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Abstract

The increase in oxidative stress and inflammatory responses associated with neurodegenerative 

diseases has drawn considerable attention towards understanding the transcriptional signaling 

pathways involving NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) and 

Nrf2 (Nuclear Factor Erythroid 2-like 2). Our recent studies with immortalized murine microglial 

cells (BV-2) demonstrated effects of botanical polyphenols to inhibit lipopolysaccharide (LPS)-

induced nitric oxide (NO) and enhance Nrf2-mediated antioxidant responses (Sun et al., 2015). In 

this study, an immortalized rat astrocyte (DI TNC1) cell line expressing a luciferase reporter 

driven by the NF-κB or the Nrf2/Antioxidant Response Element (ARE) promoter was used to 

assess regulation of these two pathways by phytochemiscals such as quercetin, rutin, cyanidin, 

cyanidin-3-O-glucoside, as well as botanical extracts from Withania somnifera (Ashwagandha), 

Sutherlandia frutescens (Sutherlandia) and Euterpe oleracea (Açaí). Quercetin effectively inhibited 

LPS-induced NF-κB reporter activity and stimulated Nrf2/ARE reporter activity in DI TNC1 

astrocytes. Cyanidin and the glycosides showed similar effects but only at much higher 

concentrations. All three botanical extracts effectively inhibited LPS-induced NF-κB reporter 

activity. These extracts were capable of enhancing ARE activity by themselves and further 

enhanced ARE activity in the presence of LPS. Quercetin and botanical extracts induced Nrf2 and 

HO-1 protein expression. Interestingly, Ashwagandha extract was more active in inducing Nrf2 

and HO-1 expression in DI TNC1 astrocytes as compared to Sutherlandia and Açaí extracts. In 
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summary, this study demonstrated NF-kB and Nrf2/ARE promotor activities in DI TNC1 

astrocytes, and further showed differences in ability for specific botanical polyphenols and extracts 

to down-regulate LPS-induced NF-kB and up-regulate the NRF2/ARE activities in these cells.
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1. Introduction

Astrocytes comprise a major immune active glial cell type and provide nutrients that 

regulate the homeostatic balance of neurotransmitters and ions in the central nervous system. 

Under pathological conditions such as cerebral ischemia and traumatic brain injury, 

astrocytes surrounding the site of injury become reactive (Lin et al., 2004, Sofroniew and 

Vinters, 2010, Parpura et al., 2012). Reactive astrogliosis is associated with release of free 

radicals and inflammatory factors which are basis for secondary injury. In cultured 

astrocytes, pro-inflammatory cytokines, chemokines, and cytotoxic factors prime activation 

of metabolic pathways required for inflammatory responses, leading to oxidative and 

nitrosative stress (Glass et al., 2010). In our previous studies with an immortalized rat 

astrocyte DI TNC1 cell line, up-regulation of the NF-κB pathway by pro-inflammatory 

cytokines, such as TNFα and IL-1β, led to the release of sPLA2-IIA, an inflammatory 

enzyme known to play a role in infection and neuroinflammation. Botanical polyphenols 

such as resveratrol from grape and EGCG from green tea effectively inhibited cytokine-

induced sPLA2-IIA mRNA expression (Jensen et al., 2009).

A number of compounds with electrophilic properties are capable of activating the 

antioxidant response pathway that involves the Kelch-like ECH-associated protein 1(Keap1)/

Nrf2 complex, which is responsible for transcriptional activation of a large number of genes 

regulated by the ARE (Hybertson et al., 2011, Hybertson and Gao, 2014). In this pathway, 

Keap1 serves as an adaptor protein for an E3 ubiquitin ligase that targets Nrf2 for ubiquitin-

dependent degradation by the proteasome (Zhang and Hannink, 2003, Zhang et al., 2004). 

Structurally diverse compounds, including a number of phytochemicals, can perturb Keap1-

mediated repression of Nrf2, leading to the release of this transcription factor into the 

cytoplasm, and its translocation to the nucleus and subsequent binding to ARE sequences in 

promoters for genes of the phase II enzymes (Scapagnini et al., 2011, Cardozo et al., 2013, 

Reuland et al., 2013, Niture et al., 2014). These enzymes play an important role in 

detoxification and cytoprotection, as well as regulation of redox homeostasis. Recent 

emphasis has been directed to the induction of HO-1, an anti-oxidative enzyme that degrades 

heme and generates CO, biliverdin and free iron (Abraham and Kappas, 2008). The Nrf2 

pathway appears to be ubiquitously expressed among neurons and glial cells, although the 

mechanism(s) for its regulation has not been clearly understood (Huang et al., 2015). In 

astrocytes, tert-butylhydroquinone (tBHQ), an anti-oxidant compound, was shown to exert 

effects through activation of the Nrf2 pathway and induction of HO-1 (Park and Kim, 2014). 

Lipoxin A4, an eicosanoid product, was also shown to attenuate oxygen-glucose deprivation 

(OGD) damage and oxidative stress in astrocytes through activation of the Nrf2 pathway and 
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HO-1 production (Wu et al., 2015). In studies with microglial cells, there is evidence that 

botanical polyphenols (such as quercetin) inhibit LPS-induced inflammatory responses (e.g., 

production of iNOS/NO) in part due to upregulation of the Nrf2 pathway and synthesis of 

HO-1 (Chen et al., 2005, Kang et al., 2013, Lee et al., 2014a, Sun et al., 2015).

There is substantial interest to understand molecular cross-talk between NF-kB and Nrf2 

pathways (Wardyn et al., 2015). Since astrocytes exhibit both similar and different properties 

as compared with microglial cells, understanding how phytochemicals regulate the oxidative 

(NF-κB) and anti-oxidative (Nrf2) pathways may offer important insights into therapeutic 

interventions for cerebral ischemia, traumatic injury and chronic neurodegenerative diseases 

(Calabrese et al., 2010, Lee et al., 2014b). In this study, the immortalized rat astrocyte (DI 

TNC1) cell line was stably transfected either with the NF-κB or the ARE promoter coupled 

to the luciferase reporter gene (Mossine et al., 2013), and was used to assess relative NF-κB 

and ARE activities in response to quercetin and cyanidin (flavonoids enriched in berries) and 

their glycosides, as well as extracts from Ashwagandha, Sutherlandia and Açaí, some have 

been used as dietary supplements in different parts of the world. In addition, the ability for 

botanicals to stimulate Nrf2 and HO-1 expression in DI TNC1 astrocytes was also assessed 

and compared with their effects on ARE reporter activity. Results from this study 

demonstrated similarities and differences in the NF-κB and Nrf2 responses between DI 

TNC1 astrocytes and the murine BV-2 microglial cells (Simonyi et al., 2015, Sun et al., 

2015), and established protocols for screening regulators of oxidative and anti-oxidative 

pathways in response to astrogliosis.

2. Materials and Methods

2.1. Materials

Dulbecco's modified Eagle's medium (DMEM), penicillin, streptomycin, 0.05% (w/v) 

trypsin/EDTA and phosphate-buffered saline (PBS) were obtained from GIBCO-BRL 

(Gaithersburg, MD, USA). Fetal bovine serum was from Atlanta Biologicals (Lawrenceville, 

GA, USA). Cytokines (TNFα, IL-1β and IFNγ) were purchased from R & D Systems 

(Minneapolis, MN, USA). Lipopolysaccharide (LPS) (rough strains) from Escherichia coli 
F583 (Rd mutant) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Premixed 

WST-1 cell proliferation reagent was obtained from Clontech (Mountain View, CA). BCA 

protein assay kit was from Pierce Biotechnology (Rockford, IL). Reporter Lysis Buffer 

(E397A) and Firefly luciferase kits (PR-E4030 or PR-E2610) were from Promega (Madison, 

WI). Antibodies for Western blot analysis: goat anti-rabbit IgG-horseradish peroxidase 

(HRP), goat anti-mouse IgG-HRP, rabbit polyclonal anti-Nrf2 (C20, sc-722) and rabbit 

polyclonal anti-HO-1 (H-105, sc-10789), were obtained from Santa Cruz Biotechnology 

(Santa Cruz, CA). Mouse monoclonal anti-β-actin (sc-2004) was from Sigma-Aldrich (St. 

Louis, MO). Precision Plus Protein molecular weight standards were obtained from (Bio-

Rad, Hercules, CA).

2.2. Botanical extracts

Sutherlandia frutescens—(L.) R.Br. (Sutherlandia) is one of botanicals used in the 

Center for Botanical Interaction Studies (CBIS) of the University of Missouri, Columbia, 

Ajit et al. Page 3

Neurochem Int. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MO. Sutherlandia milled vegetative parts were purchased from Big Tree Nutraceutical (Fish 

Hoek, South Africa). Samples (50 g) were extracted with 500 mL of 95% (v/v) ethanol at 

room temperature on a rotating shaker and vacuum-filtered, and the solids returned to the 

flask and extracted twice more with ethanol. The combined filtrates were evaporated to 

dryness under vacuum, weighed and re-suspended in dimethyl sulfoxide (DMSO) prior to 

use in cell culture (Jiang et al., 2014). Samples were aliquoted and stored in -80°C freezer 

until use.

Withania somnifera (L.) Dunal (Ashwagandha) was obtained from NOW Foods 

(Bloomingdale, IL) as an encapsulated root extract (450 mg per capsule) with a minimum of 

2.5% (w/v) total withanolides. Briefly, the contents of several capsules were weighed and 

suspended in 95% ethanol. The mixture was left to stand overnight at room temperature, 

after which it was centrifuged and filtered (0.2 μm, Fisher Scientific, Pittsburgh, PA). The 

extract was dried under vacuum (CentrVap Concentrater, LABCONCO, Kansas City, MO), 

and the dried extract was weighed and re-suspended in dimethyl sulfoxide (DMSO), and 

were aliquoted and stored in -80°C until use. This extract was applied to the culture medium 

such that the final DMSO concentration was always 0.1% (v/v).

Euterpe oleracea Martius (Açaí) berries were obtained in Belém (State of Pará, Rio de 

Janeiro, Brazil), which prepares açaí (in three forms) in strict hygienic conditions that are 

monitored by the Ministry of Agriculture. Briefly, the fruit was washed and disinfected with 

chlorinated water, then transferred to pulpers to remove the edible portion (pulp + peel). The 

product was packaged in plastic bags, stored at -18°C. Samples were lyophilized and sent to 

Dr. Robert Smith (FDA laboratories in Lenexa, KS. These samples do not have any kind of 

chemical additives (preservatives, coloring agents, acids or emulsifiers). Lyophilized 

samples were extracted with dry methanol at 100°C and 10 MPa (100 atm) pressure in a 

sealed container using an Accelerated Solvent Extractor (ASE, ThermoFisher, Sunnyvale, 

CA), as described previously (Luo R et al., 2012, Richards et al., 2014). The methanol was 

evaporated and a portion of the residue was weighed, suspended in DMSO and stored at -80° 

C prior to use in cell culture.

2.3. Cell cultures and transfection of NF-κB and ARE promoter constructs

Immortalized rat astrocytes (DI TNC1) were developed by transfecting astrocytes from rat 

brain diencephalon with the polyomavirus middle T-antigen, and this cell line was purchased 

from ATCC (CRL-2005, Rockville, MD). DI TNC1 cells were cultured in DMEM (high 

glucose), 10% (v/v) FBS, 100 units/mL penicillin and 100 μg/mL streptomycin, and 

maintained in 5% CO2 at 37°C. To harvest DI TNC1 astrocytes, cells were tre ated with 

0.05% (w/v) trypsin/EDTA for 2 min at 37°C, and centrifuged at 125 × g for 10 min. The 

cell pellets were re-suspended in culture medium. Cell density was determined by counting 

cells with a hemocytometer. Cells were subcultured in 12-well (0.4 × 106 cells) or 6-well 

(1.0 × 106 cells) plates for experiments.

For this study, we used rat DI TNC1 astrocytes stably transfected with reporter vectors 

containing an “insulated” NF-κB response element or an Nrf2-ARE, immediately followed 

by a minimal CMV promoter and the firefly luciferase gene (Mossine et al., 2013). In 

addition, the vectors contained the EF1-promoted destabilized copepod GFP and puromycin 
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resistance encoding sequences. Cells stably transfected with the NF-κB or Nrf2-ARE 

constructs were cultured and plated in the same manner as described for the untransfected 

DI TNC1 astrocytes.

2.4. Cell viability assay

The WST-1 protocol was used for assessment of cell viability (Chuang et al., 2015). Briefly, 

after reaching 80-90% confluency, untransfected cells were serum starved for 3 h, followed 

by treatment with or without botanical compounds or extracts for 1 h and then stimulated 

with or without LPS for 6 h. After treatment, aliquots of the culture medium were used for 

cell viability assay by adding 10 μl of the WST-1 reagent (Roche, Mannheim, Germany). 

After gentle shaking, cells were incubated for 2 h at 37 °C and absorbance was read at 

420-480 nm (with reference at >600 nm) using a Synergy4 Plate Reader (BioTek 

Instruments, Inc., Fisher Scientific).

2.5. Measurement of luciferase activity

Stably transfected DI TNC1-NF-κB or DI TNC1-ARE astrocytes were plated with 100 μL 

of DMEM at a density of 5,000–10,000 cells per well in a 96-well plate, and allowed to 

attach for at least 24 h in the standard cell culture conditions. Cells were serum-starved for 3 

h, followed by dose-dependent treatment with phytochemicals or extracts for 1 h at 37°C. 

Cells were then incubated with or without LPS (100 ng/mL) for 6 h, after which the 

supernatant was removed, and cells were washed, followed by addition of 80 μL of Reporter 

Lysis Buffer (1×) for 30-40 min at room temperature. Fifty μL of the lysates were transferred 

to wells in a low-fluorescence black plate with a clear bottom, and fluorescence was 

measured at 485/528 nm. Afterwards, 30 μL of the lysates or blanks were transferred to a 

white 96-well plate, and 30 μL of luciferase substrate was added to each well, and followed 

by measuring luminescence within 5 min. Relative luciferase activity (fold induction) was 

calculated using the formula: RLA = (RLU/RFU)treated sample/(RLU/RFU)untreated control, 

where relative luminescence unit (RLU) and relative fluorescence unit (RFU) are the 

corresponding luminescence and fluorescence values less blanks.

2.6. Western blot analysis

Protocol for Western blot analysis was similar to that previously described (Sun et al., 2015). 

Briefly, cells were harvested in Laemmli buffer, centrifuged at 10,000 × g for 15 min at 4°C, 

and transferred to a clean tube to remove cell debris. The supernatant was collected in 

Eppendorf tubes and if necessary, the cell lysate could be frozen at -80°C until use. Protein 

concentration was measured and normalized with the BCA protein assay kit. Depending on 

the target of interest, 5-10 μg of total protein was loaded in SDS-PAGE for electrophoresis. 

Samples together with protein molecular weight (MW) standards were loaded in 10% SDS-

PAGE gels and resolved at 100 V. After electrophoresis, proteins were transferred to 0.45 μm 

nitrocellulose membranes at 100 V for 1.5 h. The membrane was then cut into three strips 

using the MW ladder as guide: 25-37 kDA for HO-1 (MW 32 kDa), (37-50 kDa) for β-actin 

(MW 40 kDa), and 75-150 kDa for Nrf2 (MW 110 kDa). It is worth noting that the 

calculated molecular mass of Nrf2, based on amino acid sequence, is approximately 60 kD. 

However, the protein migrates through SDS-PAGE gels at approximately 100-110 kDa. This 

anomalous migration is a consequence of amino acids within the central region of the 
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protein, as can be demonstrated by comparing a series of purified Nrf2 proteins that have 

sequential truncations from the C-terminus (note provided by M. Hannink). The membranes 

were blocked in Tris-buffered saline (TBS), pH 7.4, with 0.1% (v/v) Tween 20 (TBS-T) 

containing 5% (w/v) non-fat milk for 1.5 h at room temperature, and then incubated with 

anti-Nrf2 antibody (1:500) or anti-HO-1 antibody (1:500) overnight at 4°C. After repeated 

washing with 1× TBS-T, blots were incubated with goat anti-rabbit IgG-HRP antibody 

(1:6,000) for 1 h at room temperature, and then washed three times with 1× TBS-T. For 

loading control, blots were incubated with anti-β-actin antibody (1:50,000). Immuno-

labeling was detected by chemiluminescence ECL/WestPico (Thermo Scientific, Rockford, 

IL). Films were scanned and the optical densities of protein bands were measured using the 

QuantityOne software program (BioRad, Hercules, CA).

2.7. Statistical analysis

Data are presented as means ± SEM of results from at least three independent experiments. 

Results were analyzed by either one-way or two-way ANOVA with Bonferroni post-tests 

(V4.00; GraphPad Prism Software Inc., San Diego, CA). Statistical significance was 

considered for p<0.05.

3. Results

3.1. Cytokines and LPS induce NF-κB luciferase activity in DI TNC1 astrocytes

Our previous studies with DI TNC1 astrocytes demonstrated the ability of pro-inflammatory 

cytokines and endotoxins to induce synthesis and release of sPLA2-IIA, an inflammatory 

enzyme known to be transcriptionally stimulated by the NF-κB pathway (Jensen et al., 2009, 

Sheng et al., 2011). In this study, we evaluated whether these pro-inflammatory cytokines 

(TNFα, IL-1β, and IFNγ, 10 ng/mL, each) as well as LPS (100 ng/mL) could stimulate 

activity of the luciferase reporter driven by the NF-κB promoter in stably transfected DI 

TNC1 astrocytes. Results indicate that TNFα, IL-1β and LPS, but not IFNγ, similarly 

stimulated NF-κB luciferase activity (Fig. 1A).

3.2. Polyphenols and botanical extracts reduce LPS-induced NF-κB activity in DI TNC1 
astrocytes

We examined the effects of a number of polyphenols from berries and fruits, including 

quercetin and cyanidin and their glycosides, rutin and cyanidin-3-O-glucoside, respectively, 

on LPS-induced NF-κB activity. Among these compounds, quercetin was the most effective 

in attenuating the LPS-induced NF-κB activity, with an inhibition of ∼70% at 10 μM (Fig. 

1B). Quercetin added to cells alone caused an insignificant increase in NF-κB activity (Fig. 

1B). Similar to results with BV-2 microglial cells (Simonyi et al., 2015), rutin, cyanidin and 

cyanidin-3-O-glucoside, even added at 100 μM, were not as effec tive as quercetin in the 

inhibition of LPS-induced NF-κB activity (Fig. 1C).

Similar to botanical polyphenols, the botanical extracts (Ashwagandha, Sutherlandia and 

Açaí) alone also did not promote NF-κB activity (data not shown), but all three extracts 

inhibited LPS-induced NF-κB activity in a dose-dependent manner, but to different degrees 

(Fig. 2A-C).
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3.3. Polyphenols and botanical extracts enhance ARE–dependent luciferase activity in DI 
TNC1 astrocytes

Addition of quercetin to DI TNC1 astrocytes stably transfected with the Nrf2-ARE 

luciferase reporter vector led to an increase in luciferase activity in a dose-dependent 

manner, reaching a 20-fold increase at 10 μM quercetin (Fig. 3A). Cells treated with LPS 

(100 ng/mL) alone also caused a small (3-fold) increase in ARE activity (Fig. 3A). However, 

when quercetin was added prior to stimulation with LPS, ARE activity was consistently 

greater than that due to quercetin or LPS alone (Fig. 3A). We also tested the ability for rutin, 

cyanidin and cyanidin-3-O-glucoside to enhance ARE activity in DI TNC1 astrocytes. When 

these compounds were added to cells at 100 μM, only a 3-fold increase in ARE activity was 

observed, and upon stimulation with LPS, ARE activity increased up to 5-fold (Fig. 3B).

Extracts from Ashwagandha (10 - 50 μg/mL) and Sutherlandia (20 - 80 μg/mL) were capable 

of enhancing ARE activity in DI TNC1 cells in a dose-dependent manner with activity up to 

50-60 fold above basal levels at high concentrations (Figs. 4A and B). When Ashwagandha 

and Sutherlandia extracts were pretreated in DI TNC1 cells for 1 h prior to stimulation with 

LPS, there was a small increase in ARE activities (Figs. 4A and B). On the other hand, 

addition of Açaí extract alone (6.25 - 50 μg/mL) only increased ARE activity by 2-3 fold, 

and pretreatment of Açaí followed by stimulation with LPS (100 ng/mL) increased ARE 

activity by 10-fold (Fig. 4C).

3.4. Effects of quercetin and botanical extracts on Nrf2 and HO-1 protein expression in DI 
TNC1 astrocytes

Our earlier study with microglial cells provided evidence for polyphenol compounds such as 

quercetin to activate the Nrf2 signaling pathway leading to increased production of HO-1, 

one of the phase II anti-oxidative enzymes (Sun et al., 2015). In this study, Western blot 

analysis was used to test the ability of quercetin and botanical extracts to induce Nrf2 and 

HO-1 expression in untransfected DI TNC1 astrocytes. Similar to microglial cells, low levels 

of endogenous Nrf2 and HO-1 expression were found in control cells without addition of 

botanicals. Addition of quercetin to cells dose-dependently enhanced Nrf2 and HO-1 

expression reaching a 3 and 5 folds increase, respectively, at 10 μM (Fig. 5A and B). Among 

the botanical extracts, Ashwagandha greatly induced Nrf2 and HO-1 expression, reaching 

12- and 25-folds increase, respectively, at 50 μM (Fig. 5C and D). Sutherlandia (Fig. 5E and 

F) and Açaí (Fig. 5G and H) extracts were less effective, showing only 3-4 folds increase in 

Nrf2 and HO-1.

4. Discussion

In this study, an immortalized rat astrocyte line (DI TNC1) was stably transfected either with 

the luciferase gene driven by NF-κB or Nrf2/ARE promoters and used to assess the ability 

of botanicals to regulate oxidative/inflammatory and anti-oxidative pathways. Based on our 

previous studies, indirect assays suggested that NF-κB activity in DI TNC1 astrocytes could 

be stimulated by TNFα, IL-1β or LPS, but not IFNγ (Jensen et al., 2009, Sheng et al., 2011). 

In this study, a similar profile was observed using cells transfected with the luciferase gene 

driven by the NF-κB promoter (Fig. 1A). Study with BV-2 microglial cells showed that 
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polyphenols such as quercetin effectively inhibited LPS-induced iNOS/NO production, as an 

indirect indication of the NF-κB signaling pathway (Simonyi et al., 2015). In this study with 

DI TNC astrocytes, quercetin was shown to directly inhibit NF-κB promoter activity (Fig. 

1B). Similar to microglial cells and cultured human keratinocytes, study here with DI TNC1 

astrocytes also showed little effects for cyanidin, rutin and cyanidin-3-O-glucosides to 

mitigate LPS-induced NO production (Fig. 1C) (Ernst et al., 2012, Simonyi et al., 2015).

Aside from inhibition of LPS-induced responses, botanical polyphenols such as quercetin 

are active in stimulating the anti-oxidant pathway involving Nrf2 (Sun et al., 2015). Study 

here with DI TNC astrocytes showed that quercetin also was effective in stimulating the 

ARE promoter, whereas polyphenols such as cyanidin, rutin and C-3-G were less effective 

(Fig. 3A and B). However, unlike microglial cells, DI TNC1 astrocytes showed only a small 

increase in ARE activity when LPS was added after pretreatment with quercetin (Sun et al., 

2015). The small increase in ARE activity in response to LPS in DI TNC1 astrocytes is 

probably due to the low levels of Toll-like receptors in these cells as compared to that in 

microglial cells. The present study demonstrates that different polyphenols and botanical 

extracts produce NF-κB- and ARE-dependent responses to different extents in astrocytes 

(Dajas et al., 2013).

In agreement with the mechanism for release of Nrf2 through the Keap1 pathway, 

expression of Nrf2 in DI TNC astrocytes are normally maintained at low levels in the 

absence of stimuli or electrophiles that target the Keap1 E3 ubiquitin ligase (Zhang et al., 

2004). Increasing levels of quercetin and botanical extracts induced increasing expression of 

Nrf2 and HO-1. However, differences in ARE activity and HO-1 expression exist among 

different botanical extracts. Of particular interest is Ashwagandha extract, which showed 

higher levels of Nrf2 and HO-1 expression than the Sutherlandia and Açaí extract (Fig. 5). 

Ashwagandha belongs to the Solanaceae or nightshade family and has been known for 

decades as an Ayurvedic herb that is one of the most effective remedies for promoting health 

and quality of life (Singh et al., 2011). Recent clinical trials and cell and animal studies also 

indicate that Ashwagandha extracts have immune-modulative, anti-oxidative and anti-

inflammatory properties, and ameliorate both acute and chronic disorders of the CNS 

(Mishra et al., 2000, Ven Murthy et al., 2010). Besides the roots, extracts of Ashwagandha 

leaves also have neuroprotective effects, including reversal of Alzheimer's and Parkinson's 

disease pathologies, protection from environmental neurotoxins and enhancement of 

memory (Wadhwa et al., 2015). The observation that Ashwagandha extract has exceptional 

ability to modulate the Nrf2 pathways in astrocytes may have important implications for its 

use as an adaptogen to enhance brain activity.

Sutherlandia is a medicinal plant indigenous to southern Africa and used in folk and 

contemporary remedies for stress, chronic diseases, cancer, and HIV/AIDS (van Wyk and 

Albrecht, 2008, Aboyade et al., 2014). In vitro and in vivo studies with extracts prepared 

from the leaf and whole plant have provided evidence for its anti-proliferative, anti-viral, 

anti-stress, anti-diabetic, anti-inflammatory, anti-mutagenic, anti-bacterial, anti-oxidant, and 

immunostimulatory properties (van Wyk and Albrecht, 2008, Aboyade et al., 2014, Tobwala 

et al., 2014, Lei et al., 2015b). Our previous studies with microglial cells showed that 

ethanol extracts of Sutherlandia suppressed LPS- and IFNγ-induced ROS and NO 
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production by inhibition of the JAK/STAT and ERK1/2 signaling pathways (Jiang et al., 

2014). Similar anti-inflammatory activity was reported in murine macrophages, but did not 

appear to be mediated by sutherlandiosides or sutherlandins, which are glycosylated 

derivatives (Lei et al., 2015a). Moreover, our recent in vivo studies demonstrated that dietary 

Sutherlandia mitigates cerebral ischemia-induced neuronal damage, in part by attenuating 

p47phox and phospho-ERK1/2 expression in microglial cells(Chuang et al., 2014). The 

present study showed that Sutherlandia extracts not only inhibit LPS-induced NF-κB activity 

(Fig. 2B) but also stimulate ARE activity (Fig. 4B) and HO-1 production (Fig. 5F) in DI 

TNC1 astrocytes.Euterpe oleracea Mart. is a fruit-bearing palm tree from the Amazon River 

basin. Açaí fruit, the palm berries, is an important food for indigenous people and different 

parts of the plant have been traditionally used in folk medicine (Schreckinger et al., 2010, 

Yamaguchi et al., 2015). Açaí contains a wide variety of phytochemicals, anthocyanins, 

proanthocyanidins and other flavonoids as well as lignans (Schauss et al., 2006b, Chin et al., 

2008). Many studies have demonstrated high anti-oxidant capacity (Schauss et al., 2006a, 

Jensen et al., 2008), strong anti-inflammatory, anti-oxidant, anti-carcinogenic and 

neuroprotective activities for this fruit (Jensen et al., 2008, Xie et al., 2012, Poulose et al., 

2014). In agreement with reports indicating the ability for açaí to inhibit iNOS expression 

and COX activity (Matheus et al., 2006, Poulose et al., 2012), our study additionally 

demonstrates its ability to inhibit LPS-induced NF-kB promoter activity in DI TNC 

astrocytes (Fig. 2C). Study here also demonstrated ability for açaí extract to stimulate ARE 

reporter activity and to induce both Nrf2 and HO-1 expression in DI TNC1 cells. Our results 

with cell model are in line with a recent in vivo study showing a significant overexpression 

of Nrf2 in the hippocampus and frontal cortex of rats fed with an açaí-enriched diet (Poulose 

et al., 2016).

In summary, results from this cell-based study reveal similarities and differences between 

quercetin and several botanical extracts in the regulation of NF-κB- and Nrf2-mediated 

responses in DI TNC1 astrocytes. This study also provides protocols for screening the 

effects of phytochemicals and botanical extracts on oxidative and anti-oxidative responses in 

astrocytes. However, more studies are needed to test whether and how these botanicals may 

function as potential therapeutic targets to reduce neurodegenerative diseases.
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Highlights

1. DI TNC1 astrocytes stably express luciferase reporters for NF-κB or Nrf2/ARE 

promoter.

2. Phytochemicals down-regulate NF-κB and up-regulate Nrf2/ARE activity.

3. Ashwagandha can effectively stimulate Nrf2 and HO-1 in DI TNC1 astrocytes.
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Fig. 1. Cytokines and LPS induce NF-κB-dependent luciferase activity in DI TNC1 astrocytes
DI TNC1 astrocytes were stably transfected with a luciferase reporter gene driven by the 

NF-κB promoter. Cells were treated with (A) TNFα, IL-1β, and IFNγ (10 ng/mL each) or 

LPS (100 ng/mL) for 6 h,(B) quercetin (0-10 μM), or (C) rutin, cyanidin and cyanidin-3-O-
glucoside (0 and 100 μM each) for 1 h followed by stimulation with LPS (100 ng/mL) for 6 

h. Luciferase activity was determined, as described in Methods. Results are expressed as the 

mean ± SEM (n=3) and analyzed by one-way ANOVA (A) or two-way ANOVA (B, C) with 

Bonferroni post-tests. (A) ***p<0.001 vs. control. (B) *p<0.05, **p<0.01, ***p<0.001 vs. 

LPS alone.
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Fig. 2. Effects of Ashwagandha (A), Sutherlandia (B), and Açaí (C) extracts on LPS-induced NF-
κB-dependent luciferase activity in DI TNC1 astrocytes
DI TNC1 astrocytes stably transfected with a luciferase reporter gene driven by the NF-κB 

promoter were treated with botanical extracts for 1 h followed by stimulation with LPS (100 

ng/mL) for 6 h. Luciferase activity was determined, as described in Methods. Results are 

expressed as the mean ± SEM (n=3). Data were analyzed by one-way ANOVA followed by 

Bonferroni post-tests. **p<0.01, ***p<0.001 vs. LPS alone.

Ajit et al. Page 15

Neurochem Int. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Effects of quercetin (A), rutin, cyanidin and cyanidin-3-O-glucoside (B) on LPS-induced 
ARE-dependent luciferase activity in DI TNC1 astrocytes
DI TNC1 astrocytes stably transfected with a luciferase reporter gene driven by the 

Nrf2/ARE were treated with quercetin (0-10 μM), rutin, cyanidin or cyanidin-3-O-glucoside 

(0 and 100 μM) for 1 h followed by LPS (100 ng/mL) or vehicle for 6 h. Luciferase activity 

was determined, as described in Methods. Results are expressed as the mean ± SEM (n =3) 

and analyzed by two-way ANOVA with Bonferroni post-tests where “a” denotes significant 

differences between LPS+polyphenol vs. polyphenol alone (p<0.05 for 0 and 2.5 μM 

quercetin and p<0.01 for all the other comparisons); “b” denotes significant differences 

between LPS+polyphenol vs. LPS alone (p<0.05 for rutin; p<0.01 for cyanidin; p<0.001 for 

quercetin and cyanidin-3-O-glucoside); “c” denotes significant differences as compared to 0 

μM polyphenol (p<0.001 for quercetin and p<0.05 for each on Fig. 3B).
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Fig. 4. Effects of Ashwagandha (A), Sutherlandia (B), and Açaí (C) extracts on LPS-induced 
ARE-dependent luciferase activity in DI TNC1 astrocytes
DI TNC1 astrocytes stably transfected with a luciferase reporter gene driven by the 

Nrf2/ARE were treated with the indicated concentration of botanical extracts for 1 h 

followed by LPS (100 ng/mL) or vehicle for 6 h. Luciferase activity was determined, as 

described in Methods. Results are expressed as the mean ± SEM (n=3) and analyzed by two-

way ANOVA with Bonferroni post-tests, where “a” denotes significant differences between 

LPS+botanical extracts vs. extracts alone (p<0.05 for Sutherlandia; p<0.01 for 

Ashwagandha; p<0.001 for Açaí); “b” denotes significant differences between LPS

+botanical extracts vs. LPS alone (p<0.001); “c” denotes significant differences as compared 

to 0 μg/mL extract (p<0.001 for each comparison except for Açaí at 6.25 μg/mL, where 

p<0.01).
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Figure 5a
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Figure 5b

Fig. 5. Botanicals stimulate Nrf2 and HO-1 expression in untransfected DI TNC1 astrocytes
Untransfected DI TNC1 astrocytes were treated with quercetin (A, B), or Ashwagandha (C, 

D), or Sutherlandia (E, F) or Açaí (G, H) extracts at the indicated concentrations for 6 h. 

Nrf2 (A, C, E,F) and HO-1 (B, D, F, H) expression was determined by Western blot analysis, 

as described in Methods. Representative blots and quantitative analysis (bar graphs) are 

shown. Results are expressed as the mean ± SEM (n=3-6) and analyzed by one-way ANOVA 

with Bonferroni post-tests, where *p<0.05, **p<0.01, ***p<0.001 vs. control.
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