP) [25] and are a model of 

intracellular Aβ toxicity while SH-SY5Y cells are widely used to model the effects of 

exogenous Aβ treatment. We examined the effects of CAW on mitochondrial function and 

antioxidant response in both of these cellular systems.
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Materials and Methods

Aqueous extract of Centella asiatica

Dried Centella asiatica was purchased (StarWest Botanicals, Lot #45158) and its identity 

was confirmed by comparing its thin layer chromatographic profile with that reported in the 

literature [26] and the Centella asiatica samples used in our previous studies [21]. The water 

extract of Centella asiatica (CAW) was prepared by refluxing Centella asiatica (60g) with 

water (750mL) for 2 hours, filtering the solution and freeze drying to yield a powder (~6–

8g). Voucher specimens of the dried plant material [22] and extract are deposited in our 

laboratory.

Cell culture MC65

MC65 neuroblastoma cells express the C-terminal fragment of APP (APP-C99) under the 

control of a tetracycline responsive promoter. Following tetracycline withdrawal, 

endogenous Aβ accumulates and cell death occurs within 72 hours [25]. MC65 cells were 

cultured in MEMα supplemented with 10% FBS (Gibco), 2mM L-glutamine (Sigma-

Aldrich) and 0.1% tetracycline (Sigma-Aldrich). For experiments cells were trypsinized and 

resuspended in OptiMEM without phenol red (Gibco). Cells were treated with vehicle or 

CAW (100ug/mL) in the absence of tetracycline. All endpoints were compared to those for 

tetracycline-treated cells with or without the addition of CAW. Cells were plated at 15,000 

cells/well in 96 well plates. Intracellular calcium was measured at 6, 24 and 48h and 

intracellular ROS was measured at 48 hours. Cells were plated at 60,000 cells/well in 12 

well plates for gene expression or 120,000 cells/well in 6 well plates for protein expression 

as well as ATP determination and were harvested 48h post-treatment.

Cell Culture SH-SY5Y

SH-SY5Y neuroblastoma cells were cultured in DMEM/F12 media supplemented with 10% 

FBS (GIBCO) and 1% penicillin-streptomycin (Sigma-Aldrich). For gene expression and 

ATP determination cells were plated at 200,000 cells/well in 12-well plates whereas for 

protein expression they were plated at 400,000 cells/well in 6-well plates. For intracellular 

calcium and ROS measurements cells were plated at 25,000 cells/well in 96 well plates. 

Three days after plating cells were washed with PBS and switched to serum free 

DMEM/F12 containing 1% N-2 growth supplement (Gibco) and CAW (100ug/mL). The 

following day, 50μM Aβ25–35 (American Peptide Company) was added to the cells. This 

fragment of full-length Aβ has been shown to mediate its toxic effects in vitro [27]. Aβ 

solution was prepared by incubating at 37C for 72h prior to addition to the cell cultures. All 

endpoints were assessed after 48h of treatment unless otherwise noted.

Caffeoylquinic acid treatment in MC65 and SH-SY5Y cells

The purified forms of 1,5-dicaffeoylquinic acid (1,5dCQA) and isocholorogenic acid A 

(IsoA also called 3,5-dicaffeoylquinic acid) (Chromadex), two compounds that we have 

previously determined to contribute to the neuroprotective effects of CAW [22], were used 

to treat MC65 and SH-SY5Y cells in place of CAW in some experiments. They were used at 
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a concentration of 1.5uM which is similar to their concentration in 100ug/mL CAW which 

we previously reported to be approximately 1uM [22].

Cell culture primary neurons

Hippocampal neurons were isolated from embryonic rats as previously described by Kaech 

and Banker [28]. Briefly, embryos were harvested at 18 days of gestation and hippocampi 

isolated. Dissociated hippocampal cells were plated at 200,000 per well in 12-well poly-l-

lysine coated plates in MEM media (GIBCO), 5% FBS (Atlanta Biologicals) and 0.6% 

glucose (Sigma Aldrich). After 4h media was removed and replaced with Neurobasal Media 

(Gibco) supplemented with 1x GlutaMAX (Gibco) and 1x GS21 (Global Stem). After 7 

days in culture cells were treated with CAW (50ug/mL) and 48h later were harvested for 

qPCR analysis.

Intracellular ROS quantification

ROS levels were determined using OxiSelect Intracellular ROS Assay kit (Cell biolabs) as 

per the manufacturer’s instructions. Cells were incubated with the fluorogenic probe for 1h 

at 37C prior to measurement. Values were normalized to protein content determined by a 

bicinchoninic acid (BCA) protein assay as per the manufacturer’s instructions (Pierce 

Biotechnology).

Quantitative Real Time PCR

Cells were harvested and RNA was extracted using Tri-Reagent (Molecular Research 

Center). RNA was reverse transcribed with the Superscript III First Strand Synthesis kit 

(Invitrogen) to generate cDNA as per the manufacturer’s instructions. Relative gene 

expression was determined using TaqMan Gene Expression Master Mix (Invitrogen) and 

commercially available TaqMan primers (Invitrogen) for nuclear factor (erythroid-derived 

2)-like 2 (NFE2L2), NAD(P)H dehydrogenase-quinone oxidoreductase 1 (NQO1), 

glutamate-cysteine ligase, catalytic subunit (GCLC), heme oxygenase 1 (HMOX1), 

mitochondrially encoded NADH dehydrogenase 1 (Mt-ND1), mitochondrially encoded ATP 

synthase 6 (Mt-ATP6), mitochondrially encoded cytochrome c oxidase 1 (Mt-CO1), 

mitochondrially encoded cytochrome B (Mt-CYB) and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). Quantitative PCR (qPCR) was performed on a StepOne Plus 

Machine (Applied Biosystems) and analyzed using the delta-delta Ct method.

Cell number determination

Cell number was determined, for data normalization, using the CellTiter 96 Aqueous Non-

Radioactive Cell Proliferation Assay (Promega) as per the manufacturer’s instructions. Cells 

were incubated with the reagent for 2h at 37C prior to spectrophotometric reading.

Intracellular Calcium Determination

Intracellular calcium was measured using the Fluo-4 Direct Calcium Assay Kit (Invitrogen) 

as per the manufacturer’s instructions. Cells were incubated with the fluo-4 direct reagent 

for 1h at 37C prior to measurement. Values were normalized to cell number.
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ATP Quantification

ATP was quantified using ATP determination kit (Invitrogen) as per the manufacturer’s 

instructions. Cells were lysed with 0.1% Triton X and incubated with the reaction solution 

for 15 minutes at room temperature prior to measurement. Values were normalized to 

protein content determined by BCA.

Western Blots

Cells were harvested, sonicated and boiled in Laemmli buffer. Samples were separated 

electrophoretically on an SDS gel, transferred onto nitrocellulose membranes and 

immunoblotted using antibodies for Porin (also known as VDAC1) (Abcam) and GAPDH 

(Cell Signaling). The optical density of the bands was quantified using Image J software 

(http://rsbweb.nih.gov/ij) and normalized to GAPDH.

Analysis of Mitochondrial Function

Mitochondrial function was assessed using the Seahorse Bioscience XF24 Extracellular Flux 

Analyzer. SH-SY5Y cells were plated on Seahorse XF culture plates (Seahorse Bioscience) 

in DMEM/F12 containing N2 growth supplement and either CAW (100ug/mL), 

1,5dCQA(1.5uM) or IsoA (1.5uM), at 60,000 cells/well, which was determined to be the 

optimum density for basal O2 consumption rate (OCR). The following day Aβ25–35 (50uM) 

was added. Two days later cells were rinsed in assay medium (pH 7.4) containing XF Base 

medium (Seahorse Bioscience), 5.5mM glucose and 1mM sodium-pyruvate. Cells remained 

in assay medium 1h at 37 C in a non-CO2 incubator prior to initializing the Seahorse24XF 

analysis. Using the MitoStress Kit as previously described [29], OCR was measured under 

varying conditions. After three initial baseline measurements of OCR, the ATP synthase 

inhibitor oligomycin (1 μM) was added and three subsequent measurements were taken. 

Next an ETC accelerator, p-trifluoromethoxy carbonyl cyanide phenyl hydrazone (FCCP at 

1.5 μM), was added and after 3 measurements were taken, mitochondrial inhibitors rotenone 

(1 μM) and antimycin (1 μM) were added, and three final measurements were taken. Data 

was normalized to total DNA content, which was determined from each well using the 

CyQuant kit (Invitrogen) as per the manufacturer’s instructions.

Statistics

Statistical significance was determined using one- or two-way analysis of variance with 

appropriate t-tests. Bonferroni post-hoc tests were also conducted. Significance was defined 

as p ≤0.05. Analyses were performed using Excel or GraphPad Prism 6.

Results

CAW Prevents Aβ-induced increases in intracellular ROS

MC65 neuroblastoma cells conditionally express APP-C99 under a tetracycline responsive 

promoter. When tetracycline is present in the media (Tet+) the gene is repressed. However, 

when tetracycline is withdrawn (Tet−) Aβ accumulates with significant levels observed by 

48h [25].
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An increase in intracellular ROS was seen 24h post-tetracycline withdrawal that did not 

occur in CAW-treated cells (Figure 1A). An even greater increase in ROS levels occurred 

48h after tetracycline withdrawal that was attenuated by CAW. Treatment with CAW in the 

presence of tetracycline had no effect on ROS levels.

A similar effect was observed in SH-SY5Y cells treated with CAW 24h prior to the 

administration of Aβ25–35, the fragment of the peptide reported to mediate the toxic effects 

of full-length Aβ in vitro [27]. Aβ treatment robustly increased intracellular ROS levels at 

24h and 48h (Figure 1B), with the greatest induction observed at 24h. CAW treatment 

reduced this induction at both time points. In the absence of Aβ, CAW treatment had no 

effect on intracellular ROS levels.

CAW induces antioxidant response genes

The expression of the antioxidant response gene NFE2L2 and its target genes, GCLC, 

NQO1 and HMOX1, was evaluated 24h and 48h after tetracycline removal in MC65 cells. 

While no change in expression was observed at 24h, the expression of all four genes was 

significantly induced 48h post-tetracycline withdrawal (Figure 1C). CAW treatment, in the 

absence of tetracycline, further increased expression of NFE2L2 and its target genes beyond 

what was observed in the Tet− condition alone at both time points. In the presence of 

tetracycline CAW also induced the expression of the antioxidant response genes after 48h 

but had no effect at 24h.

In SH-SY5Y cells antioxidant response gene expression was induced 24h after Aβ 

administration (Figure 1D). CAW treatment prior to Aβ administration further increased this 

expression. CAW also increased expression these genes in the absence of Aβ although to a 

lesser degree. The Aβ-induced expression of these genes remained increased 48h post-

treatment. The effect of CAW pre-treatment was even greater at 48h than was seen at 24h 

both in the presence and absence of Aβ.

CAW increases ATP production

ATP was measured 24h and 48h after tetracycline withdrawal in MC65 cells. There was a 

slight decrease in ATP 24h post-tetracycline removal, which became more pronounced after 

48h (Figure 2A). CAW treatment attenuated this decrease at 24h and 48h. In the presence of 

tetracycline there was a trend towards increased ATP levels in CAW-treated cells at 24h but 

it was not significant until 48h.

Aβ treatment resulted in decreased ATP levels in SH-SY5Y cells 24h and 48h after its 

administration (Figure 2B). CAW prevented this decrease at both time points. Consistent 

with what was observed in MC65 cells, CAW treatment in the absence of Aβ also increased 

intracellular ATP at the 48h time point.

CAW increases OCR and attenuates bioenergetic deficits caused by Aβ treatment

The bioenergetic profile of SH-SY5Y cells, treated with CAW for 72h and Aβ for the final 

48h, was determined using the Seahorse XF Analyzer (Figure 3A). Under basal conditions 

CAW-treated cells exhibited a higher oxygen consumption rate (OCR) compared to controls 
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while Aβ-treated cells displayed a significantly lower OCR. CAW treatment attenuated the 

decreased metabolic rate caused by Aβ. While there were no differences in OCR between 

treatment groups after the addition of oligomycin or rotenone and antimycin, CAW 

significantly increased the maximal respiratory rate, following FCCP treatment, which was 

reduced by Aβ treatment.

By averaging the three measurements taken sequentially at baseline and after FCCP 

stimulation, average basal and maximal OCR were calculated. Aβ reduced both basal and 

maximal OCR and CAW treatment partially attenuated these decreases (Figure 3B). CAW 

treatment by itself significantly increased both basal and maximal OCR as well. The 

difference between the maximal OCR and the basal OCR is the spare capacity of the cell 

and reflects the amount of extra ATP that can be generated in response to a sudden increase 

in energy demand. Aβ decreased spare capacity and CAW prevented this decrease but did 

not improve spare capacity under control conditions (Figure 3B).

CAW induces mitochondrial gene and protein expression

The expression of mitochondrial DNA-derived genes Mt-ND1, Mt-CYB, Mt-CO1 and Mt-

ATP6, encoding proteins in complexes I, III, IV and V of the ETC respectively, was 

evaluated in MC65 cells 24h and 48h after tetracycline withdrawal. At 24h, tetracycline 

withdrawal had no effect on the expression of any of the genes whereas CAW treatment 

robustly increased the expression of all four genes in both the Tet+ and Tet− conditions 

(Figure 4A). At 48h all four genes were repressed in the Tet− condition but CAW treatment 

attenuated this effect. In the presence of tetracycline CAW coordinately increased the 

expression of all the mitochondrial genes 48h post-treatment as well.

In SH-SY5Y cells Aβ treatment significantly repressed the expression of the mitochondrial 

genes at 24h and this expression was even further reduced at 48h. CAW treatment prevented 

this decrease at 24h, restoring the expression of Mt-ND1 and Mt-CYB to control levels and 

slightly increasing the expression of Mt-CO1 and Mt-ATP6 (Figure 4B). At 48h CAW 

treatment prevented the Aβ-induced repression in mitochondrial gene expression for all 

genes and slightly induced the expression of Mt-ND1 and Mt-CO1. Without Aβ, CAW 

induced the expression of all four genes to a similar degree at both 24h and 48h.

The protein expression of the mitochondrial membrane ion channel porin (also known as 

VDAC1) was assessed in MC65 and SH-SY5Y cells 48h after tetracycline withdrawal and 

Aβ administration respectively. In MC65 cells porin expression was reduced in the Tet− 

condition and CAW treatment restored expression to control levels (Figure 4C). CAW 

treatment in the presence of tetracycline induced porin expression. In SH-SY5Y cells Aβ 

administration significantly reduced porin expression (Figure 4D) while CAW prevented 

this decrease. In the absence of Aβ, CAW treatment significantly increased porin expression.

CAW prevents Aβ-induced alterations in calcium homeostasis in MC65 and SH-SY5Y cells

Intracellular calcium was quantified 6h, 24h and 48h post-tetracycline withdrawal in MC65 

cells. At 6h there was no change in calcium levels but at 24h there was a significant increase 

in the Tet− condition (Figure 5A). CAW attenuated this increase, although the calcium 

levels remained slightly elevated as compared to cells grown with tetracycline. In the Tet− 
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condition calcium levels were also elevated at 48h and CAW treatment reduced this 

increase. There was no effect of CAW treatment on calcium levels in the presence of 

tetracycline alone.

Similarly, in SH-SY5Y cells Aβ treatment increased intracellular calcium (Figure 5B). This 

induction was detectable at 6h and continued to increase up to 48h. CAW treatment 

prevented the increase caused by Aβ at all time points but had no effect in the absence of 

Aβ.

Caffeoylquinic acids (CQAs) from CAW result in similar changes in gene expression and 
mitochondrial function

We have previously identified several caffeoylquinic acids (CQAs) present in CAW [22]. To 

determine if these CQAs could be contributing to the mitochondrial and antioxidant effects 

of CAW, expression of antioxidant and ETC genes was quantified in MC65 and SH-SY5Y 

cells treated with 1,5dCQA or IsoA. In MC65 cells IsoA (1.5uM) treatment for 48h 

significantly increased the expression of NFE2L2 and its target genes (Figure 6A) as well 

the genes of the ETC (Figure 6B). Treatment with 1,5dCQA (1.5uM) for 48h resulted in a 

consistent but non-significant increase in all genes measured. In SH-SY5Y cells both 

1,5dCQA and IsoA both significantly increased expression of antioxidant response genes 

(Figure 6C). IsoA also significantly increased the expression of all ETC genes while 

1,5dCQA only significantly increased Mt-ATP6. (Figure 6D).

IsoA also significantly altered the bioenergetic profile of SH-SY5Y cells (Figure 6E) 

similarly to what was observed with CAW treatment while 1,5dCQA did not significantly 

alter OCR compared to control treatment. Consistent with what was observed with CAW 

treatment, IsoA significantly increased both basal and maximal OCR but had no effect on 

spare capacity (Figure 6F).

CAW induces antioxidant response genes as well as mitochondrial genes in primary 
hippocampal neurons

Because metabolism in neuroblastoma cells is different from that of neurons [30] we wanted 

to evaluate the effects of CAW on antioxidant and mitochondrial gene expression in primary 

neurons. CAW significantly increased the expression of ETC genes in isolated rat 

hippocampal primary neurons (Figure 7B). The expression of antioxidant response genes in 

primary neurons was similarly induced by CAW (Figure 7A).

Discussion

We previously reported that CAW attenuates cognitive deficits in a mouse model of Aβ 

toxicity [21] and protects against Aβ-induced cytotoxicity in SH-SY5Y and MC65 cells 

[22]. Here we characterized the mechanism by which CAW exerts its neuroprotective effects 

in vitro by demonstrating its ability to reverse Aβ-induced alterations in mitochondrial 

function, intracellular ROS and calcium levels, three interrelated mechanisms involved in 

neurodegeneration [31].
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In this study, we showed that endogenous Aβ accumulation in MC65 cells as well as 

exogenous treatment of SH-SY5Y cells with Aβ peptide significantly altered mitochondrial 

function. In both models, we found that Aβ decreased ATP levels. These findings are 

consistent with other reports of Aβ-treated SH-SY5Y cells [32] as well as cell lines over-

expressing APP [10, 33]. CAW treatment prevented this decrease in ATP. Interestingly, in 

the absence of Aβ, CAW increased ATP content in both cell types indicating a direct 

mitochondrial effect, which was confirmed by our experiments in SH-SY5Y cells using the 

Seahorse XF Analyzer. We found that Aβ treatment reduced both basal and maximal OCR 

as well as mitochondrial spare capacity. To our knowledge this is the first report of the 

effects of Aβ on mitochondrial respiration in SH-SY5Y cells. However these results are in 

line with what has been seen in neurons isolated from mice with Aβ pathology, which 

demonstrate lower basal and maximal OCR, decreased ATP production and decreased spare 

capacity [34].

CAW treatment prevented these Aβ-induced decreases in OCR. CAW alone increased basal 

and maximal OCR as well but did not affect spare capacity, suggesting that CAW may alter 

mitochondrial biogenesis rather than activity. The up-regulation of mitochondrial proteins 

(Fig 4C) further supports an effect of CAW on mitochondrial content, although future 

experiments utilizing microscopic techniques or monitoring the expression of transcription 

factors that regulate mitochondrial biogenesis would confirm this effect. While an effect of 

Centella asiatica on mitochondrial biogenesis has not been previously reported, the 

protective effects of CAW against Aβ-induced mitochondrial dysfunction are consistent with 

a recent study showing a mitoprotective effect of Centella asiatica in a model of aluminum 

neurotoxicity [23].

Mitochondria are critical for cell survival because they regulate energy metabolism as well 

as apoptotic pathways. They are both a target and the major producers of intracellular ROS. 

Both mitochondrial dysfunction and increased ROS can also disrupt calciuim homeostasis. 

Changes in all three of these interrelated pathways are observed in AD patients [6, 35, 36] as 

well as in numerous animal and cell culture models of AD [36–42]. We observed that CAW 

attenuated Aβ-induced alterations in intracellular ROS and calcium levels in both cell types. 

However, CAW did not affect ROS levels or calcium influx in the absence of Aβ, 

suggesting that CAW may indirectly influence these aspects of Aβ toxicity rather than 

directly scavenging ROS or affecting calcium channels.

Since Aβ is an oxidative insult, it increased both ROS levels, and the expression of the 

antioxidant response gene NFE2L2 and its target genes in MC65 and SH-SY5Y cells. In 

both cell types, induction of these genes was higher at 48h than 24h. In SH-SY5Y cells the 

peak Aβ-induced ROS levels occurred at 24h and were reduced at 48h. By contrast, in 

MC65 cells Aβ-induced ROS levels were even higher at 48h than 24h. These temporal 

differences are likely due to the levels of Aβ at each time point. In MC65 cells when 

tetracycline is withdrawn Aβ begins to accumulate and levels increase over several days. In 

contrast SH-SY5Y cells are exposed to a uniform concentration of Aβ. The induction of 

antioxidant response genes was similarly delayed in MC65 cells as compared to SH-SY5Y 

cells, consistent with the timing of Aβ accumulation.
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CAW also induced the expression of the antioxidant response gene NFE2L2 and its target 

genes with levels increasing from 24h to 48h. The combined treatment of Aβ and CAW 

produced a greater increase in gene expression than CAW or Aβ alone. The ability of CAW 

to reduce Aβ-induced ROS levels was likely mediated by its strong induction of an 

antioxidant response. These results support the previously reported antioxidant properties of 

Centella asiatica [24, 43].

We observed changes in mitochondrial and antioxidant gene expression in response to CAW 

in the absence of Aβ treatment as well, indicating that the effects of CAW on these pathways 

are not specific to an AD-like condition. In fact these antioxidant and mitoprotective effects 

of CAW are similar to what has been observed with other plant extracts in response to a 

variety of different insults. An extract of Ginkgo biloba attenuated ATP deficits and 

decreased oxidative damage following chemically-induced mitochondrial damage in PC12 

neuronal cells [44], and stabilized mitochondrial function against nitrosative stress in 

primary neurons [45]. In SH-SY5Y cells, xanthoceraside, a compound extracted from 

Chinese flowering chestnuts, prevented Aβ-induced ROS generation, calcium overload and 

mitochondrial dysfunction [41] and borneol, found in many plants including wormwood and 

sagebrush, also decreased Aβ-induced ROS production by activating NFE2L2 [46].

CAW is a complex mixture of compounds and it is unknown exactly which are responsible 

for its many biochemical effects. We previously reported that several CQAs are present in 

CAW and can protect against Aβ cytotoxicity [22]. CQAs have also been shown to affect 

mitochondrial function and to possess antioxidant activity in primary neurons as well as 

neuronal cell lines [47–49]. In this study we evaluated two CQAs, present at the highest 

concentrations in CAW [22] to determine if they mediate the effects of the complete extract. 

IsoA was able to increase the expression of antioxidant response genes as well as genes in 

the ETC in both cell types. These changes in gene expression accompanied an increase in 

both basal and maximal OCR in response to IsoA in SH-SY5Y cells. There was a consistent 

trend toward a slight but non-significant effect of 1,5dCQA on gene expression or 

bioenergetics, with the only significant changes occurring in the ARE genes in SH-SY5Y 

cells. In both cell types IsoA increased expression of ARE genes to a similar extent as was 

observed with CAW but the effect on ETC gene expression was less than with CAW 

suggesting that IsoA alone cannot account for the effects of CAW on mitochondrial gene 

expression. It may be that the compounds in combination produce a greater effect than in 

isolation and it’s likely that there are compounds other than the CQAs within CAW that also 

contribute to the mitochondrial effects of the extract.

The results reported here provide strong evidence for mitochondrial and antioxidant effects 

of CAW in neuroblastoma cells however the extent to which these mechanisms would 

contribute to the effects of CAW in a more physiologically relevant experimental systems 

remains unclear. This especially important because the metabolic profile of neuroblastoma 

cells is known to vary substantially from differentiated neurons [30, 50] and therefore it is 

possible CAW would not have the same effects in the two model systems. As an initial step 

toward addressing this issue we evaluated the effects of CAW on ARE and ETC gene 

expression in rat primary hippocampal neurons. Our results were consistent with what we 

observed in the neuroblastoma cell lines. CAW significantly increased the expression of 
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NFE2L2 and its target genes as well as the ETC genes in primary hippocampal neurons. 

These results suggest that the antioxidant and mitochondrial effects of CAW may be 

relevant in isolated neurons as well. Experiments are ongoing to fully assess whether CAW 

modulates other aspects of antioxidant response or the bioenergetics of primary neurons and 

to determine the effect of Aβ exposure on those endpoints in those cells.

Additional future studies are also needed to confirm that the mechanistic alterations 

observed in this study are relevant in vivo. MC65 and SH-SY5Y cells provide a robust look 

at mechanistic pathways in vitro by modeling the intracellular and extracellular responses to 

Aβ, but efficacy in vivo requires that the active ingredients are both bioavailable and capable 

of crossing the blood-brain barrier. Our prior study in transgenic mice [21] provides some 

limited support for this possibility, but the mechanistic studies reported here will need to be 

replicated in appropriate animal models.

Conclusion

Our findings demonstrate that CAW affects mitochondrial function on its own and appears 

to counteract the deleterious impact of Aβ in cellular models, suggesting that the effects of 

CAW are not limited to Aβ toxicity. Because mitochondrial dysfunction is common to many 

neurodegenerative diseases [51], there are potentially broad implications for the use of 

CAW. The utility of CAW may extend beyond frank pathological conditions as decreased 

mitochondrial function is seen in healthy aging as well, and may be linked to age-related 

cognitive decline [52, 53]. A few limited human studies in healthy adults showed promising 

cognitive-enhancing effects of Centella asiatica [15, 17] but a rigorous clinical trial of CAW 

in either healthy or impaired elderly people is still needed to determine if CAW is beneficial 

in those contexts.
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Figure 1. CAW induces anti-oxidant response in MC65 and SH-SY5Y cells
A) Aβ accumulation, in MC65 cells grown without tetracycline (Tet−), significantly 

increased intracellular ROS levels at both 24h and 48h. CAW treatment (100ug/mL) 

attenuated that increase (n=12–16 per treatment condition). B) Treatment with Aβ25–35 

peptide (50uM) induced intracellular ROS in SH-SY5Y cells at 24h and 48h. CAW 

(100ug/mL) significantly reduced that increase (n=12–16 per treatment condition). C) At 

24h, CAW treatment following tetracycline withdrawal significantly induced the expression 

of a panel of antioxidant response genes in MC65 cells. After 48h induction was even 

greater in the Tet− condition as well as cells treated with CAW in the absence of 

tetracycline. CAW treatment in the presence of tetracycline also significantly induced 

antioxidant gene expression but only at the 48h time point. (n=6–7 per treatment condition) 

D) In SH-SY5Y cells Aβ treatment significantly induced the expression of NFE2L2 and its 

target genes at both 24h and 48h. CAW treatment potentiated this increase at both time 

points. CAW treatment also significantly induced expression of the antioxidant response 

genes at both time points but to a lesser extent than CAW and Aβ together (n=6 per 

treatment condition). *p<0.05, **p<0.01, ***p<0.001 relative to either Tet+ or Control 

unless otherwise indicated.
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Figure 2. CAW treatment attenuates the decline in ATP caused by Aβ in MC65 and SH-SY5Y 
cells
A) Following tetracycline withdrawal (Tet−) ATP levels in MC65 cells decreased 

significantly at 24h and further decreased at 48h. CAW treatment attenuated this decrease. 

CAW treatment in the presence of tetracycline significantly increased ATP levels after 48h. 

(n=9–12 per treatment condition). B) In SH-SY5Y cells Aβ treatment resulted in a slight but 

significant decrease in ATP at 24h and a greater decrease at 48h. At both time points CAW 

treatment with Aβ did not decrease ATP relative to controls. At 48h CAW treatment in the 

absence of Aβ robustly increased ATP levels relative to controls. (n=8–12 per treatment 

condition). *p<0.05, **p<0.01, ***p<0.001 relative to either Tet+ or Control unless 

otherwise indicated.
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Figure 3. CAW increases mitochondrial respiration in SH-SY5Y cells
A) Aβ treatment significantly reduced oxygen consumption rate (OCR) in SH-SY5Y cells at 

baseline and after FCCP stimulation. CAW attenuated this decrease under both basal and 

stimulated conditions. CAW treatment without Aβ resulted in significantly higher basal and 

FCCP-induced OCR. There were no differences in OCR between treatment groups after 

either oligomycin or rotenone and antimycin treatment (n=9–10 per treatment condition). B) 

Aβ decreased both basal and maximal OCR and CAW treatment attenuated these decreases. 

In the absence of Aβ, CAW significantly increased both basal and maximal OCR. Aβ also 

reduced the spare capacity of mitochondria and CAW prevented this decrease. CAW 

treatment alone had no effect on spare capacity (n=9–10 per treatment condition). *p<0.05, 

**p<0.01, ***p<0.001 relative to Control unless otherwise indicated.
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Figure 4. CAW induces the expression of mitochondrial proteins in MC65 and SH-SY5Y cells
A) In MC65 cells 24h of Aβ accumulation (Tet−) had no effect on gene expression of ETC 

enzymes but after 48h resulted in a coordinate reduction in expression of all genes. CAW 

treatment significantly attenuated this decrease at 48h. At 24h and 48h, CAW treatment 

robustly increased the expression of all four mitochondrial genes both in the presence and 

absence of tetracycline (n=6–8 per treatment condition). B) Aβ treatment reduced 

mitochondrial gene expression at both 24h and 48h in SH-SY5Y cells. CAW treatment 

prevented this decrease. In the absence of Aβ, CAW significantly increased mitochondrial 

gene expression at both time points (n=5–7 per treatment condition). C) In the absence of 

tetracycline (Tet−) Aβ accumulation also decreased the expression of the mitochondrial 

protein porin in MC65 cells and CAW treatment restored expression to control (Tet+) levels. 

CAW treatment also induced porin expression in the presence of tetracycline. (n=10 per 

treatment condition) D) In SH-SY5Y cells Aβ treatment reduced porin expression and CAW 

treatment prevented this decrease. CAW treatment significantly increased porin expression 

in the absence of Aβ (n=12 per treatment condition). *p<0.05, **p<0.01, ***p<0.001 

relative to either Tet+ or Control unless otherwise indicated.
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Figure 5. CAW treatment significantly attenuates Aβ-induced increases in intracellular calcium 
in MC65 and SH-SY5Y cells
A) In MC65 cells there were no differences in intracellular calcium levels after 6 hours of 

treatment however, there was a significant increase in intracellular calcium at 24h in the 

absence of tetracycline (Tet−) which continued at 48h. CAW treatment significantly reduced 

the increase in calcium in the Tet− condition but had no effect on calcium levels in the 

presence of tetracycline (n=8 per treatment condition). B) Aβ treatment slightly increased 

intracellular calcium in SH-SY5Y cells after 6h, with progressively larger increases at 24h 

and 48h. CAW treatment (100ug/mL) prevented Aβ-induced increase at all time points. 

CAW treatment had no effect on intracellular calcium in the absence of Aβ. (n=10–12 per 

treatment condition). *p<0.05, **p<0.01, ***p<0.001 relative to either Tet+ or Control 

unless otherwise indicated.
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Figure 6. Treatment with IsoA induces antioxidant and mitochondrial gene expression and alters 
mitochondrial respiration in neuroblastoma cell lines
A) In MC65 cells treatment with IsoA (1.5μM) significantly increased the expression of 

NFE2L2 and its target genes. Treatment with 1,5dCQA (1.5μM) did not induce expression 

relative to control treated cells (n=5–8 per treatment condition). B) IsoA treatment also 

induced the expression of ETC genes in MC65 cells while 1,5dCQA did not (n=5–7 per 

treatment condition). C) In SH-SY5Y cells 48h of treatment with IsoA increased expression 

of NEF2L2 and its target genes as did treatment with 1,5dCQA (n=8 per treatment 

condition). D) IsoA also increased expression of ETC genes in SH-SY5Y cells while 

1,5dCQA did not (n=5–8 per treatment condition). E) In SH-SY5Y cells IsoA treatment 

resulted in a significantly higher basal and FCCP-induced OCR. There were no differences 

in OCR between treatment groups after either oligomycin or rotenone and antimycin 

treatment. 1,5dCQA had no effect on OCR relative to controls (n=7–8 per treatment 

condition). F) IsoA significantly increased both basal and maximal OCR but had no effect 

on spare capacity in SH-SY5Y cells. 1,5 dCQA did not alter basal or maximal OCR or spare 

capacity in these cells (n=7–8 per treatment condition). ). *p<0.05, **p<0.01, ***p<0.001 

relative to Control unless otherwise indicated.
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Figure 7. CAW induces the expression antioxidant and mitochondrial genes in primary 
hippocampal neurons
A) CAW treatment (50ug/mL) for 48h significantly increased expression of NFE2L2 and its 

target genes in primary neurons isolated from rat hippocampus (n=10–11 per treatment 

condition). B) CAW treatment also robustly induced the expression of ETC genes in rat 

hippocampal neurons (n=10–11 per treatment condition). *p<0.05, **p<0.01, relative to 

Control unless otherwise indicated.
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