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Abstract

The accumulation of β-amyloid (Aβ) is a hallmark of Alzheimer’s disease and is known to result

in neurotoxicity both in vivo and in vitro. We previously demonstrated that treatment with the

water extract of Centella asiatica (CAW) improves learning and memory deficits in Tg2576 mice,

an animal model of Aβ accumulation. However the active compounds in CAW remain unknown.

Here we used two in vitro models of Aβ toxicity to confirm this neuroprotective effect, and

identify several active constituents of the CAW extract. CAW reduced Aβ-induced cell death and

attenuated Aβ-induced changes in tau expression and phosphorylation in both the MC65 and SH-

SY5Y neuroblastoma cell lines. We confirmed and quantified the presence of several mono- and

dicaffeoylquinic acids (CQAs) in CAW using chromatographic separation coupled to mass

spectrometry and ultraviolet spectroscopy. Multiple dicaffeoylquinic acids showed efficacy in

protecting MC65 cells against Aβ-induced cytotoxicity. Isochlorogenic acid A and 1,5-

dicaffeoylquinic acid were found to be the most abundant CQAs in CAW, and the most active in

protecting MC65 cells from Aβ-induced cell death. Both compounds showed neuroprotective

activity in MC65 and SH-SY5Y cells at concentrations comparable to their levels in CAW. Each

compound not only mitigated Aβ-induced cell death, but was able to attenuate Aβ-induced

alterations in tau expression and phosphorylation in both cell lines, as seen with CAW. These data

suggest that CQAs are active neuroprotective components in CAW, and therefore are important

markers for future studies on CAW standardization, bioavailability and dosing.
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Introduction

Alzheimer’s disease (AD) is the most common form of dementia and is predicted to affect as

many as 100 million people worldwide by 2050 [1]. The two principal pathological

hallmarks of the disease in the brain, are plaques made up of β-amyloid (Aβ), and

neurofibrillary tangles, comprised primarily of hyperphosphorylated tau [2]. Because

changes in Aβ are evident prior to tau abnormalities [3] it is thought that tangle formation is

downstream of Aβ accumulation in the progression of the disease [4] and numerous

preclinical experiments support this idea [5-8]. In recent trials, Aβ lowering treatments have

proved ineffective in improving clinical outcomes [9, 10], leading to the belief that targeting

the toxic consequences of Aβ may be more therapeutically relevant than reducing plaque

burden. An increasing number of people are turning to alternative therapies, including

botanical products, to try and achieve these results [11, 12].

Centella asiatica (L.) Urban, (Apiaceae), known in the United States as Gotu Kola, is an

edible plant that has been used for centuries in the Indian medical system of Ayurveda to

boost memory, improve cognitive function and reverse cognitive impairments [13]. Extracts

of Centella asiatica have been shown to be neuroprotective or neurotropic in a number of

preclinical models. A great deal of variability exists in the chemical composition, and

consequently biological properties, of different Centella asiatica extracts. In addition to

variability due to diverse growing conditions of the source Centella asiatica plant material

[14, 15], the method of extraction has a substantial effect on the types of chemical

compounds present in an extract [16, 17]. We have previously demonstrated that the

chemical profile of an ethanol extract from Centella asiatica is quite different from that of a

water extract of the same batch of plant material[18]. In rodents, extracts of Centella

asiatica have attenuated neurobehavioral and neurochemical effects of stroke [19],

accelerated nerve regeneration [20], protected against oxidative neurotoxicity [21] and

showed anti-inflammatory [22] and antioxidant effects [23]. In addition to these effects, the

cognitive enhancing action of water extracts of Centella asiatica has also been demonstrated

in multiple animal models [24-26] and in limited human studies [27-30]. An extract of

Centella asiatica was also shown to decrease Aβ plaque burden in a transgenic mouse

model of AD, however the extraction method was not described making it difficult to

speculate which compounds may be responsible for that effect[31].

We have previously shown that a water extract of Centella asiatica (CAW) attenuates Aβ-

induced cognitive impairments in the Tg2576 mouse model of AD [18]. These mice express

a mutant form of human amyloid precursor protein leading to age-dependent Aβ
accumulation in the hippocampus and cortex, and concomitant learning and memory deficits

[32]. We found that two weeks of treatment with CAW in the drinking water normalized the

Morris Water Maze and open field behavioral deficits normally observed in aged Tg2576

animals. Notably, CAW treatment did not alter Aβ levels in the brain suggesting that CAW

may act downstream of Aβ formation to mitigate the toxic consequences.

Despite the impressive biological effects of CAW, the active compounds underlying its

action remain unknown. Much of the biological activity associated with Centella asiatica is

attributed to the triterpene compounds present in the plant. Asiatic acid, madecassic acid,
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asiaticoside and madecassoside are the major triterpene constituents found in Centella

asiatica [33]. However, while these compounds are abundant in an ethanol extract of

Centella asiatica, the triterpenes were not found in the CAW extract that reversed behavioral

abnormalities in the Tg2576 mouse model [18], indicating that other compounds in the

extract must be responsible for the beneficial effects observed.

The goal of the present project was to identify the compounds associated with

neuroprotective activity of CAW. The phytochemical profile of CAW was investigated

using thin layer chromatography (TLC) or high performance liquid chromatography (HPLC)

coupled to high-resolution mass spectrometry (HRMS), tandem mass spectrometry

(MS/MS) and ultraviolet (UV) spectroscopy. We used two in vitro models of Aβ toxicity,

the MC65 and SH-SY5Y neuroblastoma cell lines, to investigate activity of compounds

within CAW. MC65 cells are a model of intracellular Aβ toxicity as they conditionally

express the C-terminal fragment of amyloid precursor protein (APP) [34]. In contrast SH-

SY5Y cells are widely used to study the effect of exogenously administered Aβ peptide

[35-41]. We examined the effects of CAW, and as well as compounds found within the

extract, on cell viability as well as tau expression and phosphorylation in both of these

model systems.

Materials and Methods

Aqueous extract of Centella asiatica

Dried Centella asiatica was purchased from StarWest Botanicals, Sacramento, CA (Lot no.

45158). The identity of the plant was confirmed by visual examination and by comparing its

thin layer chromatographic profile with that reported in the literature [42] and the Centella

asiatica sample used in our previous study [18]. The dried water extract of Centella asiatica

(CAW) was prepared by refluxing Centella asiatica (60g) with water (750mL) for 1.5 hours,

filtering the solution to remove plant debris and freeze drying to yield a powder (6g). A

voucher specimen of the plant material (CA/2012/SW) is deposited in our laboratory.

MC65 cells

MC65 cells are a neuroblastoma line that expresses the C-terminal fragment of amyloid

precursor protein (APP CTF) under the control of a tetracycline responsive promoter [34,

43]. Following tetracycline withdrawal from the medium, endogenous Aβ accumulates and

cell death occurs within 72 hours. MC65 cells were cultured in MEMα supplemented with

10% FBS (Gibco), 2mM L-glutamine (Sigma-Aldrich) and 0.1% tetracycline (Sigma-

Aldrich) as previously described [44, 45]. For experiments, cells were trypsinized and

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

desired concentrations of treatment compounds in the absence of tetracycline. All endpoints

were compared to those for tetracycline-treated cells with or without the addition of

treatment compounds. For viability studies cells were plated at 15,000 cells/well in 96 well

plates and viability was assessed at 72 hours. Cells plated at 60,000/well in 12 well plates or

120,000k/well in 6 well plates were harvested 48h post-treatment to assess gene and protein

expression respectively. Gene expression was determined by quantitative real-time PCR and

protein expression by western blot.
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SH-SY5Y cells

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

FBS and 1% penicillin-streptomycin. For viability and gene expression experiments 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. Three days after plating, cells were washed

with PBS and switched to serum free DMEM/F12 containing 1% N-2 neuroblastoma growth

factor (Gibco) and test compounds. The following day 50μM Aβ25-35 (American Peptide

Company) was added to the cells. The 25-35 fragment of full length Aβ is widely used

[46-49] has been shown to mediate its toxic effects [50] and therefore was the fragment used

in these experiments. Fibrilized Aβ solution was prepared by incubating at 37C for 24h prior

to addition to the cell cultures. Two days after the Aβ addition, viability as well as gene and

protein expression were assessed.

Cell viability

Cell viability was determined using the CellTiter 96 Aqueous Non-Radioactive Cell

Proliferation Assay (Promega) as per the manufacturer’s instructions. Assays were

conducted on 96 well plates with 4-8 wells per treatment condition per plate. The assays was

repeated 3-4 times yielding a total of 16-24 replicates per treatment condition.

Western Blotting

Cells were harvested and lysed by sonication and boiling in Laemmli buffer. Samples were

separated electrophoretically on an SDS gel, transferred onto nitrocellulose membranes and

immunoblotted using antibodies for total tau (tau12 antibody provided by Skip Binder,

Michigan State), pTau Thr205, pTau Ser262, pTau Ser396 and pTau Ser404 (Invitrogen).

The optical density of the bands was quantified using Image J software (http://

rsbweb.nih.gov/ij) and normalized to glyceraldehyde-3-phosphate dehydrogenase

(GAPDH). Each blot contained 2-4 samples per treatment condition and densitometric

analysis was performed on 4-5 separate blots per experiment.

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 mRNA

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

commercially available TaqMan primers (Invitrogen) for Tau, encoded by the microtubule

associated protein tau (MAPT) gene and GAPDH. Quantitative PCR (qPCR) was performed

on a StepOne Plus Machine (Applied Biosystems) and analyzed using the delta-delta Ct

method. Six replicates were analyzed for each treatment condition.

Chemical analysis of CAW

Identification of the chemical constituents of the CAW extract was initially performed by

TLC coupled to HRMS. All HRMS was performed on an AB Sciex Triple TOF 5600 mass

spectrometer. CAW extract was applied to silica gel TLC plates (Sigma-Aldrich) and

developed using chloroform:methanol:water (15:7:1). Zones separated on the TLC plates
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were analyzed using a CAMAG commercial TLC-MS direct sampling interface with a flow

rate of 0.1 mL/min using MeOH: water (70:30 vol%). Ammonium acetate (50 mM) was

added as an ion-pairing reagent. A Shimadzu LC pump was used to deliver solvent to the

CAMAG TLC interface connected to the AB Sciex Triple TOF 5600 mass spectrometer and

a non-targeted approach was used (Information Dependent Acquisition; IDA). Data were

acquired in positive and negative ionization mode. aLC-MS/MS data were acquired over a

mass range of m/z 50-1000. with a collision energy of 30 eV -. MS data was imported into

the data mining software Peak View (AB SCIEX). Mass detection and ion intensities were

compared for the different plant compounds based on accurate mass and MS/MS profiles.

The identities of potential chemical constituents were subsequently confirmed by comparing

data from analysis using HPLC coupled to MS (LC-MS) for the extract to that of

commercial reference standards (purchased from Sigma-Aldrich or Chromadex). LC-MS

was performed on an Applied Biosystems 4000 Q-trap using a Shimadzu LC pump with an

Agilent Extend C18 column (2.1×150mm, 5 μm) eluting with a gradient of acetonitrile in

water both with 0.1% formic acid (acetonitrile 5 to 18% in 9 minutes, up to 25% at 20

minutes, then to 95% at 22 minutes, returning to 5% at 22.5 minutes and maintained there

until 30 minutes. MS analysis was performed in negative ion mode, with a source

temperature of 450°C, and source voltage of 4.5 kV. Mass spectra were acquired utilizing

enhanced product ion (EPI) mode in which two experiments were used, the first selecting

ions with m/z 515 and the other 353, and collisionally induced dissociation was performed

using a collision energy of −30 V.

The percent content of each compound in CAW was assessed by HPLC coupled to UV

detection (LC-UV). Commercial reference standards of compounds present in CAW were

chromatographed along with the extract. Analysis was performed using an Agilent HPLC

system (Thermo) coupled to a Surveyor Photodiode detector (Thermo). A Poroshell 120

EC18 3.0 × 50mm 2.7μ column was used with a column temperature of 60°C and eluting

with a gradient of acetontrile in water with 0.1% trifluoroacetic acid (acetonitrile 5% to 95%

in 12 minutes, maintained at 95% at 13 minutes then returning to 5% at 13.5 minutes and

maintained there until 15 minutes). Detection wavelengths were 205nm and 330nm.

Triterpenes were quantified at 205nm and CQA’s at 330nm.

The positional isomers 1,5-dicaffeoylquinic acid and isochlorogenic acid A could not be

resolved by the HPLC conditions described above. A different method was developed

specifically to separate these two compounds and quantify their individual percent

composition in the CAW extract. HPLC coupled to ultraviolet detection (LC-UV) and

tandem mass spectrometry (LC-MS/MS) in series, was performed on an Applied

BioSystems 4000 Q TRAP using a Poroshell 120 EC18 3.0 × 50mm 2.7μm column. The

column temperature was 40°C and elution was achieved with an acetonitrile:water gradient,

containing 0.05% acetic acid (acetonitrile 5% to 25% in 8 minutes, to 40% at 10 minutes,

95% at 11 minutes and maintained at 95% to 12.5 minutes, returning to 5% at 13 minutes

and maintained at 5% until 15 minutes). The UV detector was set at 330nm, and MS/MS

experiments were conducted with electrospray ionization in negative ion mode, at a

temperature of 550°C, with ionspray voltage −4500V, and collision energy of −50V for the

m/z (515 to 191) transition, and −30V for the m/z (515 to 353) transition. Compound
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identities in CAW were confirmed against standards, using both retention time, and relative

peak heights obtained by selected reaction monitoring (SRM) of the m/z (515 to 353), and

m/z (515 to 191) fragmentation pathways. The two CQA’s were individually quantified

from peak areas obtained using UV detection at 330nm.

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 attenuates intracellular Aβ-induced cell death and Aβ-induced changes in tau
expression and phosphorylation in MC65 cells

MC65 cells conditionally express human APP-C99 gene under the control of a tetracycline

responsive promoter [34]. With tetracycline in the media (Tet+) the gene is repressed but

when tetracycline is withdrawn (Tet-) Aβ accumulates and there is extensive cell death

within 72 hours [43]. Treatment with 100μg/mL CAW significantly reduced cell death of

MC65 cells following tetracycline withdrawal (Figure 1A). Interestingly CAW treatment

resulted in a slight, increase in cell viability in the presence of tetracycline as well.

We also observed that Aβ accumulation increased tau gene expression 4 fold at 48h after

tetracycline withdrawal (Figure 1B). This increase was partially attenuated by CAW

treatment. The addition of CAW to the cells grown with tetracycline had no effect on tau

gene expression.

Tau protein levels mirrored what was observed with the gene expression. Aβ accumulation

increased tau protein levels and that induction was also partially attenuated by CAW (Figure

1C). Additionally we observed significant increases in tau phosphorylation at several sites

following tetracycline removal. CAW reduced Aβ-induced tau phosphorylation at Ser396

and Ser404 and partially reduced phosphorylation at Ser262. Notably CAW did not affect

Aβ-induced tau phosphorylation at Thr205 in MC65 cells nor did CAW treatment have any

effect on tau phosphorylation at any site in cells grown with tetracycline. Densitometric

analysis of multiple blots confirmed these changes (Figure 1D).

CAW attenuates exogenous Aβ peptide-induced cell death and Aβ peptide-induced
changes in tau expression and phosphorylation in SH-SY5Y cells

SH-SY5Y cells were treated with CAW for 24h prior to the addition of 50μM Aβ25-35

peptide. Aβ peptide treatment resulted in significant cell death after 48h but pre-treatment

with CAW prevented this effect (Figure 2A). In control cells, not treated with Aβ peptide,

CAW resulted in a trend towards increased cell viability but this difference was not

significant.

Exogenous Aβ peptide treatment of SH-SY5Y cells increased tau gene expression 2 fold

(Figure 2B). CAW treatment attenuated this increase in Aβ-treated cells to levels that were

no different from control cells. However, CAW had no effect on tau expression in control-
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treated cells. This effect was confirmed at the protein level where CAW completely blocked

Aβ-induced increases in tau expression (Figure 2C). Phosphorylation of tau was also

increased with Aβ treatment at all of the sites analyzed. CAW prevented this increase at

Thr205 and Ser404 and partially attenuated the increased phosphorylation at Ser262 and

Ser396. Densitometric analysis of multiple blots confirmed these changes (Figure 2D).

Asiaticoside and madecassoside are present in CAW but show no activity in MC65 cells.

Although the triterpenes asiatic (AA) or madecassic acid (MA) were not found in the CAW

extract, non-targeted HRMS detected measurable levels of the triterpene glycosides

asiaticoside (AS) and madecassoside (MS). Their percent composition in CAW was

determined by LC-UV to be 0.94% for AS and 2.41% for MS (Figure 3A). Because AS and

MS were not reported to be present in previous preparations of CAW [18], we wanted to

investigate whether the compounds had any protective activity against Aβ toxicity. A dose

range was identified for each compound, spanning the concentration that would be present

in 100μg/mL CAW. Neither triterpene was protective at any dose tested in the MC65 cells

(Figure 3B).

Several caffeoylquinic acids are detectable in CAW extract

Non-targeted TLC-HRMS analysis of the CAW extract identified several compounds with

masses and fragmentation patterns typical of caffeoylquinic acids (CQAs). When run on LC-

MS, with available standards, we were able to confirm the presence of 8 specific CQAs in

CAW (Figure 4A). We achieved good resolution between most of the CQAs but 1,5-

dicaffeoylquinic acid and isochlorogenic acid A co-eluted and had identical masses.

However, we were able to resolve these two compounds using a modified LC-MS/MS

method. The two compounds not only had differing retention times, but under appropriate

MS/MS conditions, showed differences in the relative intensities of the m/z (515 to 353) and

m/z (515 to 191) transitions. Differences in the relative intensities for these fragment ions

were also noted for other dicaffeoylquinic acids. The relative peak height for each

component was obtained by dividing the peak height in chromatograms obtained by SRM of

the 515/191 transition by the peak height in chromatograms obtained by SRM of the

515/353 transition. Using selective reaction monitoring (SRM) to compare standard

compounds alone, CAW, and CAW spiked with standards, we verified that both 1,5-

dicaffeoylquinic acid and isochlorogenic acid A were present in CAW (Figure 4B). Peak

height ratios for 1,5-dicaffeoylquinic acid and isochlorogenic acid A in CAW, may have

been modified by interference from Isochlorogenic acid B, which eluted between these two

compounds.

Quantitation of CQA’s in CAW

The percent content of each CQA in CAW extract was determined by HPLC-UV, with

detection at 330nm (Figure 4C). There was a wide range in percent composition from 0.01%

to 0.47% with isochlorogenic acid A being the most abundant. Isochlorogenic acids B and C

and 1,5-dicaffeoylquinic acid also contributed significantly to the CAW mixture accounting

for approximately 0.27-0.28%. Each of the other CQAs analyzed accounted for less than or

equal to 0.11% of CAW.
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Dicaffeoylquinic acids provide greater protection against intracellular Aβ-induced cell
death in MC65 cells than do monocaffeoylquinic acids

The structures of the CQAs identified separate them into two classes, monocaffeoyl quinic

acids which include chlorogenic, cryptochlorogenic and neochlorogenic acids and the

dicaffeoylquinic acids including isochlorogenic acids A, B and C as well as 1,5 and 1,3

dicaffeoylquinic acids (Figure 4D). The activity of each of the CQAs was assessed using the

MC65 cells. A dose range was used for each compound that spanned its concentration in a

100μg/mL solution of CAW, calculated by the percent composition determined by HPLC.

None of the monocaffeoylquinic acids showed any significant protection above the no

treatment (Tet-) condition (Figure 5A) at any of the concentrations tested in the range

relevant to their concentration in CAW. In contrast, the dicaffeoylquinic acids did

significantly improve viability especially at the higher doses tested.

Combinations of all 8 CQAs reflecting their relative percent composition equivalent to 50,

100 and 200 μg/mL CAW were also tested in MC65 cells. There was robust protection at

each of the doses equivalent to 50, 100 and 200 μg/mL CAW, and the CQA combinations

offered greater protection than any dose of the individual CQAs. However, the CQA

combinations did not achieve as great a level of protection as was observed using 100μg/mL

of the complete CAW extract. The combination equivalent to 100μg/ml CAW achieved only

76% of the protective activity observed when using the whole extract.

1,5-Dicaffeoylquinic acid and isochlorogenic acid A attenuate Aβ-induced changes in tau
expression and phosphorylation in MC65 cells

Because 1,5-dicaffeoylquinic acid and isochlorogenic acid A were the most abundant and

most active of the individual CQAs in the viability screen, we further confirmed their

activity by evaluating their effects on tau expression and phosphorylation. As observed with

CAW, 1,5-dicaffeoylquinic acid (750μg/mL) significantly reduced tau gene expression

following tetracycline removal although it did not return expression back to control levels

(Figure 5B). Again, as was observed with CAW, this effect was limited to cells grown

without tetracycline. Tau protein expression was likewise increased by Aβ accumulation and

was partially attenuated with1,5-dicaffeoylquinic acid treatment (Figure 5C). The Aβ-

induced increases in tau phosphorylation were attenuated by 1,5-dicaffeoylquinic acid at all

sites except thr205, consistent with what was observed with the entire extract in MC65 cells.

Densitometric analysis of multiple blots confirmed these changes (Figure 5D).

Isochlorogenic acid A (750μg/mL) had an overall similar effect on tau gene and protein

expression as did 1,5-dicaffeoylquinic acid. It partially attenuated Aβ-induced increases in

tau gene expression but not to the levels seen in cells grown in the presence of tetracycline

but had no effect on tau gene expression in cells grown with tetracycline (Figure 5E). These

effects on tau expression were confirmed at the protein level (Figure 5F). Isochlorogenic

acid A normalized the Aβ-induced phosphorylation at Ser396 and Ser404 and partially

attenuated increased phosphorylation at Ser262 resulting from Aβ accumulation.

Isochlorogenic acid A had no effect on the Aβ-induced phosphorylation at Thr205 nor did it

affect phosphorylation at any site in the presence of tetracycline. Densitometric analysis of

multiple blots confirmed these changes (Figure 5G).
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1,5-dicaffeoylquinic acid and isochlorogenic acid A attenuate Aβ peptide-induced changes
in tau expression and phosphorylation in SH-SY5Y cells

The activities of 1,5-dicaffeoylquinic acid and isochlorogenic acid A were further confirmed

in the SH-SY5Y cell model system. Cells were treated with either 1,5-dicaffeoylquinic acid

(750μg/mL) or isochlorogenic acid A (750μg/mL) 24h prior to the addition of 50μM Aβ25-35

peptide. 1,5-Dicaffeoylquinic acid partially attenuated the cytotoxic effect of Aβ in peptide-

treated cultures, and significantly increased cell growth in control cells as well (Figure 6A).

1,5-Dicaffeoylquinic acid also normalized Aβ peptide-induced tau gene expression though it

had no effect on tau expression in control cells (Figure 6B). The increased protein levels of

tau caused by Aβ peptide administration were partially attenuated by 1,5-dicaffeoylquinic

acid treatment although they were still significantly increased relative to control cells.

Treatment with 1,5-dicaffeoylquinic acid also significantly attenuated Aβ peptide-induced

increases in tau phosphorylation at all sites, although phosphorylation at Thr205 remained

elevated compared to controls. Again, 1,5-dicaffeoylquinic acid treatment had no effect on

tau protein expression or phosphorylation in control cells (Figure 6C). Densitometric

analysis of multiple blots confirmed these changes (Figure 6D).

Isochlorogenic acid A also partially prevented the cell death induced by Aβ peptide addition

and there was a trend toward increased cell viability in control treated cells although it did

not reach statistical significance (Figure 6E). Isochlorogenic acid A also significantly

reduced Aβ peptide-induced increases in tau gene (Figure 6F) and protein expression

although it did not return protein levels completely back to those observed in control cells

(Figure 6G). Isochlorogenic acid A also partially attenuated increases in tau phosphorylation

at Ser262 and Ser396 caused by Aβ peptide and protected against Aβ peptide-induced

increases in phosphorylation at Thr205 and Ser404 completely. Consistent with what was

observed for the CAW extract and 1,5-dicaffeoylquinic acid treatment, addition of

isochlorogenic acid A had no effect on tau expression or phosphorlylation in control cells.

Densitometric analysis of multiple blots confirmed these changes (Figure 6H).

Discussion

We have previously reported that two weeks of CAW treatment reverses cognitive defects in

animal model of Aβ toxicity [18]. Here we show that, CAW protects against Aβ induced

cytotoxicity in two cellular models, the MC65 and SH-SY5Y neuroblastoma cell lines.

MC65 cells overexpress APP under the control of a tetracycline responsive promoter. The

withdrawal of tetracycline induces the expression of APP and its subsequent processing to

Aβ leading to Aβ accumulation and ultimately cell death[43]. SH-SY5Y cells are a model

system frequently used to assess the effects of Aβ peptide, particularly the Aβ25-35

fragment [46-49] as it has been shown to mediate the toxic effects of Aβ[50]. While these

systems do not perfectly model the in vivo biology of AD, they do recapitulate the effects of

both endogenous and exogenous Aβ and therefore allow for the study of its toxic

consequences.

Using these cellular models, we also observed that CAW attenuates Aβ induced changes in

tau expression and phosphorylation in both SH-SY5Y and MC65 cells. While Aβ has

previously been shown to induce tau phorphorylation in SH-SY5Y cells [51-53], to our
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knowledge this is the first report of Aβ-induced alterations in tau in the MC65 cell line. Tau

is a cytoskeletal protein normally bound to microtubules. When it becomes

hyperphosphorylated tau dissociates from the microtubules and can aggregate generating

neurofibrillary tangles [2]. The phosphorylation sites investigated in this study are all

abnormally phosphorylated in AD [54], making them potentially relevant to disease

pathology. However, because multiple kinases are known to phosphorylate each of these

sites [55], it is unclear which, if any, of them CAW might affect. However, the fact that

CAW treatment did not alter tau phosphorylation in control or Tet+ treated cells suggests

that a direct effect of CAW on kinase activity is unlikely. Each of these sites can also be

dephosphorylated by phosphoseryl/phosphothreonyl protein phosphatase-2A (PP-2A) [54]

which is one of the most active enzymes in dephosphorylating abnormal tau [56, 57]. Both

the expression and activity of this enzyme is known to be decreased in AD brains [58-60].

Therefore the possibility exists that CAW treatment might promote the expression or

activation of PP-2A, although this remains to be determined.

Additionally, further investigation is needed to understand if these changes in tau expression

and phosphorylation are relevant to the mechanism of Aβ-induced neurotoxicity in these cell

lines. No significant tau aggregation or tangles appear in either the MC65 or SHSY5Y cells

prior to Aβ-induced cell death nor are there reports of tangles in the Tg2576 mice, where we

previously observed the cognitive enhancing effects of CAW. Thus it may be the case that

these alterations in tau are merely a marker for, and not mechanistically linked to, Aβ
toxicity in these cell lines.

The neuroprotective effects of Centella asiatica have been well documented [20, 61-64], yet

these effects have usually been attributed to the bioactive triterpenes (asiatic acid,

madecassic acid, asiaticoside, madacassoside) present in the plant. We previously reported

that our original extract of CAW does not contain these triterpenes [18]. Interestingly our

analysis of the CAW preparation used in the present study did show the presence of

asiaticoside and madecassoside. This apparent inconsistency is likely due to the fact that a

different collection of Centella asiatica was used in the present experiments. As previously

mentioned, plant material from a single species can be highly variable in phytochemical

composition depending on genetic factors, and conditions of growth and collection [16, 17].

Variability has been shown between different accessions of Centella asiatica, even those

grown within relatively narrow geographical regions [14, 65]. While the presence of the

triterpenes in this preparation was unexpected, based on our assay in MC65 cells they appear

to have no activity against Aβ-induced toxicity. This, combined with the fact that these

compounds were not present in the previous CAW extract that showed beneficial effects in

mouse model [18], leads us to conclude that the triterpenes are not responsible for the

neuroprotective activity of CAW against Aβ-induced toxicity.

Instead we have identified several caffeoylquinic acids that show neuroprotective activity

against both intracellular and extracellular Aβ-toxicity. Some of the CQAs we found in

CAW have been previously described in Centella asiatica but not in a water extract

specifically. Chlorogenic acid, cryptochlorogenic acid, neochlorogenic acid and

isochlorogenic acids A and B were all identified in an alcohol extract of Centella asiatica

[14]. Here we also confirm the presence of 1,5-dicaffeoylquinic acid, 1,3 dicaffeoylquinic
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acid and isochlorogenic acid C in CAW. These compounds have not previously been

associated with the neuroprotective activities of Centella asiatica, although there have been

studies reporting antioxidant components, potentially phenolic in nature [65, 66] in this

plant.

CQAs are found in many types of plants and have been shown to have neuroprotective

effects in several model systems. In primary rat neurons CQAs were protective against

excitotoxic and hypoxic damage [67] and prevented H202-induced apoptosis [68]. CQAs

also protected against Aβ1-42 toxicity in primary neurons [69] and in vivo were shown to

inhibit microglial activation and protect neurons during focal cerebral ischemia [70].

Additionally CQAs inhibited Aβ1-42 aggregation in vitro and isochlorogenic acid C was

protective against Aβ1-42 induced cell death in SH-SY5Y cells [71]. Interestingly 3,4,5

tricaffeoylquinic acid was found to be an even more potent inhibitor of Aβ1-42 induced

cytotoxicity in SH-SY5Y cells than the dicaffeoylquinic acids [72] suggesting that an

increased number of caffeoyl groups on the quinic acid moiety may result in increased

neuroprotection. This is consistent with our finding that monocaffeoylquinic acids offered

less protection from Aβ-induced cell death in the MC65 cells than did the dicaffeoylquinic

acids.

It remains to be seen if the bioactive CQAs identified in this in vitro study are what mediate

the in vivo cognitive enhancing effects of CAW that we previously observed in Tg2576

mice [18]. Both isochlorogenic acid A and a CQA-rich sweet potato extracts have been

shown to improve cognition in senescence accelerated-prone mice [73, 74] but the effects of

CQAs in the Tg2576 model of Aβ toxicity have yet to be investigated.

It will also be interesting to evaluate the effects of both CAW and the CQA compounds in

healthy, aged mice. Our in vitro data shows that while there is a robust effect of CAW and

the CQAs when either intracellular Aβ accumulates or Aβ peptide is administered

exogenously, the effect of CAW under control conditions is modest and restricted to

viability. It is therefore difficult to speculate whether or not the extract, or isolated

compounds from the extract, would display any cognitive enhancing effects in vivo in the

absence of Aβ pathology.

The eight CQAs evaluated here are not a comprehensive list of CQAs present in CAW

extract. We were unable to get standards for some CQAs previously reported to be present

in Centella asiatica, and also detected by HRMS in our CAW extract, such as irbic acid

[14]. Also, it is possible that the CQAs do not represent the entirety of active compounds in

CAW. HRMS analysis revealed that CAW is a complex mixture of which all the CQAs we

identified account for less than 1.5%. Additionally the combination of CQAs equivalent to

their abundance in 100ug/mL CAW did not reach the same level of protection in MC65 cells

as the entire extract, suggesting that other compounds in CAW contribute to its ability to

prevent Aβ-toxicity. More analysis, either by untargeted HRMS or by bioactivity-guided

fractionation, is needed to fully elucidate all the active constituents of CAW.

The data presented here clearly show the neuroprotective effects of CAW in two in vitro

models of Aβ toxicity, and identify CQAs as active components of that extract. These CQAs
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can be used as marker compounds in future studies to determine the bioavailability of CAW

and will help identify a therapeutic window for dosing in future animal or human studies.

Bioavailability studies will also allow us to evaluate the relevance of the CAW and CQA

doses used in these in vitro experiments. Additionally, current standardization of Centella

asiatica extracts focuses on measuring the triterpenes. This study demonstrates that the

CQA’s may also be relevant therapeutically, and that their content should also be optimized.
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Figure 1.
CAW attenuates the effects of intracellular Aβ toxicity in MC65 cells. *p<0.05, **p<0.1,

***p<0.001 relative to Tet+ unless otherwise indicated. A) The addition of CAW

(100ug/mL) significantly reduced cell death observed in cells grown in the absence of

tetracycline compared to control-treated cells grown without tetracycline (Tet-), where

intracellular Aβ accumulates. Additionally CAW increased cell growth in cells grown with

tetracycline (CAW+Tet+) relative to control-treated cells grown with tetracycline (Tet+).

n=20-24 per treatment condition. B) Tetracycline withdrawal significantly increased tau
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gene expression (Tet-) but the addition of CAW (100ug/mL) partially attenuated this effect.

n=6-8 per treatment condition. C) Tetracycline withdrawal (Tet-) increased total tau protein

expression and tau phosphorylation at various sites. CAW (100ug/mL), added to Tet-

treatment, reduced overall tau expression and attenuated the increased phosphorylation at

Ser262, Ser396 and Ser404 but had no effect at Thr205. Each immunoblot image is a

grouping of representative images from different parts of the same gel. D) Densitometric

analysis of 4-5 separate blots per treatment condition. Optical densities were normalized to

GAPDH and fold induction is calculated relative to the Tet+ condition.
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Figure 2.
CAW attenuates the effects of extracellular Aβ peptide administration in SH-SY5Y cells.

*p<0.05, **p<0.1, ***p<0.001 relative to control unless otherwise indicated. A) Aβ25-35

treatment (50uM) significantly reduced cell viability but this effect was partially attenuated

by CAW (100ug/mL). n=16-24 per treatment condition. B) Aβ25-35 treatment (50uM)

significantly increased tau gene expression and CAW (100ug/mL) prevented this effect.

n=6-8 per treatment condition. C) Aβ25-35 treatment (50uM) also increased tau protein

expression and phosphorylation at several sites. CAW (100ug/mL), added to Aβ25-35
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treatment, reduced these increases in total tau protein as well as phosphorylation at each site.

Each immunoblot image is a grouping of representative images from different parts of the

same gel. D) Densitometric analysis of 4-5 separate blots per treatment condition. Optical

densities were normalized to GAPDH and fold induction is calculated relative to the control

condition.
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Figure 3.
Asiaticoside and madecassoside are present in CAW but not protective against Aβ toxicity

in MC65 cells. A) Asiaticoside (AS) and madecassoside (MS) were detected by HRMS and

their relative percent composition were determined by HPLC-UV. Asiatic and madecassic

acid were not detectable (n.d.) in CAW. B) Dose ranges spanning the concentration of AS

and MS present in 100ug/mL CAW were tested in MC65 cells for their ability to attenuate

Aβ-induced cell death following tetracycline withdrawal. Neither compound offered any

protection at any dose tested; ***p<0.01 relative to Tet+. n=24 per treatment condition.
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Figure 4.
Caffeoylquinic acids are present in CAW. A) The presence of several caffeoylquinic acids

was confirmed by comparing the LC-MS trace for CAW to that of a solution containing

standards for each CQA. B) The relative peak heights obtained by selected reaction

monitoring (SRM) of the 535 to 191, and 515 to 353 transitions using LC-MS/MS differed

for the isomeric dicaffeoylquinic acids. This was used to verify the presence of 1,5-

dicaffeoylquinic acid and Isochlorogenic acid A in CAW. C) The % composition of each

CQA in the CAW mixture was determined from LC-UV analysis at 330nm. D) The
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chemical structures of the eight CQAs comprising both monocaffeoylquinic and

dicaffeoylquinic acids. The chemical nomenclature is given in brackets when the common

name was used.
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Figure 5.
Dicaffeoylquinic acids show activity in reversing the effects of Aβ accumulation in MC65

cells. A) The neuroprotective effects of each CQA were evaluated in MC65 cells grown

without tetracycline. Each CQA was tested at a dose range spanning its calculated

concentration in 100ug/mL CAW. A combination of all eight CQAs (CQA combo) was also

prepared with each CQA at its expected concentration in 50, 100 or 200ug/mL CAW.

Protection above the viability of the cells grown without tetracycline was determined;

*p<0.05, **p<0.1, ***p<0.001 relative to cells grown without tetracycline (Tet- condition).
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n=16-24 per treatment condition. B) Treatment with 750ng/mL 1,5-dicaffeoylquinic acid

(1,5-dCQA) significantly attenuated the increase in tau gene expression caused by

tetracycline withdrawal; n=6 per treatment condition; *p<0.05, **p<0.1, ***p<0.001

relative to Tet+ unless otherwise indicated for figures 5B-5G. C) 1,5-dCQA (750ng/mL)

also diminished the increased tau protein levels and phosphorylation at Ser262, Ser396 and

Ser404 that resulted from tetracycline withdrawal. Each immunoblot image is a grouping of

representative images from different parts of the same gel. D) Densitometric analysis of 4-5

separate blots per treatment condition. Optical densities were normalized to GAPDH and

fold induction is calculated relative to the control condition. E) Treatment with 750ng/mL

isochlorogenic acid A (IsoA) significantly reduced the induction of tau gene expression

caused by tetracycline removal (Tet-). n=6 per treatment condition. F) IsoA (750ng/mL)

similarly decreased tau protein expression and phosphorylation at Ser262, Ser396 and

Ser404 caused by tetracycline withdrawal. Each immunoblot image is a grouping of

representative images from different parts of the same gel. G) Densitometric analysis of 4-5

separate blots per treatment condition. Optical densities were normalized to GAPDH and

fold induction is calculated relative to the control condition.
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Figure 6.
1,5-Dicaffeoylquinic acid and isochlorogenic acid A attenuate the effects of Aβ25-35

administration in SH-SY5Y cells. *p<0.05, **p<0.1, ***p<0.001 relative to control unless

otherwise indicated. A) 1,5dCQA (750ng/mL) reduced the cell death induced by Aβ peptide

administration (50uM) and also increased cell growth in control-treated cells, n=16-24 per

treatment condition. B) 1,5dCQA (705ng/mL) prevented the increase in tau gene expression

caused by Aβ peptide (50uM), n=6 per treatment condition. C) 1,5dCQA (750ng/mL), when

combined with Aβ peptide (50uM), also attenuated the increases in total tau protein as well
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as tau phosphorylation at all sites analyzed. Each immunoblot image is a grouping of

representative images from different parts of the same gel. D) Densitometric analysis of 4-5

separate blots per treatment condition. Optical densities were normalized to GAPDH and

fold induction is calculated relative to the control condition. E) IsoA (750ng/mL) attenuated

the cytotoxicity induced by Aβ peptide treatment (50uM). n=16-24 per treatment condition

F) IsoA (750ng/mL) blocked the Aβ peptide (50uM) induced increase in tau gene

expression. n=6 per treatment condition. G) IsoA (750ng/mL), when combined with Aβ
peptide (50uM), also reduced the increases in tau protein expression and phosphorylation

induced by Aβ peptide (50uM) alone. H) Densitometric analysis of 4-5 separate blots per

treatment condition. Optical densities were normalized to GAPDH and fold induction is

calculated relative to the control condition.
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