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Abstract

The water extract of Centella asiatica (CAW) can improve cognitive and mitochondrial function 

and activate the nuclear factor erythroid 2-related factor 2 (NRF2) regulated antioxidant response 

pathway in aged mice. Here we investigate whether NRF2 activation is required for the cognitive 

and mitochondrial effects of prolonged CAW exposure during aging. Five-month-old NRF2 

knockout (NRF2KO) and wild-type mice were treated with CAW for 1, 7, or 13 months. Each 

cohort was subjected to cognitive testing and hippocampal mitochondrial analyses. Age-related 

cognitive decline was accelerated in NRF2KO mice and while CAW treatment improved cognitive 

performance in wild-type mice, it had no effect on NRF2KO animals. Hippocampal mitochondrial 

function also declined further with age in NRF2KO mice and greater hippocampal mitochondrial 

dysfunction was associated with poorer cognitive performance in both genotypes. Long-term 

CAW treatment did not affect mitochondrial endpoints in animals of either genotype. These data 

indicate that loss of NRF2 results in accelerated age-related cognitive decline and worsened 

mitochondrial deficits. NRF2 also appears to be required for the cognitive enhancing effects of 

CAW during aging.
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1. Introduction

The elderly population in the United States has risen rapidly in recent years and is predicted 

to continue to rise with the number Americans ages 65 and older estimated to almost double 

by 2060 (Mather et al., 2015). This increase necessitates a parallel increase in identifying 

molecular targets and potential therapeutic agents that promote healthy aging and 

maintenance of cognitive function. The majority of elderly individuals experience some 

form of memory loss that affects their activities of daily life (Cansino, 2009; Johnson, 2016; 

Park, 2002) as well as impairments in executive function tasks, including attention, planning, 

inhibitory control, and cognitive flexibility (Buckner, 2004; Methqal, 2017; Park, 2002). 

Although the precise physiological underpinnings of this age-related cognitive decline are 

unknown, increased oxidative stress and mitochondrial dysfunction are thought to be 

contributing factors (Grimm and Eckert, 2017; Mattson and Arumugam, 2018).

The transcription factor NRF2 (nuclear factor erythroid 2-related factor 2; also called 

NFE2L2) regulates the endogenous antioxidant response pathway. It is ubiquitously 

expressed in the mammalian nervous system and protects cells from oxidative damage via 

increased transcription of cytoprotective genes through binding to antioxidant response 

elements in the promoters of antioxidant genes (Itoh, 1997; Ma and He, 2012; Motohashi, 

2004). NRF2 activation has also been implicated in the regulation of mitochondrial function 

as well as biogenesis (Dinkova-Kostova, 2015; Vomhof- Dekrey and Picklo, 2012). We and 

others have shown that various drugs which can activate NRF2 enhance cognitive and 

mitochondrial function in animal models of healthy as well as pathological aging (Gray et 

al., 2018b,c; Majkutewicz, 2016; Majkutewicz et al., 2018; Senger et al., 2016; Zheng et al., 

2017). Yet, it remains unclear whether NRF2 activation is necessary for these effects on 

cognitive and mitochondrial function.

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

has been used for centuries in traditional Chinese and Ayurvedic medicinal practices to 

enhance cognition, mood, and memory (Shinomol et al., 2011). The water extract of 

Centella asiatica (CAW) is known to contain many NRF2 activating compounds (Brinkhaus 

et al., 2000; Fan et al., 2018; Gray et al., 2018a, 2014; Jiang et al., 2017; Liu et al., 2019; 

Yang et al., 2016) and has mainly demonstrated neuroprotective effects in both in vitro and 

in vivo models of aging and neurodegenerative disease (Kumar, 2002; Ponnusamy, 2008; 

Prakash, 2013; Shinomol, 2008a,b; Shinomol et al., 2011). Our own lab has previously 

shown that 2 weeks of oral CAW treatment can improve cognitive performance and increase 

hippocampal and cortical expression of mitochondrial genes as well as NRF2 and its 

antioxidant target genes in both healthy aged mice as well as Aβ overexpressing mice (Gray 

et al., 2016, 2018b, 2018c). However, we have not previously investigated whether these 

effects are related to events or independent consequences of CAW treatment. This study 

aims to address this question as well as investigate the effects of long-term CAW treatment 

during the normal aging process by comparing the cognitive and mitochondrial response of 

NRF2 knockout (NRF2KO) mice that express the transcription factor.
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2. Methods

2.1. CAW

Dried C. asiatica stems and leaves (Lot number 170300206) were purchased through 

Oregon’s Wild Harvest, Redmond, OR. CAW was prepared as previously described (Gray et 

al., 2016, 2018b, 2018c). Briefly, 1200 g of the raw plant material was refluxed with 15 L of 

water for approximately 1.5 hours, in multiple small quantities. The extract was filtered to 

remove excess plant matter and lyophilized to a powder. Voucher samples of the raw C. 
asiatica are deposited at the Oregon State University Herbarium (OSC-V-258629) and our 

laboratory, and a representative CAW sample is stored in our laboratory at −20 °C.

2.2 Animals

Homozygous NRF2KO mice bred on a C57BL6 background and C57BL6 wild-type (WT) 

controls were obtained from The Jackson Laboratory. Litters were kept in a climate-

controlled environment with a 12-hour light/12-hour dark cycle. Water and diet were 

supplied ad libitum, except during Odor Discrimination Reversal Learning testing when 

food was restricted at night and resupplied in the afternoon following testing. All methods 

were performed in correspondence with the NIH guidelines for the Care and Use of 

Laboratory Animals and were approved by the Institutional Animal Care and Use 

Committee of the Portland VA Medical Center.

At 5 months of age, male and female NRF2KO and WT mice were exposed to CAW in the 

drinking water at 2 g/L. CAW water intake was monitored for each cage of animals and 

found to be the same between NRF2KO and WT animals (Supplementary Table 1). The 

CAW exposure continued through behavioral testing which was initiated after 1, 7, or 13 

months of CAW treatment so that at each time point the cohorts of animals were 6, 12, or 18 

months of age. Following 2 weeks of behavioral testing animals were sacrificed and tissue 

was harvested for mitochondrial and gene expression analysis (Fig. 1). The number of 

animals used in each behavioral test and biological assay can be found in Supplementary 

Tables 2A–C.

2.3. Behavioral testing

2.3.1. Learning acquisition test—This test consists of 2 separate stages: shaping and 

acquisition. In the shaping stage mice were introduced to the testing chamber and trained to 

dig for a food reward in lavender scented bedding. Mice were presented with one bowl 

containing the food reward that had been successively filled with bedding in 5 different 

levels: 0%, 25%, 50%, 75%, and 100%. The mouse proceeds to the acquisition step when it 

has successfully retrieved the reward 5 times in succession.

The acquisition stage follows the completion of the shaping stage. Mice were presented with 

2 cups, one that contains dried beans and one with string. In every trial one digging material 

was scented with a mint odor and the other with vanilla. The odor and material pairings were 

randomly alternated between trials but balanced over the entirety of the acquisition phase so 

that each mouse was exposed to roughly equal combinations of each odor and digging 

material. The position of the baited cup, whether it was presented on the right or left side of 

Zweig et al. Page 3

Neurobiol Aging. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the apparatus, was also balanced throughout testing. During the acquisition stage the bowl 

with the mint odor was always baited, regardless of the digging material. Example trials are 

outlined in Table 1. The criteria for completing the acquisition phase was 8 correct digs in 

any bout of 10 trials. The number of trials for each mouse to reach criteria was recorded. 

Mice were food restricted the night before each phase of the test in order to motivate the 

animals.

2.3.2. Object location memory—This test also has 3 stages: habituation, training, and 

testing. In the habituation phase, each mouse was introduced to an empty square arena (38 × 

38 × 64 cm, built of white acrylonitrile butadiene styrene) for 2 10-minute sessions on 2 

consecutive days. During the subsequent training stage animals are exposed to 2 identical 

objects in fixed locations for 10 minutes, once an hour in a 3-hour period. The testing phase 

occurred 2 hours after the final training phase (Fig. 2). In the testing phase, one of the 

identical objects was repositioned to a novel spatial location and the mouse was given the 

chance to examine the environment for 5 minutes. The time spent exploring the fixed and 

repositioned objects was evaluated via a camera placed above the arena, interfaced with 

ANYmaze video tracking system (Stoelting Co, Wood Dale, IL, USA). The percent 

preference was calculated by subtracting the percentage of time spent exploring the object in 

the familiar location from the percentage of time spent exploring the object in the novel 

location.

2.4 Isolation of hippocampal mitochondria

Hippocampal mitochondria were isolated as previously described (Iuso et al., 2017) with 

slight alterations. Isolated hippo-campi were briefly submerged in cold isolation buffer 

which comprised of 70 mM sucrose, 2 mM HEPES, 1 mM EGTA, 220 mM mannitol, 5 mM 

KH2PO4, 5 mM MgCl2, and 0.5% BSA (fatty acid free) and homogenized using an Arrow 

Engineering JR4000 homogenizer. The homogenate was centrifuged at 500g for 5 minutes at 

4 ° C. The supernatant fraction was then isolated and centrifuged at 14,000g for 10 minutes 

at 4 °C. Finally, the pellet fraction was resuspended in 12% Percoll and precisely layered on 

top of 24% Percoll and centrifuged at 16,000g for 20 minutes at 4 °C. Protein concentration 

was calculated by Bradford Assay.

2.5. Analysis of mitochondrial function

Mitochondrial function was evaluated using the Seahorse Bioscience XF24 Extracellular 

Flux Analyzer. Isolated hippocampal mitochondria were first plated on Seahorse XF culture 

plates (Seahorse Bioscience) (2 μg/well) with 3–4 replicate wells per animal. The plate was 

then centrifuged for 15 minutes at 2000g and oxygen consumption rates (OCRs) were 

quantified under different conditions using the MitoStress Kit as previously described (Iuso 

et al., 2017). Following 3 baseline measurements of OCR (reflecting basal respiration), a 

saturating concentration of ADP (2 mM) was added to achieve maximum state III respiration 

and 3 successive measurements were taken (denoted as ADP-stimulated respiration). The 

ATP synthase inhibitor oligomycin (2 μm) was then added to induce state IV respiration and 

3 more measurements were made. Next the electron transport chain (ETC) accelerator 

carbonyl cyanide p-(trifluoromethoxy)phenyl-hydrazone (FCCP at 4 μm) was added to 

induce maximal uncoupled (state IIIu) respiration and after 3 measurements, the 
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mitochondrial inhibitors rotenone (1 μm) and antimycin (1 μm) were added, and 3 final 

measurements were made. The respiratory control ratio (RCR) between state III and state IV 

respiration was also calculated.

2.6. ATP quantification

The ATP content of isolated hippocampal mitochondria was determined using the ATP 

determination kit (Life Technologies), as per the manufacturer’s instructions. Values were 

normalized to total protein content as determined by Bradford assay.

2.7. Gene expression

Hippocampal tissue was homogenized and RNA was extracted using Tri-Reagent 

(Molecular Research Center). RNA was then reverse transcribed using the Superscript III 

First Strand Synthesis kit (Invitrogen) to generate cDNA as per manufacturer’s instructions. 

Relative gene expression was determined using TaqMan Gene Expression Master Mix 

(Invitrogen) and commercially available TaqMan primers (Invitrogen) for mitochondrially 

encoded NADH dehydrogenase 1 (Mt-ND1), mitochondrially encoded cytochrome c 
oxidase 1 (Mt-CO1), mitochondrially encoded ATP synthase membrane subunit 6 (Mt-

ATP6), and glyceraldehyde-3-phosphate dehydrogenase. Quantitative polymerase chain 

reaction was performed on a StepOne Plus Machine (Applied Biosystems) and analyzed 

using the delta-delta Ct method normalizing to glyceraldehyde-3-phosphate dehydrogenase 

expression.

2.8. Statistics

Using the general linear model (GLM), we analyzed behavioral outcomes with a three-way 

analysis of variance to test for the main effects of age (6, 12, 18 months), genotype (WT vs. 

NRF2KO), treatment group (CAW supplementation), and their interactions on cognition, 

hippocampal mitochondrial function, ATP content, and mitochondrial gene expression. For 

ease of interpretability, figures show results with 4 groups: WT, WT-CAW, NRF2KO, and 

NRF2KO- CAW. Based on our previous work showing a variable magnitude of response to 

CAW in male and female mice (Gray et al., 2016, 2018b; Matthews et al., 2019) and reports 

of differing levels of NRF2 expression between male and female animals (Rohrer et al., 

2014; Xu et al., 2018), each sex was analyzed separately. These results can be found in the 

supplementary material. However, because in this study responses were similar for both 

males and females, results presented in the figures are both sexes combined together.

All outcome variables were assessed for normality. Learning acquisition, object location 

memory (OLM) % preference, and RCR were all normally distributed. Mt-ND1, Mt-CO1, 

and Mt-ATP6 were not normally distributed; a log transformation was performed and 

normality was established. Mt-ND1, Mt-CO1, and Mt-ATP6 analyses are on the log 

transformation. All behavior and mitochondrial gene expression variables were analyzed 

using the GLM. However, several mitochondrial function variables including ATP content as 

well as basal, and ADP-stimulated OCRs, violated normality and did not become normal 

with a log transformation. Therefore, these were analyzed using the nonparametric 

Wilcoxon rank-sum test. The predictors for each model were group status, age, and the 

interaction between group and age. Initial models included all possible interaction terms. 
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However, only the interaction between age and genotype was statistically significant in most 

models. Since the other interaction terms can be considered irrelevant variables, including 

irrelevant variables in a model with bias parameter estimates, final models were run with 

only the main effects and the interaction between age and genotype. The parameter estimates 

reported in Supplementary Tables 3–8 reflect these revised parsimonious models for the 

combined model as well as the models with each sex analyzed separately. These statistical 

analyses were preformed using SAS 9.4.

All bar graphs have error bars reflecting standard error of the mean. Statistical significance 

for bar graphs was determined by analysis of variances with Tukey HSD pairwise 

comparisons. Significance was defined as p ≤ 0.05. These analyses were performed using 

GraphPad Prism 6.

3. Results

3.1. Loss of NRF2 accelerates age-related decline in learning and abolishes response to 
CAW

We have previously demonstrated that 2 weeks of CAW treatment improves learning in aged 

but not young WT mice (Gray et al., 2016). To determine the effects of long-term CAW 

exposure and whether NRF2 is required to observe them, we tested NRF2KO and WT mice 

at 6,12, and 18 months of age following treatment with CAW for 1, 7, or 13 months 

respectively. Mice were evaluated using the learning acquisition test in which the animal is 

tasked with learning to associate a reward with a specific cue (odor).

GLM analysis revealed that performance in the acquisition phase deteriorated with age 

(F(4,139) = 60.15, p < 0.0001; Fig. 3A). There was a statistically significant main effect for 

age (β = 0.89, p < 0.0001), older cohorts taking more trials to reach criteria than younger 

cohorts. There was a significant effect of treatment (β = 0.13, p < 0.05). Additionally, there 

was a significant interaction between age and genotype (β = −0.54, p < 0.0001), with 

NRF2KO performance deteriorating at a greater rate than WT. Specifically, WT CAW-

treated animals had a slower rate of deterioration when compared to other groups. When 

looking at the 18-month cohort, it is apparent that control-treated NRF2KO mice took 

significantly more trials to reach criteria than control-treated WT animals (Fig. 3B) and that 

WT mice that were treated with CAW required significantly fewer trials to reach criteria 

than control-treated WT mice. This CAW-induced improvement was not observed in 18- 

month-old NRF2KO mice. Analysis of male and female response separately can be found in 

Supplementary Table 3.

3.2. CAW treatment preserves spatial memory in aged WT but not NRF2KO mice

We have also previously reported that 2 weeks of CAW treatment improves spatial memory 

in healthy aging mice (Gray et al., 2016, 2018b). To validate these findings following long-

term CAW treatment and to determine the requirement of NRF2, we used the OLM test. The 

OLM is a test of spatial memory wherein the mouse is exposed to 2 identical objects in fixed 

locations throughout training but during testing one object is moved to novel location (Fig. 

2). If the mouse remembers the training location it should spend a greater amount of time 
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with the object in the new location, quantified as the preference for the new location (time 

spent with the new location–time spent with the old location). In our experiment, all mice in 

each cohort spent comparable time exploring both objects during the training phase (data not 

shown). Again, this model was statistically significant (F (5, 132) = 17.22, p < 0.0001). 

There was again a significant effect of age with the older animals having a decreased 

preference for the novel location as compared to the younger animals (β = −0.73, p < 
0.0001). There were 2 statistically significant interactions. The interaction between genotype 

and treatment (β = −0.24, p < 0.05) was statistically significant as well as the interaction 

between age and genotype (β = 0.42, p < 0.01) (Fig. 4A). At 18 months, the WT CAW-

treated mice had a significantly stronger preference for the novel location than NRF2KO 

animals (Fig. 4B). A breakdown of the response of each sex separately can be found in 

Supplementary Table 4.

3.3. Aged NRF2KO mice have a greater decline in mitochondrial gene expression than 
WT mice

The expression of 3 different genes encoding enzymes in the ETC was measured from 

hippocampal tissue after euthanasia for each age and treatment group. There was a 

significant main effect of age for Mt-ND1 and Mt-CO1 (Fig. 5A and B) with expression 

declining in older animals (Mt-ND1: β = −0.57, p < 0.0001; Mt-CO1: β = −0.37, p < 0.001). 

A statistically significant interaction between age and genotype was also observed in Mt-

ND1 (β = 0.33, p < 0.01) and Mt-CO1 expression (β = 0.26, p < 0.05). The details of the 

male and female mice separately can be found in Supplementary Tables 5 and 6. Although 

there were no significant effects of age, treatment, or genotype in the expression of Mt-ATP6 

in all mice combined (Fig. 5C), for male mice there was both a significant main effect of age 

(β = −0.56, p < 0.0001) and a significant interaction between age and genotype (β = 0.47, p 
< 0.01) for Mt-ATP6 expression (Supplementary Table 7).

Although no effects of CAW treatment were observed in either genotype with all mice 

combined at 18 months, there was a significant reduction in the expression of Mt-ND1 and 

Mt-CO1 in both control and CAW-treated NRF2KO female mice as compared to CAW-

treated WT mice (Fig. 5D). The same trend was seen in the expression of Mt-ATP6 in 18-

month-old mice.

3.4. Loss ofNRF2 exacerbates age-related mitochondrial dysfunction

Aged mice of both genotypes displayed impaired mitochondrial bioenergetic profiles relative 

to younger cohorts (Supplementary Fig. 1). Not only was overall oxygen consumption 

reduced with age but the response to accelerating inhibitory compounds was blunted in the 

older cohorts as compared to the younger ones. The RCR, a measure of how tightly coupled 

respiration is to phosphorylation and an indicator of overall mitochondrial health, was 

significantly reduced with age (F (4, 143) = 25.91, p < 0.0001; β = −0.67, p < 0.0001) but no 

interactions were found between age and genotype (Fig. 6A). However, at 18 months there 

was a significant reduction in RCR in both NRF2KO mice relative to CAW-treated WT 

animals (Fig. 6B). Additionally, although long-term CAW treatment did not significantly 

affect RCR in WT mice when analyzed together, there was a slight but statistically 

significant improvement in RCR in 18-month-old male WT mice (Supplementary Fig. 2). 
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CAW treatment did not affect NRF2KO mice of either sex. Basal and ADP were not 

normally distributed, so we used a Wilcoxon rank-sum test to look at group difference at 

each age. Interactions cannot be assessed with this nonparametric test. There were no 

significant group differences at 6 or 12 months of age for either basal or ADP-stimulated 

respiration; however, statistically significant group differences were observed at 18 months 

for both basal (χ2 = 19.51, p < 0.01; Supplementary Fig. 3A) and ADP- stimulated 

respiration (χ2 = 11.50, p < 0.01; Supplementary Fig. 3B). Results for each sex separately 

can be found in Supplementary Fig. 4.

3.5. ATP content of mitochondria declines with age

Hippocampal ATP content was quantified by luminescent kit using mitochondria isolated 

from the hippocampus of treated animals. Overall, ATP content declined with age (Fig. 7A). 

ATP was not normally distributed, so we used a Wilcoxon rank-sum test to look at group 

difference at each age. Interactions cannot be assessed with this nonparametric test. At 18 

months, there were significant group differences detected (χ2 = 16.91, p < 0.001; Fig. 7B). 

There were also significant group differences apparent at 12 months of age (Supplementary 

Fig. 5).

3.6. Greater declines in hippocampal mitochondrial function are associated with poorer 
cognitive performance

In order to determine whether mitochondrial function was correlated with cognitive 

performance, we conducted Pearson correlations for normally distributed variables or 

Spearman correlations when variables were not normally distributed. Looking at all animals 

of both genotypes together both hippocampal ATP content and RCR were significantly 

correlated with cognitive performance. ATP and RCR were negatively correlated with the 

number of trials to reach criteria in the learning acquisition test (Fig. 8A and B) and 

positively correlated with 2-hour percent preference for the novel location in the OLM test 

(Fig. 8C and D). Additional correlations among behavioral tests and among mitochondrial 

variables are presented in Supplementary Figs. 6 and 7.

Interestingly when age was controlled for in the correlations and WT mice and KO mice 

were analyzed separately, these associations were altered. In WT animals (Table 2) RCR was 

still significantly correlated to trials to reach criteria in the learning test (r = −0.35, p < 0.01) 

and there was a similar trend toward a correlation with the 2-hour preference (r = 0.24, p > 
0.05); however, RCR was not significantly correlated with cognitive outcome in NRF2KO 

mice (Table 3). When controlling for age, ATP content was not significantly correlated with 

cognitive outcome in WT or NRF2KO mice.

4. Discussion

In the aging brain increased oxidative stress, resulting from a combination of free radical 

accumulation and diminished endogenous antioxidant defenses, is believed to contribute to 

bioenergetics and synaptic dysfunction as well as cognitive impairment (Franceschi and 

Campisi, 2014; Raz, 2018). This has led to a growing interest in therapies that target the 

NRF2-regulated antioxidant response pathway (Schmidlin et al., 2019). Here we evaluate 
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one such potential therapy, CAW, exploring the cognitive and mitochondrial consequences 

of long-term treatment during aging as well as the requirement of NRF2 for those effects.

We found that age-related declines in spatial memory and learning were attenuated with 

exposure to water containing CAW 2 g/L in 18-month-old WT mice but not in age-matched 

NRF2KO mice. Although differences in water intake per cage of mice were not different 

between genotypes, it is important to note that the exact amount of CAW consumed by each 

individual animal was not measured in this study. This could account for some of the 

variabilities of responses seen within the CAW-treated groups. Future studies utilizing more 

stringent dosing methods to ensure more equal consumption, confirmed by monitoring of 

CAW compounds in the blood, would be able to address this issue. CAW treatment did not 

significantly affect cognitive performance in either of the younger (6 or 12 months) cohorts. 

This is in line with our previous work showing that 2 weeks of CAW treatment improves 

spatial memory in 20 months but not 2-month-old mice and that in aged mice CAW also 

enhances learning (Gray etal., 2016, 2018b). Notably, the amount of cognitive improvement 

observed in those studies was quite similar to what was seen here following 13 months of 

treatment. This would suggest that while prolonged CAW exposure does not appear to 

enhance the cognitive response relative to short-term treatment, it did not result in a 

diminished response that could have indicated a tolerance to the extract.

The cognitive enhancing effects of CAW observed at 18 months are likewise in line with 

previous reports of cognitive enhancing effects of constituent compounds from within the 

extract. CAW contains a complex mixture of compounds, including triterpenes, 

caffeoylquinic acids (CQAs), and other polyphenols, many of which have demonstrated 

cognitive enhancing properties. Asiatic acid is one of the signature triterpene compounds 

found in C. asiatica and CAW (Gray et al., 2014, 2018a; Siddiqui, 2007) and has repeatedly 

been shown to improve cognitive function in models of healthy aging as well as chemically 

induced cognitive impairment (Chaisawang et al., 2017; Loganathan and Thayumanavan, 

2018; Nasiretal., 2011; Sirichoat et al., 2015; Umka Welbatetal., 2016; Xu et al., 2012). 

Polyphenols have likewise been reported to result in improvements in OLM performance 

(Carey et al., 2014; Matsui et al., 2009) and a recent study demonstrated that CQA treatment 

improves learning and memory deficits in a mouse model of accelerated brain aging (Sasaki 

et al., 2019).

In this study, we found that spatial learning declined with age in both genotypes but CAW-

treated WT mice showed significant improvements in OLM performance relative to 

NRF2KO mice. We likewise saw a decline in learning with age in both genotypes, and by 18 

months NRF2KO mice displayed poorer performance in learning acquisition test than their 

age-matched WT counterparts. This finding is in keeping with several recent studies 

implicating a role for NRF2 in aging and neurodegenerative disease. NRF2 localization and 

activity has been reported to be aberrant in both the Alzheimer’s and Parkinson’s disease 

brain which is believed to be associated with neurodegeneration observed (Ramsey et al., 

2007). In the context of aging, ShRNA-mediated knockdown of NRF2 in the SAMP8 mouse 

model of accelerated aging exacerbated impairments in spatial and recognition memory 

(Ren et al., 2018). Similarly, NRF2 deletion has been shown to exacerbate cellular 

senescence and results in impaired memory performance in aged mice (Fulop et al., 2018; 
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Gergues et al., 2018). In fact our own lab recently reported that 20-month-old NRF2KO 

mice have greater deficits in spatial memory and learning than aged-matched WT mice 

(Zweig et al., 2019). The current study builds on that previous work looking at a single time 

point by investigating the rate of cognitive decline in NRF2KO mice.

Declines in mitochondrial function as well as number are also known to occur in the aging 

brain (Sun et al., 2016). These mitochondrial changes in the brain are believed to precede 

and perhaps even induce cognitive decline in mouse models of aging and neurodegenerative 

disease (Forster, 1996; Yao J, 2009). In Alzheimer’s disease changes in mitochondrial 

dynamics have been shown to be early events, along with synaptic degeneration (Reddy et 

al., 2012). Additionally, it has been reported that β-amyloid localizes to mitochondrial 

membranes disrupting ETC activity, increasing ROS production and resulting in neuronal 

damage that leads to cognitive decline in that disease (Reddy and Beal, 2008). The 

correlation data from this study support a link between mitochondrial and cognitive function 

in the context of healthy aging. We observed that hippocampal ATP content and RCR were 

each significantly correlated with spatial memory and learning. However, with the exception 

of the correlation between RCR and learning acquisition in WT mice, these associations 

disappeared when adjusting for age, further underscoring that the relationship is primarily 

driven by aging.

In addition to observing a decline in mitochondrial function with age, we saw a parallel 

decrease in mitochondrial gene expression. The hippocampal expression of genes encoding 

enzymes in the ETC as well as the RCR, a metric of overall mitochondrial health, in isolated 

hippocampal mitochondria both diminished with age in all mice. There was no effect of 

CAW treatment on mitochondrial gene expression at any age, regardless of genotype. These 

results are in contradistinction to our previous reports of the effects of short-term CAW 

treatment in aged animals where we have consistently observed that 2 weeks of CAW 

treatment significantly increased hippocampal ETC gene expression in both male and female 

mice (Gray et al., 2016, 2018b). However, it is necessary to be cautious about making 

broader interpretations of these results as the present study only evaluated a small number of 

ETC genes. The ones selected (Mt-ND1, Mt-CO1, and Mt-ATP6) were chosen because they 

encode distinct enzymes in the ETC (complexes I, IV, and V respectively). The fact that we 

see similar effects of age, treatment, and the NRF2KO on the expression of each of these 

genes suggests that these effects are not restricted to one specific ETC complex. However, 

future work including analysis of a larger number of mitochondrial genes would be 

necessary to confirm this hypothesis and provide a more complete picture of the 

mitochondrial gene expression changes.

There was also no discernable effect of CAW on RCR at any age in either NRF2KO or WT 

mice. However by 18 months CAW-treated WT animals did have a significantly higher RCR 

than either control or CAW-treated NRF2KO animals. There was a similar, but 

nonsignificant, trend toward higher RCR in the control-treated WT animals relative to the 

NRF2KO animals. This trend is in line with our recent study in 20-month-old NRF2KO 

mice in which we found a similar impairment in hippocampal mitochondrial function tive to 

age-matched WT mice (Zweig et al., 2019) and with a recent study which found that 

mitochondrial respiration was decreased in the muscle of aged NRF2KO mice (Kitaoka et 
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al., 2019). Conversely, NRF2 activating compounds have been shown to enhance 

mitochondrial function. Long-term treatment with highly purified olive oil improved spatial 

working memory and increased brain ATP levels (Reutzel et al., 2018). NRF2 was not 

specifically implicated in this study but monounsaturated fatty acids, which are abundant in 

olive oil, are well-established NRF2 activators (Cui et al., 2016; Wang et al., 2013). Asiatic 

acid and CQAs have also been shown to activate NRF2 (Fan et al., 2018; Gray et al., 2014, 

2015; Meng et al., 2019) and treatment with asiatic acid and a CQA-rich sweet potato 

extract have each similarly been shown to affect brain energy metabolism, although again 

the role of NRF2 was not investigated (Nataraj et al., 2017; Sasaki et al., 2019). There are 

many mechanisms by which NRF2 can be activated including but not limited to induction of 

nuclear translocation by direct disruption with its cellular chaperone KEAP1 or 

phosphorylation of NRF2 at specific sites, or transcriptional alteration of either NRF2 or 

KEAP1 expression (Silva-Islas and Maldonado, 2018). It is likely that many different NRF2 

activating compounds within CAW act by a variety of mechanisms. Studies are underway in 

our lab to explore the effects of individual compounds from CAW on NRF2 activation as 

well as their mode of activation and also their effects on mitochondrial activity and cognitive 

function.

The relatively subtle effect of CAW treatment on WT brain mitochondrial function was 

somewhat surprising. This is our first report of the effect of CAW on brain mitochondrial 

function in aged animals, so it is unknown whether the relatively subtle effects of long-term 

CAW treatment on in vivo mitochondrial bioenergetics observed here reflect a diminished 

response to prolonged exposure, or if CAW exposure for any duration does not have much of 

an effect on hippocampal mitochondrial bioenergetics. However, our previous study in the 

brains of β-amyloid overexpressing mice suggests that 2 weeks of CAW treatment does 

improve mitochondrial function at least in that pathological context (Gray et al., 2018c) 

which is in line with a recent report that likewise shows that NRF2 activation can improve 

metabolic deficits resulting from β-amyloid exposure (Sotolongo et al., 2020).

We also saw a pattern of decreased expression of the mitochondrial genes Mt-ND1 and Mt-

CO1 with age in both genotypes. Although the effects of CAW treatment on WT animals 

were not apparent in the younger animals, at 18 months there was a significant reduction in 

the expression of these genes in both groups of NRF2KO mice compared to CAW-treated 

WT. To our knowledge, this is the first report of how loss of NRF2 affects hippocampal 

mitochondrial endpoints during aging and the exact link between NRF2 and mitochondrial 

endpoints is not well understood. This is particularly the case with regard to the link between 

NRF2 expression and mitochondrial gene expression. NRF2KO animals have been 

described as having lower levels of mt-DNA globally (Abdullah et al., 2012) and there does 

appear to be a link between declining NRF2 expression during aging and damage to mt-

DNA which could lead to decreased expression (Li et al., 2018) which may be exacerbated 

in the complete absence of NRF2. It is also possible that the greater decrease in 

mitochondrial gene expression is due to the participation of NRF2 in the regulation of 

mitochondrial biogenesis. NRF2 activation has been shown to modulate the expression of 

ETC components as well as the expression of other regulators of biogenesis including 

PGC1a, PPARy, and Sirt1 (Abdullah et al., 2012; Cho et al., 2010; Huang et al., 2017; Lai et 

al., 2014) and so it is possible that without the input from NRF2 there was a greater decline 
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in expression. It has been reported that NRF2 deficiency impairs skeletal muscle biogenesis 

and dynamics and this phenotype was most apparent in aged mice (Huang et al., 2019). 

However, further work is necessary to definitively identify the mechanistic link.

5. Conclusions

This is the first study to explore the cognitive and mitochondrial consequences of prolonged 

CAW treatment during aging and the role of the antioxidant regulatory transcription factor 

NRF2 in these effects. We found that while improvements in cognitive function were evident 

in WT mice that had been treated with the extract for 13 months, it was not of a greater 

magnitude than what we have reported previously following 2 weeks of CAW treatment. 

These cognitive enhancing effects were lost in mice that did not express NRF2. There were 

no robust effects of long-term CAW treatment on mitochondrial function in either genotype. 

Interestingly, NRF2KO mice displayed accelerated age-related cognitive deficits and 

exacerbated mitochondrial impairments at 18 months of age. However, due to the relatively 

small size of some of the groups it will be important to include these conditions in future 

experiment to replicate the results. Yet taken together the data presented here do suggest that 

NRF2 plays an important role in maintaining brain bioenergetics and cognitive function 

during aging and may be a useful target for anti-aging interventions. Furthermore, because 

cognitive impairment also accompanies oxidative stress and mitochondrial dysfunction in 

many neurological conditions, NRF2 activation, by CAW or other compounds, could have 

therapeutic relevance beyond healthy aging.
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Fig. 1. 
Timeline of treatment with CAW and behavioral experiments. Three cohorts of NRF2KO 

and WT mice were treated with CAW (2 g/L) at 5 months of age; the first group was 

cognitively tested at 6 months, the second at 12, and the third at 18. Following behavioral 

tests, mice were euthanized, and tissue was collected. Abbreviations: CAW, water extract of 

Centella asiatica; NRF2KO, nuclear factor erythroid 2-related factor 2 knockout; WT, wild 

type.
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Fig. 2. 
Set-up of OLM experiment. The mouse is exposed to 2 identical objects in fixed locations 

throughout training. Then after a time delay testing begins where one is moved to novel 

location and the amount of time the mouse spends exploring each object is measured. 

Abbreviations: OLM, object location memory.
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Fig. 3. 
NRF2KO accelerates age-related decline in learning and abolishes response to CAW: 

performance in the acquisition learning test worsened with age in mice of both genotypes 

(A). There was a significant interaction between age and genotype. A full description of the 

statistical analysis can be found in Supplementary Table 3. (B) At 18 months, a significant 

improvement in performance was evident in CAW-treated WT mice but CAW has no effect 

on NRF2KO animals.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 8–15 per 

group. Abbreviations: CAW, water extract of Centella asiatica; Ctrl, control; NRF2KO, 

nuclear factor erythroid 2-related factor 2 knockout; WT, wild type.
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Fig. 4. 
CAW treatment preserves spatial memory in aged WT but not NRF2KO mice: performance 

in OLM (A) declined significantly with age in mice of both genotypes. A significant 

interaction was detected between genotype and age and between treatment and genotype. A 

full description of the statistical analysis can be found in Supplementary Table 4. (B) CAW 

treatment increased preference for the novel location in 18-month-old WT mice but not 

NRFKO mice. Eighteen-month-old WT mice treated with CAW displayed a significantly 

greater preference for the novel location than NRF2KO mice. *p < 0.05, **p < 0.01, ****p 
< 0.0001; n = 8–15 per group. Abbreviations: CAW, water extract of Centella asiatica; Ctrl, 

control; NRF2KO, nuclear factor erythroid 2-related factor 2 knockout; OLM, object 

location memory; WT, wild type.
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Fig. 5. 
Diminished hippocampal mitochondrial gene expression is evident in aged NRF2KO mice: 

expression of (A) Mt-ND1 and (B) Mt-CO1 with age in all mice. A similar trend was 

observed in Mt-ATP6. There was a significant interaction between age and genotype for 

both Mt-ND1 and Mt-CO1. A full description of the statistical analysis can be found in 

Supplementary Tables 5–7. In the 18-month-old animals, both control and CAW-treated WT 

mice had significantly higher expression of Mt-ND1 than NRF2KO mice. CAW-treated WT 

mice also had significantly higher expression of Mt-CO1 than NRF2KO mice. A similar 

trend was observed for Mt-ATP6 as well. *p < 0.05; n = 8–15 per group. Abbreviations: 

CAW, water extract of Centella asiatica; Mt-ATP6, mitochondrially encoded ATP synthase 

membrane subunit 6; Mt-CO1,mitochondrially encoded cytochrome c oxidase 1; Mt-ND1, 
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mitochondrially encoded NADH dehydrogenase 1NRF2KO, nuclear factor erythroid 2-

related factor 2 knockout; WT, wild type.
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Fig. 6. 
Aged NRF2KO mice have significantly diminished RCRs: (A) RCR declined significantly 

with age in all mice and there was no interaction between age and genotype. (B) In the 18-

month-old cohort however, it was evident that NRF2KO had reduced RCRs relative to CAW-

treated WT animals. **p < 0.01; n = 8–15. Abbreviations: CAW, water extract of Centella 
asiatica; Ctrl, control; NRF2KO, nuclear factor erythroid 2-related factor 2 knockout; RCR, 

respiratory control ratio; WT, wild type.
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Fig. 7. 
Hippocampal ATP content is lower in aged NRF2KO mice than WT nice: (A) hippocampal 

ATP content declined with age in all mice but because the data were not normally distributed 

the statistical significance of longitudinal effects between groups could not be determined. 

(B) Nonparametric analysis of the 18-month cohort revealed a significant group difference 

between Wilcoxon rank sums as determined by a χ2 test (χ2 = 16.91, p < 0.001). n = 8–15 

per group. Abbreviations: CAW, water extract of Centella asiatica; Ctrl, control; NRF2KO, 

nuclear factor erythroid 2-related factor 2 knockout; WT, wild type.

Zweig et al. Page 24

Neurobiol Aging. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Hippocampal mitochondrial function is correlated with cognitive performance. Correlations 

between variables were determined by Pearson correlation for the normally distributed RCR 

values (A, C) and Spearman correlation as a nonparametric alternative for ATP (B, D) *p < 
0.05, ***p < 0.001; n = 144. Abbreviations: OLM, object location memory; RCR, 

respiratory control ratio.
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Table 1

Example of test pairings for odor discrimination reversal learning test

Right position Left position

Acquisition phase D1 + O1 D2 + O2

D1 + O2 D2 + O1

D2 + O1 D1 + O2

D2 + O2 D1 + O1

Shift phase D1 + O1 D2 + O2

D1 + O2 D2 + O1

D2 + O1 D1 + O2

D2 + O2 D1 + O1

Representative combinations of odor and digging material pairings are given during each phase of the ODRL Italicized indicates correct trial.

Key: D1, dried bean; D2, string; O1, vanilla; O2, mint; ODRL, odor discrimination reversal learning.
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Table 2

WT animal correlations adjusted for age

WT mice

Learning acquisition OLM 2 h % preference

RCR
−0.35

a 0.24

ATP −0.10 0.03

Partial correlations adjusting for age between variables were determined by Pearson correlation for the normally distributed RCR values and 
Spearman correlation as a nonparametric alternative for ATP. Correlation coefficients (r) are given.

Key: OLM, object location memory; RCR, respiratory control ratio; WT, wild type.

a
p < 0.01; n = 51–55.
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Table 3

NRF2KO animal correlations adjusted for age

NRF2KO mice

Learning acquisition OLM 2 h % preference

RCR −0.07 0.09

ATP −0.10 0.010

Partial correlations adjusting for age between variables were determined by Pearson correlation for the normally distributed RCR values and 
Spearman correlation as a nonparametric alternative for ATP. Correlation coefficients (r) are given. n = 56–57.

Key: OLM, object location memory; NRF2KO, nuclear factor erythroid 2-related factor 2 knockout; RCR, respiratory control ratio.
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