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Summary

Nrf2 regulates the expression of numerous anti-oxidant, anti-inflammatory, and metabolic genes.
We observed that, paradoxically, Nrf2 protein levels decline in the livers of aged rats despite the
inflammatory environment evident in that organ. To examine the cause(s) of this loss, we
investigated the age-related changes in Nrf2 protein homeostasis and activation in cultured
hepatocytes from young (4-6 months) and old (24-28 months) Fischer 344 rats. While no age-
dependent change in Nrf2 mRNA levels was observed (p>0.05), Nrf2 protein content, and the
basal and anetholetrithione (A3T)-induced expression of Nrf2-dependent genes were attenuated
with age. Conversely, overexpression of Nrf2 in cells from old animals reinstated gene induction.
Treatment with A3T, along with bortezomib to inhibit degradation of existing protein, caused Nrf2
to accumulate significantly in cells from young animals (p<0.05), but not old, indicating a lack of
new Nrf2 synthesis. We hypothesized that the loss of Nrf2 protein synthesis with age may partly
stem from an age-related increase in microRNA inhibition of Nrf2 translation. Microarray analysis
revealed that six microRNAs significantly increase >2-fold with age (p<0.05). One of these,
mMiRNA-1464a, is predicted to bind Nrf2 mRNA. Transfection of hepatocytes from young rats with
a miRNA-146a mimic caused a 55% attenuation of Nrf2 translation that paralleled the age-related
loss of Nrf2. Overall, these results provide novel insights for the age-related decline in Nrf2 and
identify new targets to maintain Nrf2-dependent detoxification with age.
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Introduction

The transcription factor Nuclear Factor, Erythroid Derived 2, Like 2 (NFE2L2 or Nrf2) is a
gatekeeper of stress resistance without which cells succumb to both exogenous and
endogenous toxins. Over 200 genes responsible for protein homeostasis, antioxidants, and
detoxification are under the control of Nrf2 through the Antioxidant Response Element
(ARE) binding site. While Nrf2 knockout mice are viable, they display a dramatically
lowered ability to detoxify potential carcinogens [1]. Nrf2 is vital for protection against the
molecular damage that leads to neoplasia, a risk that increases with age. Unfortunately, Nrf2
protein levels do not appear to be maintained during aging. In fact, we showed previously
that Nrf2 levels decline in the aging rat liver [2], which reveals a problematic age-related
deficit in the very organ that is responsible for detoxification.

In addition to this loss of detoxification capacity, aging is also characterized by an increase
in endogenous reactive oxygen and nitrogen species, and a loss of endogenous antioxidant
production [3-5]. It is now recognized that this pro-oxidant cellular environment, which is
characterized by chronic inflammation, may be an intrinsic part of the aging process. This
so-called “inflamm-aging” contributes to a heightened risk for age-associated diseases (e.g.
atherosclerosis, cancer, and dementias) and disuse syndromes (e.g. sarcopenia and frailty)
[6]. As Nrf2 plays a key role in coordinating the cellular response to numerous pro-
inflammatory insults, electrophilic xenobiotics, and metabolic perturbations, its decline
during aging only exacerbates the already heightened risk for chronic pathophysiologies.
However, we currently do not know why Nrf2 steady-state levels are lowered with age at the
time of life when the need for detoxification is effectively increasing, nor do we know
whether its induction with age is compromised.

Nrf2 homeostasis is regulated by an array of interconnected transcriptional, translational,
and post-translational mechanisms that allow it to fine-tune gene expression to an array of
divergent stress stimuli [7]. Under quiescent conditions, this basic leucine zipper, cap-‘N’-
collar transcription factor is normally maintained at very low steady-state levels [8]. The
basal content of Nrf2 is sufficient for its binding to cis-acting AREs located in the 5'-
flanking regions of target antioxidant and ARE-containing genes. Under acute pro-oxidant
conditions or in the presence of electrophilic compounds, Nrf2 rapidly accumulates in the
nucleus and enhances expression of detoxification genes. The accumulation of Nrf2 is due in
part to its dissociation from Keap1l, a Cul3 ubiquitin ligase adaptor protein, thus attenuating
its proteasomal degradation. However, this mechanism is only able to preserve existing Nrf2
protein, which is present at very low levels. This seemingly contradictory phenomenon has
been explained by several reports showing that increased translation is a critical means to
quickly adjust Nrf2 protein levels for adequate cellular response [9-11]. For example, Nrf2
mMRNA contains an internal ribosomal entry site (IRES), which allows its translation even
during a catabolic state when global cap-dependent translation is reduced [12].

An additional layer of translational control over Nrf2 mRNA may be mediated by
microRNAs (miRNAS), a class of small RNAs derived from distinctive hairpin transcripts
that are ubiquitous across the plant and animal kingdoms. Once processed, miRNAs average
approximately 21-22 nucleotides in length and associate with Argonaute proteins as part of
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an RNA-induced silencing complex. These complexes primarily serve to control gene
expression through post-transcriptional repression of translation. Several miRNAs can
regulate the translation of Nrf2 mRNA and therefore lower its steady state levels [13,14].
However, it has never been shown that miRNAs are responsible for the age-related loss of
Nrf2.

Despite the importance of Nrf2-mediated response with age, and the complexity of Nrf2
proteostasis, there have been few studies to date that have examined the potential
mechanism(s) involved. In this study, we sought to elucidate the mechanism(s) that results
in the age-related loss of Nrf2 protein levels using hepatocytes from old and young rats. We
hypothesized that Nrf2 protein synthesis declines with age, resulting in the loss of basal Nrf2
protein levels and stress response. Herein, we also describe the contribution of an miRNA,
miR-146a, that lowers Nrf2 translation.

Materials and methods

Reagents

Animals

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
Collagenase type 1V was purchased from Worthington Biochemical Corporation
(Lakewood, NJ). Anti-Nrf2 (sc-13032) and anti-Keapl (sc-15246) were ordered from Santa
Cruz Biotechnology (Santa Cruz, CA). Bortezomib was obtained from Millennium
Pharmaceuticals (Cambridge, MA). PVDF transfer membrane was purchased from Millipore
(Billerica, MA). Dual Luciferase Assay Kit was purchased from Promega (Madison, WI).

Fischer 344 male rats, both young (4-6 months) and old (25-28 months), were purchased
from the National Institute on Aging animal colonies. The rats were allowed to acclimatize
in the Linus Pauling Institute animal facility for a minimum of 1 week on a 12 hour light
cycle (7am to 7pm) and fed standard chow ad libitum. All animal work was approved and in
accordance to IACUC guidelines (Assurance Number: A3229-01). The AAALAC-
accredited Laboratory Animal Resources Center (LARC) provided management and
veterinary care.

Hepatocyte Isolation and Cell Culture

Hepatocyte isolation was performed as described previously [15]. Briefly, the liver was
perfused with Hank's balanced salt solution, and disassociated to a single cell suspension
using a collagenase solution (1 mg/ml). The resultant cell suspension was filtered through
sterile gauze to remove connective tissue and debris. Parenchymal cells were isolated using
gravity filtration and washed four times with Krebs— Henseleit solution, pH 7.3. Cell count
and viability were assessed using trypan blue exclusion. Freshly isolated hepatocytes were
suspended in a modified Williams' E media (5% FBS, 1 mM dexamethasone, 100 ng/ml
insulin, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin), dispensed
onto collagen coated cell culture plates and incubated for 16 hours at 37 °C in 5% CO,
atmosphere before being used in experiments. Hepatocytes were seeded at 2.5x10° cells/ml
of media for regular cell culture, or 1.25x105 cells/ml of media for culture + transfection.
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We have demonstrated that these outlined culture conditions maintain the age profile of
hepatocytes with respect to Nrf2 for at least three days in culture [16].

Transfections

Plasmid transfections of hepatocytes were achieved with the jetPEI-hepatocyte transfection
reagent (Polyplus-transfection SA, llIkirch, France). Hepatocytes were incubated with 2 g
plasmid and the recommended amount of jetPEI after hepatocytes had been in culture for 30
hours. Transfection efficiency was assessed to be = 60% by parallel transfection of EGFP
vector and cell counting. miRNA transfection of hepatocytes were achieved with mirVVana
miRNA mimic (Ambion) using RNAiMax (Life Technologies) following the manufacturer's
protocol. The miRNA levels were measured using the Tagman MicroRNA Assay (Life
Technologies).

Nrf2 Half-life

Hepatocytes were transfected with a human influenza hemagglutinin-tagged Nrf2 (isoform
BC061724) expression vector (pHA-Nrf2) with jetPEI as detailed above. After 20 hours,
hepatocytes were treated with 100 uM cycloheximide. Hepatocytes were harvested every 20
minutes and the proteins were isolated as described. Immunoblots were used to quantify
Nrf2 levels. Statistical analysis was done by a two-way ANOVA.

ARE-gene induction and quantitative PCR

Hepatocytes were transfected with a human influenza hemagglutinin tagged Nrf2 (isoform
BC061724) over-expression vector (pHA-Nrf2) or empty vector with jetPEI as detailed
above. Cells were harvested 16 hours after transfection, total RNA was collected from
hepatocytes with Trizol (Life Technologies, Carlsbad, CA), and reverse transcription was
performed using the Retroscript Kit (Life Technologies) following the manufacturer's
protocol. The PCR was done on a StepOnePlus PCR machine (Life Technologies) using
Tagman Universal Mastermix. Relative quantities were calculated based on AACt between
cells transfected with pHA-Nrf2 and empty vector and assuming an amplification efficiency
of 2. All primer-probe mixtures were purchased from Life Technologies except for Nrf2,
which were ordered from Eurofins MWG Operon (Huntsville, Alabama) with the following
sequence and modifications: TTTTCCAGTGAGGGGATCGATGAG,
GTCAGCTACTCCCAGGTTGCCCA, and [6-
FAM]JACCACTGTCCCCAGCCCAGAGGCCAC[BHQ1a-Q]. Quantification was
normalized to the housekeeping gene EIF2A.

ARE Activity

Hepatocytes in culture were transfected with 1.95 ug ARE-Luc, a Gclc-promoter driven
PGL4 luciferase vector, and 0.05 ug of a Renilla expression vector (pRL-CMV). Cells were
incubated 18 hours after transfection and then treated with either vehicle control (DMF), 50
UM 5-(4-methoxyphenyl)-3H-1,2-dithiole-3-thione (A3T), or 100 uM R-a-Lipoic Acid (LA)
(Makwood). After 16 hours cells were harvested and assayed for luciferase activity using the
protocol provided with the Dual Luciferase Assay Kit (Promega).
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Lysate preparation and immunoblots

Cultured hepatocytes were washed twice with PBS, pH 7.4, and then collected by scraping.
Nuclear and cytoplasmic protein extracts were collected by the use of Sigma-Aldrich
CelLytic Nu-CLEAR isolation kit following the manufacturer's protocol. Protein samples
were denatured by addition of 2x Laemmli loading buffer and heating at 90 °C for 5
minutes. Protein separation was performed using a neutral Bis-tris acrylamide gel and
following the BioRad XT Bis-Tris PAGE XT-Mes protocol. Transfer was accomplished
using the Bjerrum Schafer-Nielsen transfer buffer with 20% methanol on a semi-dry transfer
apparatus. Proteins were deposited on PVDF transfer membrane. All blots were blocked
with a 5% milk (w/v) TBS-T solution overnight at 5°C. Primary and secondary antibodies
were each incubated on the membranes for 2 hours. Densitometry, performed with the
ImageJ software package (http://imagej.nih.gov/ij/), was used for graphical representation
and to perform statistical analysis.

miRNA Microarray

Liver tissue from young and old rats was collected and miRNAs isolated using the PureLink
miRNA lIsolation Kit (Life Technologies). Samples were frozen in liquid nitrogen and
shipped to LC Sciences (Houston, TX) for analysis. Microarray analysis covered the entire
Rattus norvegicus miRBase set (miRBase release 12.0). Background subtraction,
normalization, and statistical analysis where provided by LC Sciences. Significance was
calculated by ANOVA and corrected for multiple comparisons.

Statistical Analysis

Results

Nrf2 protein

All statistical analysis was performed using Excel (Microsoft, Inc.) and Prism 7 (GraphPad
Software, Inc.) For comparisons between two samples, two-sided Student's t-test was used.
Differences between samples that resulted in a p-value of < 0.05 were considered
statistically significant. Statistical analysis between multiple endpoints was analyzed by two-
way ANOVA and multiple comparisons were evaluated by Tukey's post hoc method.

declines with age in rat hepatocytes

We previously showed that constitutive Nrf2 binding to a core consensus ARE sequence
declines with age, indicating that basal expression of ARE-mediated genes may be
compromised [15]. Figure 1a,b shows a marked decline of Nrf2 protein with age; overall
steady-state Nrf2 levels were 42 + 12% lower in livers of 24-month old rats than in young
controls (p<0.05). Moreover, Nrf2 loss was coincident with a significant attenuation of
expression of genes that are constitutively regulated by Nrf2. As shown in Figure 1c, mRNA
content of Gcle, Gelm, and Gst2a exhibited age-dependent declines of 19.6%, 31.4%, and
40%, respectively. Because Nrf2 mRNA levels vary in tissues [17] and in response to certain
toxicological stressors [18-20], we sought to determine whether lowered Nrf2 transcript
levels may be responsible for the age-related loss of Nrf2 protein content. On the contrary,
hepatic Nrf2 mRNA values exhibited no significant age-dependent changes (Figure 1c;
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p>0.14), indicating that dysregulation of Nrf2 transcription with age does not account for
attenuation of Nrf2 protein levels.

Increasing Nrf2 levels remediates lost ARE gene expression

To determine whether replenishing Nrf2 hepatic protein content may remediate the observed
declines in ARE-dependent gene expression, we transfected hepatocytes isolated from
young and old rats with a CMV-driven pHA-Nrf2 expression vector. Under Nrf2
overexpression, the decline in ARE-associated target gene expression was reversed, where
Gclc and Gelm mRNA content were at least 3-fold higher than observed in hepatocytes
transfected with an empty vector (Figure 2; p<0.05), and there were no longer any age-
associated differences in their mRNA levels. These results show that the lower steady-state
levels of Nrf2 primarily drive the observed loss of ARE-mediated detoxification gene
expression with age.

Aging compromises Nrf2 activation of ARE-mediated gene expression

Our results point to a connection between lower Nrf2 steady-state levels and decrements in
stress response genes with age. However, it is not known whether Nrf2 levels are still
sufficient to initiate a proper response to stress stimuli. To determine the extent of any age-
dependent changes in Nrf2 stress response, we transfected hepatocytes from young and old
rats with an ARE-containing luciferase reporter (ARE-luc), then treated the cells with
known inducers of Nrf2/ARE-mediated gene expression. Treating cells from young animals
with 100 uM R-a-lipoic acid (LA) [2] or 50 uM anethole trithione (5-[4-
methoxyphenyl]-3H-1,2-dithiole-3-thione; A3T) [23], yielded a robust activation of the
ARE-luc reporter vector, indicating a strong induction of the Nrf2-mediated stress resistance
response in these cells. However, hepatocytes derived from old animals showed only a small
induction in luciferase activity with either LA or A3T, which was 6.5- and 7.0-fold lower,
respectively, than what was observed in cells from young rats (p<0.05) (Figure 3). These
results show that the age-related loss of Nrf2 not only compromises basal expression of
certain ARE-mediated genes, but also has the potential for limiting the induction of ARE-
mediated stress response from xenobiotic and stress stimuli.

Nrf2 steady-state levels are an interplay between its rates of synthesis and degradation.
Considering that Figure 1c shows no decrements in Nrf2 mRNA levels with age, we next
examined the accumulation of the Nrf2 protein itself under stress stimuli in cells pretreated
with bortezomib (BTZ), an inhibitor of the 26S proteasome, to prevent Nrf2 turnover. While
Nrf2 levels accumulated in cells from young animals both basally and with LA or A3T
stress induction, the same was not true in cells from old animals (Fig. 4A,B). In fact, no
significant increase in Nrf2 occurred in cells from old animals, and the use of BTZ shows
that this was not due to increased Nrf2 proteasomal degradation. In a follow-up experiment,
we measured the levels of Keapl by immunoblot. As Keapl is a Cul3 ubiquitin ligase that
facilitates Nrf2 degradation by the 26S proteasome, a significant increase in Keapl in cells
from old animals vs young would suggest that more Nrf2 degradation occurs with age.
Contrary to this, we found that Keapl levels declined 42% on an age basis (Figure 4C)
(p<0.05). This surprising result prompted us to measure Nrf2 half-life in both sets of
hepatocytes. We overexpressed Nrf2 in hepatocytes from young and old rats and directly
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quantified the rate of Nrf2 turnover using cycloheximide as a means to block protein
degradation. Results showed marked differences in Nrf2 turnover rates between young and
old rat hepatocytes. A single-phase decay model to fit the data revealed that Nrf2 half-life
increased >5-fold with age (p<0.05; Figure 4D), with T4/, estimates of 21.6 + 3.0 and 119.8
+ 21.5 minutes in young and old hepatocytes, respectively. These results, along with the
age-related loss of Keapl, suggest a markedly slower rate of Nrf2 degradation, showing that
Nrf2 degradation is not responsible for the steady-state decline in hepatic Nrf2 levels with
age, and may even be a mechanism used by the cell to compensate for Nrf2 loss. All of these
results are in accordance with our previous data in immortalized cells [10] showing that Nrf2
mMRNA translation is an important aspect of its ability to respond quickly to oxidative or
xenobiotic stress, whereas it was formerly supposed that all Nrf2 entering the nucleus was
being rescued from Keapl-mediated degradation. However, our current data suggests for the
first time that the age-related loss of Nrf2 may be due to a change in its translation.

MicroRNA 146a targets Nrf2 translation and is increased with age

While Nrf2 translation is lower with age, the partial induction of Nrf2 with A3T shows that
new synthesis of Nrf2 is still functional, albeit at a markedly lower rate. Because of growing
evidence that mRNA translation in general and Nrf2 translation in particular are fine-tuned
to environmental conditions via short non-coding interfering RNA (miRNA) [14], we
hypothesized that the sharp attenuation of hepatic Nrf2 mRNA with age stemmed from an
increase in miRNA-dependent inhibition. Accordingly, a top-down analysis of age-
dependent changes to microRNA was performed using tissue extracts from young and old
rat liver. Of the microRNA analyzed, only thirteen transcripts met both the 2-fold and
statistical threshold for significance. Most of these miRNA species exhibited an age-
associated decline (data not shown), which is in agreement with other reports showing dicer-
dependent decline in miRNA maturation with age [24]. However, a small cadre of miRNA
transcripts significantly increased on an age-related basis (Fig. 5a). While there are currently
few reports identifying genes associated with many of these miRNAs, it does appear that
most if not all of the miRNA species that become elevated with age (34a, 146a, 28, 101a)
are also known to be induced under chronic inflammatory conditions [25-28]. The oxidant-
enriched milieu common in aging tissues has been hypothesized to contribute to a sterile
chronic necro-inflammatory environment that goes unresolved by cellular stress response
pathways [29,30].

Using mirSVR sequencing analysis and available literature reports, six miRNAs were
identified [12,30-32] that increased significantly with age and/or could theoretically bind to
the 3’ region of Nrf2 mRNA. A preliminary test was performed by transfecting chemically
modified double-stranded RNAs that mimic these miRNAs into the rat hepatoma cell line
HA4I1IE to determine their potential for inhibiting Nrf2 translation (data not shown). While the
other miRNAs failed to inhibit Nrf2 expression in this immortalized cell line, the rno-
miR-146a mimic (rno = Rattus norvegicus) markedly reduced Nrf2 protein and thus was
selected for further experimentation. In order to confirm the array results, liver tissue from
young and old rats was harvested, microRNA isolated, and RT-gPCR was performed (Fig.
5b). This analysis revealed a 2.7 + 0.3-fold increase in miR-146a in aging rat liver versus
young controls, providing strong evidence this is an age-affected miRNA in the liver.
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In order to investigate whether miR-146a influences the expression of Nrf2, hepatocytes
from young rats were transfected with the mimic of the endogenous version, as used above
in immortalized cells. Immunoblot analysis showed that Nrf2 protein levels were
significantly lower in mimic-transfected cells versus those transfected with a scrambled
control (Fig. 5¢). As miRNAs either affect mRNA translation or bind and elicit message
degradation, additional experiments examined whether rno-miR-146a altered Nrf2 mRNA
levels and Nrf2-controlled genes (Fig. 5d). gPCR analysis revealed that rno-miR-146a
treatment resulted in no significant difference in Nrf2 mRNA levels between the control and
rno-miR-146a-treated samples. This is despite the observed change in its protein
accumulation, which suggests that rno-miR-146a inhibits ribosomal association of Nrf2
mMRNA but does not induce its degradation. However, mRNA levels of the Nrf2-mediated
genes, Gclc and Gelm, were lowered by the mimic treatment, 32.1 +4.5% and 13.4 +2.6%
respectively. These data reflect the loss of Nrf2 protein synthesis in spite of preserved
MRNA levels seen in liver tissues and isolated hepatocytes from old rats. Thus, the elevated
level of miR-146a with age is consistent with a role in the attenuated translation of Nrf2.

Discussion

Nrf2 is not only involved in detoxification, but is increasingly recognized as an important
longevity-assurance transcription factor because it regulates expression of numerous genes
involved in stress resistance and also metabolism genes associated with longevity and
health. Even some of the longevity enhancing effects of dietary restriction may stem from
Nrf2-mediated gene regulation [34]. In accordance with our previous work [10] showing
complex control of Nrf2 levels through mRNA translation, we found that the age-related
lesion in Nrf2 proteostasis and inducibility is attenuated Nrf2 translation. Given the
attenuated response to LA and A3T (Fig. 3), our data clearly point to a deficit in synthesis of
Nrf2 protein with aging.

Decline in protein translation appears to be a trait of aging, and our data indicates that the
decline in Nrf2 synthesis is in keeping with this general trait [35]. However, because Nrf2
has such a short half-life, Nrf2 levels and the genes that it regulates may be more adversely
affected than other proteins with longer half-lives. We show that steady-state Nrf2 levels fall
by approximately 40% with age despite a significantly slower turnover rate. Thus, adaptive
mechanisms to maintain steady-state amounts of Nrf2 are not adequate as the aging process
gathers pace.

The precise mechanism(s) that lower overall steady-state Nrf2 with age are yet to be
completely defined. Our current data indicates that miRs which arise during pro-
inflammatory conditions may be at least one cause for attenuated Nrf2 translation. We show
that miR-146a reduces Nrf2 translation directly or indirectly due to its own increase with
age, though it is likely one of several miRNAs with this influence. Herein, we showed that
only miRNAs associated with inflammation increase with age in rat liver, while miRNA
species connected to other metabolic pathways actually decline. miR-146a was the most
abundant inflammation-induced miRNA that increased with age, and has a predicted binding
sequence in the 3’-flanking region of Nrf2. Moreover, mimicking the age-related increase in
miR-146a in hepatocytes from young animals partially recapitulates the loss of Nrf2 seen
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with age. While these results do not rise to the level of a cause-and-effect relationship, it
does suggest the possibility that the pro-inflammatory environment of the aging rat liver
chronically induces expression of miR-146a, which in turn, adversely affects Nrf2
translation.

The loss of steady-state Nrf2 with age may be a compensatory mechanism for the increased
risk of neoplasia. Although Nrf2 is responsible for xenobiotic detoxification and is therefore
protective against potentially DNA-damaging compounds [21], the end result of Nrf2
activation is cytoprotection and, in many cases, escape from apoptosis [22]. Increased Nrf2
has been found in some cancers, and Nrf2 has also been implicated in cancer progression via
its activation of metabolic enzymes in the pentose phosphate pathways [1]. Thus, lower Nrf2
at a basal level would not be detrimental as long as the system is still inducible.
Unfortunately, this is not the case; when we induced Nrf2-regulated gene expression with
A3T or LA, Nrf2-dependent stress response was severely attenuated compared to that in
young animals (Figs. 3,4). While it remains to be fully elucidated the extent to which Nrf2
translation is activated under stress stimuli, these results do indicate that the attenuated Nrf2
translation of aging may be an underlying factor in the well-known age-dependent loss of
xenobiotic and oxidant-induced stress response. In agreement with this, we previously
showed that old animals are more vulnerable to exposure to lipid hydroperoxides, which are
detoxified in a glutathione- and Nrf2-mediated manner [36]. Other studies have also
demonstrated an age-related vulnerability to various drugs including H2-receptor antagonists
(antacids), anesthetics, acetaminophen, and alcohol. All of these drugs are detoxified via
Nrf2-dependent genes [37-39]. Thus, the age-related loss of Nrf2 translation may play a
pivotal role in vulnerability to a variety of xenobiotic insults, further justifying the growing
public health concerns associated with polypharmacy in the elderly [40,41]. As definitive
examination of age-related changes in detoxification capacity, and its potential
consequences on the therapeutic threshold of pharmacological agents in older individuals are
scant, further work will be necessary to elucidate the extent and precise nature that the loss
of Nrf2 protein homeostasis plays in increased susceptibility to environmental and
pharmacological insults with age.

Outside of its involvement in susceptibility to acute toxicological insults, attenuated Nrf2
translation may be a factor in increasing the risk for chronic age-dependent
pathophysiologies. For example, we previously demonstrated that significant age-related
changes occur to hepatic gene expression where an ontological analysis of transcript
changes revealed enrichment of immune response, immune cell infiltration, pro-
inflammatory, and tissue remodeling genes [29]. Most importantly, there was no apparent
coincident increase in expression of antioxidant/detoxification genes. Therefore, the loss of
Nrf2 could directly contribute to perpetuation of the low-grade inflammation associated with
aging. Nrf2 directly regulates numerous genes that act as negative feedback inhibitors to
down-regulate cytokine and NFKB-mediated inflammation [42], which suggests that loss of
Nrf2-mediated target genes may play a critical role for numerous pathophysiologies where
chronic inflammation is part of the underlying etiology (e.g. dyslipidemia, fibrosis, cirrhosis,
and cancer). Given the prevalence of miR-146a in inflammation, it is also interesting to note
that the loss of Nrf2 translation may not only potentiate chronic inflammation, but may be
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perpetuated by the necro-inflammatory environment of the aging liver. The advantages of
“cross-regulation” between inflammation and Nrf2, via miRNA, are presently unclear;
however, it may be an example of antagonistic pleiotropy. Elevated miR-146a is a normal
response to inflammation and appears to be a feedback mechanism to lower inflammatory
response. Normally, inflammation is a transient condition and therefore so is the increased
expression of miR-146a; however, in the aged animals inflammation persists. The age-
related loss in Nrf2 translation may thus be an indirect consequence of persistent
upregulation of pro-inflammatory cytokines. The resulting attenuation of Nrf2 would
ironically limit the means to resolve the inflammatory response.

In summary, we have identified, for the first time, an age-related change that results in the
attenuation of Nrf2 protein levels in the liver of old rats. Chiefly, Nrf2 protein synthesis
declines with age. This observation can, in part, explain why Nrf2 levels decline despite the
age-related increase in ROS. This results in the increased susceptibility to acute stressors
that rely on basal levels of Nrf2 for detoxification and likely chronic challenges as well.
Further research will be required to characterize the consequence of the loss of Nrf2
translation in regards to chronic inflammatory conditions. Finally, restoration of Nrf2
synthesis, perhaps via disruption of miR-146a, and the effects of this reversal continue to be
investigated.
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Highlights
- Nrf2 protein levels and activation are attenuated in aging rat liver.
- Nrf2 translation is lowered with age, while its transcription is maintained.

- MicroRNA 146a is increased with age and contributes to loss of Nrf2 translation.
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Figure 1.
Nrf2 protein levels but not mRNA levels decline with age in rat liver.

(A) Liver tissue lysate from young (YY) and old (O) rats were assayed for Nrf2 protein
content by immunoblot. Actin was utilized as a loading control and housekeeping gene. (B)
Densitometry graph for the expression of Nrf2 protein, N=4; *p <0.05. (C) QPCR was
utilized to assay the relative expression of the Nrf2 regulated genes: gamma glutamyl
cysteine ligase catalytic and modulatory subunits (Gclc and Gelm), and glutathione S
transferase subunit a2 (Gsta2), as well as Nrf2 itself. Graph shows old relative to young
('Y=1.0). Messages that decline significantly with age are noted by * (p<0.05; N=7).
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Figure 2.
Nrf2 over-expression results in similar induction of ARE regulated genes with age. Cultured

hepatocytes from young and old rats were transfected with pHA-Nrf2. After 24 h, qPCR was
utilized to assay the relative expression of genes regulated by Nrf2. Analysis shows that
there is no significant difference between young and old samples (p>0.05).
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Figure 3.
Stress response of the ARE is attenuated with age.

Hepatocytes isolated from young and old rats were transfected with the ARE-Firefly
luciferase and Renilla-PLG4 (control) luciferase reporter vectors. After 24 h, cells were
treated with vehicle control (C), 100 uM lipoic acid (LA), or 50 uM A3T for 16 h, then lysed
and assayed for luciferase activities. (N=3 *p<0.05). Control values were normalized to 1.0
for both young and old in order to show the relative increase.
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Both Nrf2 synthesis and degradation decline with age.
(A) Hepatocytes from young and old rats were treated with 50 pM A3T, 100 uM lipoic acid
(LA), and/or 100 nM bortezomib for 6 h. Nuclear fractions were isolated from the harvested
samples and assayed for Nrf2 content. Samples were quantitated by densitometry relative to
the loading control Actin. Statistical analysis was done by two-way ANOVA and Tukey's
post-hoc method. *p<0.05 vs young control without BTZ. (N=3). (B) Graphic representation
of Keapl immunoblots using liver tissue from young and old rats N=4; *p <0.05. Actin
loading control is from the same western blot membrane shown in Figure 1A. (C) Half-life
of Nrf2 protein was determined by transfecting primary hepatocytes from young and old rats

with the pHA-Nrf2 expression vector, then adding 100 uM cycloheximide 20 h post-
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transfection. Samples were taken every 20 minutes and protein was extracted. Nrf2 protein
levels were determined by immunoblot, quantified by ImageJ, and used to create the graph.

N=3.
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Figure 5.
Increased miR-146a with age reduces Nrf2 protein levels.

(A) Liver tissue from 6 young (6 months) and 6 old (24 months) rats were analyzed on a
miRNA array. Results were limited to p values of less than 0.05 and corrected for multiple
comparisons. The miRNAs predicted and/or experimentally determined to modulate Nrf2
are shown. (B) Liver tissue from 6 young and 6 old rats were analyzed by RT-qPCR for
levels of miR-146a. The difference between young and old is significant by Student's t-test
*p<0.05. (C) Hepatocytes isolated from young rats were transfected with rno-miR-146a
miRNA mimic or scrambled RNA oligomer, treated with BTZ for 6 h, and compared to
vehicle-treated hepatocytes (N=3 for each condition). Nrf2 protein levels and loading
control Actin were measured by immunoblot analysis and quantitated by densitometry.
Graph shows Nrf2 fold increase over non-BTZ-treated cells (= 1) (*p<0.05). (D) MRNA
levels were measured and compared to hepatocytes transfected with a scrambled RNA
oligomer (= 1.0). Although no significant difference was seen in the RQ of the Nrf2 mRNA,
both Gclc and Gelm decrease significantly, *p<0.05.
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