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The BXD21/TyJ recombinant 
inbred strain as a model for innate 
inflammatory response in distinct 
brain regions
Caridad López‑Granero1,2,3*, Beatriz Ferrer1,3, Alessandra Antunes dos Santos1, 
Angel Barrasa2 & Michael Aschner1*

Oxidative stress and inflammatory cytokines affect the human brain, increasing the risk for mood 
and cognitive disorders. Such risk might be selective to brain‑specific regions. Here, we determined 
whether BXD recombinant inbred (RI) mice strains are more suitable than C57BL/6J mice for the 
understanding of the relationship between antioxidant response and inflammatory responses. 
We hypothesized that inflammatory responses could be independent of antioxidant response and 
be inherent to brain‑specific regions. This hypothesis will be addressed by the analyses of mRNA 
expression. We explored, at 7‑months‑of‑age, the innate activation of proinflammatory cytokines 
(tumor necrosis factor alpha (TNFα) and interleukin 6 (IL‑6), as well as Kelch‑like ECH‑associating 
protein 1 (Keap1), nuclear factor erythroid 2 related factor 2 (Nrf2) and glutathione peroxidase 1 
(Gpx1) mRNA in both male and female BXD84/RwwJ RI, BXD21/TyJ RI and control strain (C57BL/6J 
mice). We report that: (1) The cerebellum is more sensitive to antioxidant response in the BXD21/TyJ 
RI strain; (2) The cerebellum, hippocampus and striatum show increased levels of cytokines in the 
BXD21/TyJ RI strain; (3) The BXD RI strain has lower brain weight relative to control strain (C57BL/6 
mice). In conclusion, our novel data show the utility of the BXD21/TyJ RI strain mice in offering 
mechanistic insight into Nrf2’s role in the inflammatory system.

Central nervous system (CNS) dysfunction is frequently accompanied by oxidative stress and inflammatory 
 responses1. Oxidative damage and inflammatory cytokines influence brain function and result in increased risk 
for mood, behavioral and cognitive  disorders2–4. Thus, the general hypothesis is that antioxidant defenses and 
inflammatory cytokines are key elements in CNS  pathologies5 and psychiatric  disorders3,4,6,7.

Several studies have revealed the mechanism by which continued oxidative stress can lead to chronic inflam-
mation, which, in turn, could mediate most chronic  diseases8. The disruption of the inflammatory and oxidative 
stress pathways is associated with multiple neurotoxic  exposures9–11. Oxidative stress acts activating a variety 
of transcription factors, including Nrf2. Upon oxidative stress generation, Nrf2 dissociates from Kelch-like 
ECH-associating protein 1 (Keap1), and translocates into the nucleus where it binds to the antioxidant response 
element (ARE), and initiates antioxidant gene transcription thus restoring cellular redox  homeostasis12–15. Activa-
tion of these transcription factors can lead to the expression of different genes, including those for inflammatory 
cytokines and anti-inflammatory  molecules8. Indeed, Nrf2 is essential for protection against oxidative stress and 
it has also been shown to attenuate  inflammation16.

Consistent with these observations, published data have corroborated dysregulation of inflammatory 
and oxidative systems both in behavioral and psychiatric disorders as a consequence of altered Nrf2 pathway 
 functioning7,15. Neuroinflammatory processes are established sequalae of Redox  imbalances17. Hence, the impor-
tance of investigations into the relationship between nrf2 and cytokines. In contrast to the widely held view 
that Nrf2 suppresses inflammation through redox control, Kobayashi and  collaborators16 have suggested that 
Nrf2 inhibits proinflammatory cytokine gene expression. Whatever the cause of the inflammatory response, an 
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adaptive change in the inflammatory system may provide short-term benefits or it can become maladaptive if 
the stressor persists  chronically18. According to Reuter and  collaborators8, two stages of inflammation take place, 
acute and chronic. The former is of short duration. If the inflammation persists for a longer time, the second 
stage of inflammation, or chronic inflammation, sets in predisposing the host to various chronic  illnesses8,19.

Previously, we have demonstrated that certain inflammatory responses could be desirable in mitigating psy-
chiatric disorders, such as depressive behavior. We have observed that the BXD21/TyJ strain exhibited lessened 
immobility time in the forced swim test, congruent with lessened depression-like  behavior20. Concomitantly, we 
noted overexpression of cerebral cortex proinflammatory cytokines, (tumor necrosis factor alpha (TNFα) and 
interleukin 6 (IL-6)) in the absence of oxidative  stress20.

Oxidative stress, as well as inflammatory responses, have been linked to numerous neuropathologies associ-
ated to specific brain  areas21,22. Several studies have indicated that metal homeostasis and oxidative damage is 
brain region-dependent23. Others have evaluated regional preferences for cytokine-mediated brain reactions to 
endotoxemia (elevated inflammatory response), noting that the olfactory system, hippocampus and diencephalon 
were the most  responsive21. However the results between studies have been inconsistent and the relationship 
between oxidative stress and inflammation in brain-specific regions has yet to be addressed. The aim of the pre-
sent study was to evaluate whether antioxidant response and inflammatory processes are region-dependent in 
BXD RI line and C57BL/6J mice. The cerebellum, hippocampus and striatum were selected, given their involve-
ment in major human  neuropathologies23.

The genetic reference murine populations have been generated from a cross between wild-type (C57BL/6J) 
(B6) and DBA/2J mice (D2), and is referred to as the BXD RI lines. The lines were generated following a strat-
egy of progressive intercrosses greater than 20  generations24. BXD RI strains have been proven invaluable in 
understanding the genetics of behavioral phenotypes, such as drug and alcohol addiction, stress, impulsivity, 
nociception and pain sensitivity, to name a  few24. Here, we chose the BXD84/RwwJ RI and BXD21/TyJ strains 
given their diverse expression lof Nrf2 mRNA. In an earlier report, we have demonstrated low expression of Nrf2 
mRNA in the BXD84/RwwJRI strain and its high expression in BXD21/TyJ RI strain at postnatal day  2120. Since 
the BXD RI mouse strains and Nrf2 might offer an optimal platform for relating genetic influences with environ-
mental exposure outcomes, the understanding of the relationship between BXD RI mice and Nrf2 is essential.

Here, we tested the hypothesis that inflammatory responses might appear independent of antioxidant response 
in a region-specific manner. To address our hypothesis, we explored proinflammatory cytokine (TNFα and IL-6 
mRNA), Keap1, Nrf2 and glutathione peroxidase 1 (Gpx1) innate mRNA levels in the two selected BXD RI 
strains. To our knowledge, there have been no studies addressing the relationship between innate inflammatory 
mediators and nrf2 levels in the BXD RI lines (high and low Nrf2 expressors) with emphasis on various brain 
regions, which might be susceptible to neurotoxicity.

Experimental procedures
Animals. Six-week-old mice from the BXD RI strains and control (C57BL/6) were purchased from the Jack-
son Laboratory (Bar Harbor, ME). Groups of three to five mice per cage were accommodated with a 12 h light/
dark cycle and water and food were continuously available ad libitum. For the first 15 days the animals were 
habituated to conditions in the animal facility. Control mice (C57BL/6) and two BXD RI mouse strains BXD84/
RwwJ RI and BXD21/TyJ RI were studied as noted above (N = 12 per strain and n = 6 per sex). Animals used in 
the study were not exposed to any treatment or experimental condition, allowing for the evaluation of innate 
mediators of inflammation and redox homeostasis.

All experiments were approved and carried out in accordance with the Institutional Animal Care and Use 
Committee (IACUC) at Albert Einstein College of Medicine (Bronx, NY).

Tissue collection and structure extractions. Mice were sacrificed with the use of isoflourane as anes-
thesia at age of 7 months  old20. The brain was extracted, dissected out, and the cerebellum, hippocampus and 
striatum were rapidly flash-frozen in liquid nitrogen. All the samples were stored at − 80 °C.

Gene expression assay. Proinflammatory genes (TNFα and IL-6), as well as antioxidant genes (Keap1, 
Nrf2 and Gpx1) were analyzed by quantitative reverse transcription PCR (qRT-PCR).

Gene expression assay by TaqMan method. Total RNA from the cerebellum, hippocampus and stria-
tum was extracted with Trizol (Life Technologies) as previously  described20. Briefly, chloroform was added to 
each sample. Next, samples were spun at 4 °C for 15 min at 15,000 revolutions/min. This was followed by precipi-
tation with glycogen (Ambion) and isopropanol. Next, the upper phase was transferred to a new tube. Samples 
were maintained overnight at − 20 °C. The next day, the pellet was washed with ethanol (75%). The RNA isolated 
was mix with nuclease-free water (Ambion) and heated at 55 °C (for 10 min). RNA purity and concentration 
were analyzed with a spectrophotometer NANODROP 2000 (Thermo Scientific). cDNA synthesis was carried 
out with RNA and High Capacity cDNA Reverse Transcription Kit (Life Technologies). qRT-PCR (BioRad 
CFX96) was carried out with TaqMan Gene Expression Assay probes (LifeTechnologies). The housekeeping 
gene GADPH was used as a control using the comparative  2–ΔΔCt  method25. The following probes were used: 
Keap1 (assay ID Mm00497268_m1), Nrf2 (assay ID: Mm00477784m1); Gpx1 (assay ID: Mm00656767_g1), 
TNFα (assay ID: Mm00443259_g1) and IL-6 (assay ID: Mm00446190_m1).

Statistics. SPSS software package was used for all statistical analyses and GraphPad PRISM 6.0 for complet-
ing the graphics. The accepted level of significance for all tests was set at p ≤ 0.05. Two-way analysis of variance 
(ANOVA) was used for the following dependent variables: Keap1, Nrf2, Gpx1, TNFα and IL-6 mRNA levels. As 
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independent variables STRAIN (BXD84/RwwJ RI, BXD21/TyJ RI and control mice (C57BL/6) and SEX (female 
and male) were used. Post hoc analysis was performed with Bonferroni test.

Results
Body and brain weight results. Brain weights are reduced in the BXD84/WRwwJ and RI BXD21/TyJ 
strains at 7‑months‑of age compared to control (C57BL/6) mice in the absence of any treatment or experimen‑
tal condition. ANOVA revealed no statistically significant differences in body weights between BXD84/RwwJ 
RI mice and BXD21/TyJ RI compared to controls mice at 7-months-of-age (Fig. 1A). However, brain weights 
showed statistically significant effects (Fig. 1B). The brain weights in BXD84/RwwJ (p = 0.000) and RI BXD21/
TyJ RI (p = 0.000) mice were lower compared to controls mice  (F(2, 30) = 30.054; p = 0.000). Females and males 
from the three examined strains showed statistically indistinguishable body or brain weights.

Gene expression in the cerebellum, hippocampus and striatum. At 7-months-of-age, we per-
formed qRT-PCR to examine inflammatory and antioxidant responses in 2 BXD RI strains (BXD84/RwwJ RI 
and BXD21/TyJ RI mice) in the cerebellum, hippocampus and striatum.

BXD21/TyJ RI mice display decreased levels of Nrf2 mRNA and overexpression of Gpx1 and 
IL‑6 mRNA levels in the cerebellum. Statistical analysis revealed a significant effect on Nrf2 mRNA 
levels on STRAIN  (F(2, 30) = 6.106; p = 0.006). The BXD21/TyJ RI strain displayed lower level of Nrf2 mRNA com-
pared to control (p = 0.055) mice and BXD84/RwwJ RI mice (p = 0.006) (Fig. 2A). The analyses showed a main 
effect on STRAIN by SEX interaction  (F(2, 30) = 5.178; p = 0.012) in relation to Nrf2 in cerebellum. However, this 
main effect was lost in the post hoc analyses.

As for Keap1 mRNA levels, at 7-months-of-age, no statistically significant differences were noted between 
the experimental groups, neither in STRAIN by SEX interaction  (F(2, 30) = 0,938; p = 0.403).

In addition, analyses on Gpx1 mRNA levels revealed a significant effect on STRAIN  (F(2, 30) = 4.931; p = 0.014) 
but not on STRAIN by SEX interaction  (F(2, 30) = 1,559; p = 0.227). Increased Gpx1 mRNA levels were seen in 
BXD21/TyJ RI mice compared to controls and BXD84/RwwJ RI mice (p = 0.044 and p = 0.025 respectively) 
(Fig. 2B).

With respect to the neuroinflammatory response, statistical analyses showed an effect on STRAIN 
 (F(2, 30) = 47.836; p = 0.000). BXD21/TyJ RI mice displayed increased levels of IL-6 mRNA compared to controls 
(p = 0.000) and BXD84/RwwJ RI mice (p = 0.000) (Fig. 2C). TNFα mRNA levels were indistinguishable between 
the 3 strains (Fig. 2D). Analyses from proinflammatory genes did not showed any STRAIN by SEX interaction 
 (F(2, 30) = 0.592; p = 0.559;  F(2, 30) = 1.085; p = 0.351) in IL-6 and TNFα mRNA levels.

BXD21/TyJ RI mice overexpress TNFα and IL‑6 mRNA levels in the hippocampus. Data showed 
no differences in Keap1, Nrf2, and Gpx1 mRNA levels between, BXD84/RwwJ RI, BXD21/TyJ RI and controls 
mice. At 7-months-of-age, the tested strains showed similar levels of hippocampal Keap1, Nrf2 (Fig. 3A) and 
Gpx1 (Fig. 3B) mRNA levels. No statistical differences were noted for STRAIN by SEX interaction.

A significant statistical STRAIN effect was observed on TNFα  (F(2, 29) = 3.965; p = 0.030) and IL-6 mRNA 
levels  (F(2, 30) = 25.238; p = 0.000). Post hoc analyses shown augmented proinflammatory response in BXD21/
TyJ RI compared to BXD84/RwwJ RI (p = 0.000) and controls (p = 0.000) for levels of IL-6 mRNA (Fig. 3C) and 
control for levels of TNFα mRNA (p = 0.026) (Fig. 3D). Females and males from the three strains displayed same 
levels of hippocampal antioxidant and proinflammatory genes (STRAIN by SEX interaction for IL-6 mRNA 
 (F(2, 30) = 2.268; p = 0.121) and for TNFα mRNA levels  (F(2, 30) = 0.894; p = 0.420).
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Figure 1.  Mean (± SEM). Two-way analysis of variance (ANOVA) and Bonferroni post hoc test was used. (A) 
Body weight and (B) Brain weight in three selected strains: BXD84/RwwJ RI, BXD21/TyJ RI mice and C57BL/6 
wild type as control group at 7-months-of-age (n = 12). (*) Statistical analyses indicate significant brain weight 
differences between BXD21/TyJ RI and BXD84/RwwJ RI strains and the control group (p ≤ 0.001).
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BXD21/TyJ RI mice overexpress IL‑6 mRNA levels in the striatum. In striatum, ANOVA analyses 
exhibited no differences in Keap1, Nrf2, Gpx1 and TNFα mRNA levels between, BXD84/RwwJ RI, BXD21/TyJ 
RI and controls mice. At 7-months-of-age, all the strains showed similar levels of striatum Keap1, Nrf2 (Fig. 3A), 
Gpx1 (Fig. 3B) and TNFα (Fig. 3D) mRNA levels. Females and males from the three strains displayed the same 
levels of striatal antioxidant mRNA levels. However, there was no significant effect for STRAIN on TNFα mRNA 
levels, with the STRAIN by SEX interaction displaying a main effect  (F(2, 30) = 6.263; p = 0.005). However, post hoc 
analyses showed increased TNFα mRNA levels in females than in males in the three strains absent statistically 
significant differences.

Statistical analyses on neuroinflammatory levels revealed a significant effect on STRAIN  (F(2, 29) = 8.591; 
p = 0.001) with respect to IL-6 mRNA levels. BXD21/TyJ RI mice showed increased levels of IL-6 mRNA rela-
tive to BXD84/RwwJ RI and control (p = 0.006 and p = 0.002) (Fig. 3C). The STRAIN by SEX interaction in IL-6 
mRNA did not reach statistical difference for the three strains and both sexes  (F(2, 30) = 0.261; p = 0.772).

Discussion
Both, oxidative stress and inflammatory responses affect brain function and mediate the risk for behavioral 
alterations in psychiatric and neurologic  pathologies3–6. To our knowledge, this is the first study to report the 
relationship between innate inflammatory and innate antioxidant responses in BXD RI strains in the cerebel-
lum, hippocampus and striatum based on mRNA expression levels. We noted congruence between innate ele-
vated levels of antioxidant response and increased levels of cytokines in the cerebellum in BXD21/TyJ RI strain 
(Fig. 2). Furthermore, all studied brain regions, cerebellum, hippocampus and striatum, showed an inflamma-
tory profile (Figs. 2, 3 and 4), suggesting an innate inflammatory susceptibility in BXD21/TyJ RI mice. In the 
hippocampus and striatum we failed to note congruence between enhanced antioxidant and cytokine profiles. 
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Figure 2.  Mean (± SEM). Two-way analysis of variance (ANOVA) and Bonferroni post hoc test was used. 
Levels of Nrf2, Gpx1, IL-6 and TNFα mRNA in cerebellum brain region in three selected strains: BXD84/RwwJ 
RI, BXD21/TyJ RI mice and C57BL/6 wild type as control group at 7-months-of-age (n = 6–12). (A) Levels of 
Nrf2 mRNA grouping by strains. (B) Levels of Gpx1 mRNA grouping by strains. (C) Levels of IL-6 mRNA 
grouping by strains. (D) Levels of TNFα mRNA grouping by strains (*) and (***) Statistical analyses indicate 
significant differences between the BXD21/TyJ RI strain and the control group and BXD84/RwwJ RI strain 
(p ≤ 0.05) or (p ≤ 0.001).
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Thus inflammatory and antioxidant profiles within a single murine mouse strain are brain region-dependent. 
We highlight the great utility of the BXD21/TyJ RI mice as a model for studying innate inflammatory and anti-
oxidant responses.

BXD84/RwwJ RI and control mice do not show an innate change in the profile of inflammation 
and antioxidant response. Firstly, female and male BXD84/RwwJ RI and controls mice did not show any 
change in antioxidant level or proinflammatory cytokines profiles in any of the studied brain regions (Figs. 2, 
3 and 4). Several authors have addressed Nrf2 expression levels under normal conditions absent experimental 
 procedures26. Under such circumstances, Nrf2 has a short half-life of 10–30 min, with high turnover of Keap1, 
assuring Nrf2 basal levels remain  low27,28. Considering that animals herein were not manipulated experimen-
tally, the levels of Nrf2 and antioxidant should be at low basal levels. Consistent with this assertion, BXD84/
RwwJ RI and controls failed to show increased innate antioxidant and inflammatory responses, in contrast to 
the BXD21/TyJ RI strain.

Nrf2 mRNA levels in BXD21/TyJ RI mice. BXD21/TyJ RI mice showed lower cerebellar Nfr2 mRNA 
levels concomitant with increased levels of Gpx1 mRNA relative to BXD84/RwwJ RI and controls mice (both 
females and males showed the same pattern) (Fig. 2). At 7-months-of-age, we expected to see higher nrf2 mRNA 
levels in the BXD21/TyJ RI strain (based on previous pilot studies in our lab at PND 21). This discrepancy 
reinforces the idea of adaptive regulation or compensatory mechanisms in the Nrf2  system29,30 from PND 21 to 
7 months-of-age. Indeed, Nrf2 levels can quickly vary in response to environmental  alterations15 and tried to 
reach normal balance in Nrf2 levels (that is low levels) as an innate phenomenon.
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Figure 3.  Mean (± SEM). Two-way analysis of variance (ANOVA) and Bonferroni post hoc test was used. 
Levels of Nrf2, Gpx1, IL-6 and TNFα mRNA in hippocampus brain region in three selected strains: BXD84/
RwwJ RI, BXD21/TyJ RI mice and C57BL/6 wild type as control group at 7-months-of-age (n = 6–12). (A) Levels 
of Nrf2 mRNA grouping by strains. (B) Levels of Gpx1 mRNA grouping by strains. (C) Levels of IL-6 mRNA 
grouping by strains. (D) Levels of TNFα mRNA grouping by strains (*) and (***) Statistical analyses indicate 
significant differences between the BXD21/TyJ RI strain and the control group and BXD84/RwwJ RI strain 
(p ≤ 0.001) in (C) and statistical analyses showed significant differences between the BXD21/TyJ RI strain and 
the control group in (D) (p ≤ 0.05).
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Is there correspondence between inflammatory and antioxidant responses in BXD21/TyJ RI 
mice?. Several studies have reported that continued oxidative stress leads to  inflammation8. However, our 
results indicated correspondence only between inflammatory cytokines and antioxidant response by increas-
ing the levels of Gpx1 mRNA in the cerebellum of BXD21/TyJ RI mice (Fig. 2). Some authors have highlighted 
the crucial role of antioxidant expression in preventing toxic  effects31,32. In this sense, Gpx1 is one of the most 
relevant antioxidant capable of reacting against oxidative stress as a therapeutic  factor33. The role of Gpx1 is to 
modulate cellular oxidant stress  responses31. Gpx1 may be post- and transcriptionally upregulated as part of the 
cellular response to oxidative  stress31 . The regulation of expression of GPx-1 has been shown to play a role in the 
development of many diseases such as cancer and cardiovascular disease, indicating the potential use of Gpx1 
as a  therapeutic31.

The congruence between antioxidant response and inflammatory cytokines was not seen in the hippocampus 
and striatum where the BXD21/TyJ RI mice showed elevated proinflammatory response absent altered antioxi-
dant profiles (Figs. 2, 3 and 4). Supporting our results, other authors have noted that Nrf2-mediated inhibition 
of proinflammatory cytokine gene is independent of redox  control16. However, these authors observed that Nfr2 
inhibited expression of proinflammatory cytokine genes, suggesting that it was due to alternative mechanism to 
redox  control16. Our result suggest that cytokine regulation might be dependent of Nrf2 function in BXD21/TyJ 
RI mice via Gpx1 mRNA as to maintain redox-balance in cerebellum, but not in the hippocampus and striatum. 
In these two-brain regions, the Nrf2 is likely mediated by alternative mechanisms, given the absence of overex-
pression of antioxidant genes, such as Gpx1, despite the presence of high cytokine levels.

Relative to previous results in our research group. Here, we propose that the key to understand Nrf2’s 
role in the innate inflammatory system response might reside in the adaptive role of such response. In support 
of this notion, we have previously observed similar pattern of inflammatory cytokines response in cortex region 
with a protection against depression in the BXD21/TyJ RI strain without oxidative stress  response20. In order to 
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Figure 4.  Mean (± SEM). Two-way analysis of variance (ANOVA) and Bonferroni post hoc test was used. 
Levels of Nrf2, Gpx1, IL-6 and TNFα mRNA in striatum brain region in three selected strains: BXD84/RwwJ RI, 
BXD21/TyJ RI mice and C57BL/6 wild type as control group at 7-months-of-age (n = 6–12). (A) Levels of Nrf2 
mRNA grouping by strains. (B) Levels of Gpx1 mRNA grouping by strains. (C) Levels of IL-6 mRNA grouping 
by strains. (D) Levels of TNFα mRNA grouping by strains (*) Statistical analyses indicate significant differences 
between the BXD21/TyJ RI strain and the control group and BXD84/RwwJ RI strain (p ≤ 0.05).
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maintain normal homeostasis complex interactions occur between cytokines, inflammation, and the adaptive 
and innate  responses34. In the BXD21/TyJ RI strain, the innate activation of cytokines observed herein concomi-
tant with the short immobility time and thus reduced depression-like  behavior20 provides additional impetus for 
studying novel antidepressants in a BXD RI animal model of innate inflammation.

Are proinflammatory cytokines and antioxidant response region‑dependent in BXD21/TyJ 
RI?. Our results suggest that the cerebellum (Fig. 2) is more sensitive to antioxidant response compared to 
other brain regions (hippocampus and striatum (Figs.  3 and 4 respectively). In contrast, other authors have 
noted that in the striatum oxidative damage was more pronounced than in the cerebellum, hippocampus, and 
 hypothalamus23. However, this susceptibility to oxidative stress was noted in a tributyltin exposure model, a 
neurotoxin that induces oxidative  injury35. Consistent with our results, Rammal and  collaborators17 indicated 
discrepancy in redox homeostasis upon stress conditions in neuronal and glial cells in cerebellum. It is notewor-
thy that this study also found oxidative stress in the hippocampal region, where we failed to note antioxidant 
response. The discrepant may reside in the fact that  they17 analyzed oxidative damage in neurons and glial cells, 
contrary to our study, where antioxidant levels were analyzed in homogenized tissue. Given that glial cells pos-
sess an antioxidative system  defense36,37 further evaluation of glial-specific responses in BXD21/TyJ RI seems 
meritorious.

In addition the cerebellum, hippocampus and striatum are susceptible to cytokines (Figs. 2, 3 and 4), Elevated 
proinflammatory cytokines in these brain  regions21 have been noted, establishing that the cortex, hippocampus, 
olfactory system, striatum, brain stem, diencephalon and cerebellum responded to lipopolysaccharide-induced 
systemic inflammation with altered cytokine profiles. The widespread nature of brain cytokine production 
appears also congruent with the characteristics of sepsis-associated  encephalopathy21.

Lower brain weight in the BXD RI strain. Unexpectedly, we found lower brain weight in the BXD RI 
strain (both 21/TyJ and 84/RwwJ) relative to controls mice (Fig. 1). The BXD RI lines have been generated by 
crosses among DBA/2J mice (D2) and C57BL/6J mice (B6)24. Adult C57BL/6J (B6) and DBA/2J (D2) mice body 
weights are similar, but the former have 37% heavier  brains38. The same authors evaluated 20 different BXD 
RI strains derived from D2 and B6 inbred strain crossings to determine whether significant associations exist 
between brain and brain to body weight ratio, concluding that BXD RI mice have lower brain weight, consistent 
with our findings.

Brain size is a historical subject of interest where the small size has been associated with some kind of 
 alteration39,40. Some studies have indicated a close relationship between proinflammatory cytokines and obe-
sity related to overproduction of white adipose  tissue41. Obesity might be associated with low-inflammation, 
which eventually is spread from tissue to the brain with an ensuing cognitive  decline42. However, here we have 
demonstrated overproduction of inflammatory cytokines accompanied by lower brain weight in BXD RI strain. 
Previously, we have indicated that the inflammation might be a double-edged sword in the BXD RI  strain20, the 
contribution to behavioral alterations and as effective therapeutic target via astrogliosis  function43. The lesser 
brain weight observed could be indicating an attempt to regulate the inflammatory response in the BXD21/TyJ 
RI strain as a protective mechanism. This fact reinforces the idea of further investigations into the relationship 
between inflammatory mechanisms and microglia in the onset of brain disorders.

Future directions. Determine the nature of microglial diversity and its relationship to cytokine responses in 
BXD21/TyJ RI mice brain regions. It is a well-known fact that microglia have important functions in the cen-
tral nervous system (CNS)44,45. Microglia may participate in synaptic transmissions during development and 
can phagocytize during brain  injury45. The role microglia adopts in each scenario can be context-45 and brain-
region-dependent46. In addition, it has been established that microglia respond to IL-6 among other kind of cy-
tokines. Microglia are capable of producing and reacting to the immune system via responsiveness to cytokines 
and their  autoregulation47. Here, we have seen that the cerebellum, hippocampus and striatum are susceptible 
to cytokines in BXD21/TyJ RI. Thus, it would be relevant to address in future studies whether the relationship 
between microglia and cytokines is inherent to different mice strains, and whether BXD21/TyJ RI mice might 
offer an optimally suited model to understand this relationship.

Examine the intra‑ and cellular pathways involved in the relationship between inflammatory and antioxidant 
responses. It would be necessary to perform new studies in order to analyze the interaction of the innate 
immune response and other intracellular pathways, such as NFKB (nuclear factor KB). Indeed, it has been 
established that NFKB has the ability to modify mtDNA, resulting in heightened sensing by innate immune 
 receptors48.

In the other hand, even when there are proteins involved in the Nrf2 signaling pathway preventing the forma-
tion of lipid peroxides, also other protein are direct targets of  lipoxidation49. A number of reactive lipid species, 
including 4-HNE have been shown to activate nrf2 target gene expression though Keap1  function50.

New pathways studies are necessary in order to shed light on inflammatory and antioxidant responses associ-
ated with the effects inherent to our results.

Conclusions
Our results suggest Nrf2 plays an important role in the inflammatory system. Our novel findings favor anti-
oxidant profiles, via mRNA expression evaluation, is region- and strain-dependent manner. Furthermore, we 
suggest that inflammation may occur with independent of innate antioxidant response profiles, contrary to the 
widely accepted view that Nrf2 suppresses inflammation. Our findings suggest that (1) the cerebellum is more 
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sensitive to antioxidant response in the BXD21/TyJ RI strain, (2) the cerebellum, hippocampus and striatum 
showed innate inflammation along with increased levels of cytokines in the BXD21/TyJ RI strain, (3) in the 
BXD21/TyJ RI strain Nrf2 plays an important role in mediating inflammation via alternative mechanism/s to 
antioxidant gene activation, and (4) in the BXD21/TyJ RI strain, this alternative innate mechanism might be 
related with adaptive brain function. Altogether, our results shed novel information on the potential for the 
BXD21/TyJ RI mouse strain as model to advance mechanistic understanding on the cross-talk between Nrf2 
and innate inflammatory and redox regulation.

Received: 26 February 2020; Accepted: 23 July 2020

References
 1. Varatharaj, A. & Galea, I. The blood–brain barrier in systemic inflammation. Brain Behav. Immun. 60, 1–12 (2017).
 2. Lindqvist, D. et al. Oxidative stress, inflammation and treatment response in major depression. Psychoneuroendocrinology 76, 

197–205 (2017).
 3. Lotrich, F. E. Inflammatory cytokine-associated depression. Brain Res. 1617, 113–125 (2015).
 4. Raison, C. L. & Miller, A. H. Malaise, melancholia and madness: The evolutionary legacy of an inflammatory bias. Brain Behav. 

Immun. 31, 1–8 (2013).
 5. Banks, W. A. et al. Lipopolysaccharide-induced blood-brain barrier disruption: Roles of cyclooxygenase, oxidative stress, neuro-

inflammation, and elements of the neurovascular unit. J. Neuroinflamm. 12, 223 (2015).
 6. Beydoun, M. A. et al. White blood cell inflammatory markers are associated with depressive symptoms in a longitudinal study of 

urban adults. Transl. Psychiatry 6, e895 (2016).
 7. Martín-de-Saavedra, M. D. et al. Nrf2 participates in depressive disorders through an anti-inflammatory mechanism. Psychoneu‑

roendocrinology 38, 2010–2022 (2013).
 8. Reuter, S., Gupta, S. C., Chaturvedi, M. M. & Aggarwal, B. B. Oxidative stress, inflammation, and cancer: How are they linked?. 

Free Radic. Biol. Med. 49, 1603–1616 (2010).
 9. Gutteridge, J. M. C. & Halliwell, B. Mini-Review: Oxidative stress, redox stress or redox success?. Biochem. Biophys. Res. Commun. 

502, 183–186 (2018).
 10. Khan, M. F. & Wang, H. Environmental exposures and autoimmune diseases: Contribution of gut microbiome. Front. Immunol. 

10, 1–11 (2020).
 11. Natasha, et al. A critical review of mercury speciation, bioavailability, toxicity and detoxification in soil-plant environment: Eco-

toxicology and health risk assessment. Sci. Total Environ. https ://doi.org/10.1016/j.scito tenv.2019.13474 9 (2019).
 12. Nguyen, T., Nioi, P. & Pickett, C. B. The Nrf2-antioxidant response element signaling pathway and its activation by oxidative stress. 

J. Biol. Chem. 284, 13291–13295 (2009).
 13. Ma, Q. Role of Nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 53, 401–426 (2013).
 14. Muramatsu, H. et al. Nrf2 deficiency leads to behavioral, neurochemical and transcriptional changes in mice. Genes Cells 18, 

899–908 (2013).
 15. Zhang, M. et al. Emerging roles of Nrf2 and phase II antioxidant enzymes in neuroprotection. Prog. Neurobiol. 100, 30–47 (2013).
 16. Kobayashi, E. H. et al. Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory cytokine transcription. 

Nat. Commun. 7, 1–4 (2016).
 17. Rammal, H., Bouayed, J., Younos, C. & Soulimani, R. Evidence that oxidative stress is linked to anxiety-related behaviour in mice. 

Brain. Behav. Immun. 22, 1156–1159 (2008).
 18. Medzhitov, R. Origin and physiological roles of inflammation. Nature 454, 428–435 (2008).
 19. Laxmi, B., Prof, N., Telanagana, J. & Agricu, S. Hb 130 new. Pdf. 117, 1175–1183 (2016).
 20. López-Granero, C. et al. BXD recombinant inbred strains participate in social preference, anxiety and depression behaviors along 

sex-differences in cytokines and tactile allodynia. Psychoneuroendocrinology 80, 92–98 (2017).
 21. Hasegawa-Ishii, S., Inaba, M. & Shimada, A. Widespread time-dependent changes in tissue cytokine concentrations in brain regions 

during the acute phase of endotoxemia in mice. Neurotoxicology https ://doi.org/10.1016/j.neuro .2019.10.006 (2019).
 22. Jomova, K., Vondrakova, D., Lawson, M. & Valko, M. Metals, oxidative stress and neurodegenerative disorders. Mol. Cell. Biochem. 

345, 91–104 (2010).
 23. Mitra, S., Siddiqui, W. A. & Khandelwal, S. Differential susceptibility of brain regions to tributyltin chloride toxicity. Environ. 

Toxicol. 30, 1393–1405 (2015).
 24. Peirce, J. L., Lu, L., Gu, J., Silver, L. M. & Williams, R. W. A new set of BXD recombinant inbred lines from advanced intercross 

populations in mice. BMC Genet. 5, 1–17 (2004).
 25. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method. 

Methods 25, 402–408 (2001).
 26. Tonelli, C., Chio, I. I. C. & Tuveson, D. A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 29, 1727–1745 (2018).
 27. Nguyen, T., Sherratt, P. J., Huang, H. C., Yang, C. S. & Pickett, C. B. Increased protein stability as a mechanism that enhances 

Nrf2-mediated transcriptional activation of the antioxidant response element: Degradation of Nrf2 by the 26 S proteasome. J. Biol. 
Chem. 278, 4536–4541 (2003).

 28. Stewart, D., Killeen, E., Naquin, R., Alam, S. & Alam, J. Degradation of transcription factor Nrf2 via the ubiquitin-proteasome 
pathway and stabilization by cadmium. J. Biol. Chem. 278, 2396–2402 (2003).

 29. Baxter, P. S. & Hardingham, G. E. Adaptive regulation of the brain’s antioxidant defences by neurons and astrocytes. Free Radic. 
Biol. Med. 100, 147–152 (2016).

 30. Davies, K. J. A. Adaptive homeostasis. Mol. Aspects Med. 49, 1–7 (2016).
 31. Lubos, E., Loscalzo, J. & Handy, D. E. Glutathione peroxidase-1 in health and disease: From molecular mechanisms to therapeutic 

opportunities. Antioxid. Redox Signal. 15, 1957–1997 (2011).
 32. Bouch, S., O’Reilly, M., de Haan, J. B., Harding, R. & Sozo, F. Does lack of glutathione peroxidase 1 gene expression exacerbate 

lung injury induced by neonatal hyperoxia in mice?. Am J. Physiol. Lung Cell. Mol. Physiol. 313, L115–L125 (2017).
 33. Arjunan, P. et al. VEGF-B is a potent antioxidant. Proc. Natl. Acad. Sci. USA. 115, 10351–10356 (2018).
 34. Cao, C. et al. Adaptive in vivo device for theranostics of inflammation: Real-time monitoring of interferon-γ and aspirin. Acta 

Biomater. https ://doi.org/10.1016/j.actbi o.2019.10.021 (2019).
 35. Ishihara, Y., Kawami, T., Ishida, A. & Yamazaki, T. Tributyltin induces oxidative stress and neuronal injury by inhibiting glutathione 

S-transferase in rat organotypic hippocampal slice cultures. Neurochem. Int. 60, 782–790 (2012).
 36. Lee Mosley, R. et al. Neuroinflammation, oxidative stress, and the pathogenesis of Parkinson’s disease. Clin. Neurosci. Res. 6, 

261–281 (2006).
 37. Morale, M. C. et al. Estrogen, neuroinflammation and neuroprotection in Parkinson’s disease: Glia dictates resistance versus 

vulnerability to neurodegeneration. Neuroscience 138, 869–878 (2006).

https://doi.org/10.1016/j.scitotenv.2019.134749
https://doi.org/10.1016/j.neuro.2019.10.006
https://doi.org/10.1016/j.actbio.2019.10.021


9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:13168  | https://doi.org/10.1038/s41598-020-70213-9

www.nature.com/scientificreports/

 38. Belknap, J. K., Phillips, T. J. & Phillips, T. J. Quantitative trait loci associated with brain weight in the BXD/Ty recombinant inbred 
mouse strains. Brain Res. Bull. 29, 337–344 (1992).

 39. Finlay, B. L. & Darlington, R. B. Linked regularities in the development and evolution of mammalian brains. Science 268, 1578–1584 
(1995).

 40. Lu, L. et al. Using gene expression databases for classical trait QTL candidate gene discovery in the BXD recombinant inbred 
genetic reference population: Mouse forebrain weight. BMC Genomics 9, 1–12 (2008).

 41. Cancello, R. & Clément, K. Is obesity an inflammatory illness? Role of low-grade inflammation and macrophage infiltration in 
human white adipose tissue. BJOG Int. J. Obstet. Gynaecol. 113, 1141–1147 (2006).

 42. Solas, M., Milagro, F. I., Ramírez, M. J. & Martínez, J. A. Inflammation and gut-brain axis link obesity to cognitive dysfunction: 
Plausible pharmacological interventions. Curr. Opin. Pharmacol. 37, 87–92 (2017).

 43. Colangelo, A. M., Alberghina, L. & Papa, M. Astrogliosis as a therapeutic target for neurodegenerative diseases. Neurosci. Lett. 
565, 59–64 (2014).

 44. Nayak, D., Roth, T. L. & McGavern, D. B. Microglia development and function. Annu. Rev. Immunol. 32, 367–402 (2014).
 45. Colonna, M. & Butovsky, O. Microglia function in the central nervous system during health and neurodegeneration. Annu. Rev. 

Immunol. 35, 441–468 (2017).
 46. Grabert, K. et al. Microglial brain regionâ ’dependent diversity and selective regional sensitivities to aging. Nat. Neurosci. 19, 

504–516 (2016).
 47. West, P. K., Viengkhou, B., Campbell, I. L. & Hofer, M. J. Microglia responses to interleukin-6 and type I interferons in neuroin-

flammatory disease. Glia 67, 1821–1841 (2019).
 48. Banoth, B. & Cassel, S. L. Mitochondria in innate immune signaling. Transl. Res. 202, 52–68 (2018).
 49. Dodson, M., Castro-Portuguez, R. & Zhang, D. D. NRF2 plays a critical role in mitigating lipid peroxidation and ferroptosis. Redox 

Biol. 23, 101107 (2019).
 50. Levonen, A. L. et al. Cellular mechanisms of redox cell signalling: Role of cysteine modification in controlling antioxidant defences 

in response to electrophilic lipid oxidation products. Biochem. J. 378, 373–382 (2004).

Acknowledgements
The authors would like to thank Frances Manon for her excellent assistance. MA was supported in part by NIH 
grants from the National Institute of Environmental Health Sciences, R01 ES10563, R01 ES07331 and R01 
ES020852. Additional support was obtained from Gobierno de Aragón (S24_17R) (Spain) and FEDER founds 
2014–2020 "Construyendo Europa desde Aragón" (European Union) and Fundación IBERCAJA (Spain).

Author contributions
C.L.G. and B.F. designed the study and wrote the main manuscript text. C.L.G., B.F, and A.A. performed the 
sampling collection and mRNA analyses. A.B. realized the statistical analyses and prepared the figures. M.A. 
contributed to the manuscript with discussions and comments. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.L.-G. or M.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The BXD21TyJ recombinant inbred strain as a model for innate inflammatory response in distinct brain regions
	Anchor 2
	Anchor 3
	Experimental procedures
	Animals. 
	Tissue collection and structure extractions. 
	Gene expression assay. 
	Gene expression assay by TaqMan method. 
	Statistics. 

	Results
	Body and brain weight results. 
	Brain weights are reduced in the BXD84WRwwJ and RI BXD21TyJ strains at 7-months-of age compared to control (C57BL6) mice in the absence of any treatment or experimental condition. 

	Gene expression in the cerebellum, hippocampus and striatum. 
	BXD21TyJ RI mice display decreased levels of Nrf2 mRNA and overexpression of Gpx1 and IL-6 mRNA levels in the cerebellum. 
	BXD21TyJ RI mice overexpress TNFα and IL-6 mRNA levels in the hippocampus. 
	BXD21TyJ RI mice overexpress IL-6 mRNA levels in the striatum. 

	Discussion
	BXD84RwwJ RI and control mice do not show an innate change in the profile of inflammation and antioxidant response. 
	Nrf2 mRNA levels in BXD21TyJ RI mice. 
	Is there correspondence between inflammatory and antioxidant responses in BXD21TyJ RI mice?. 
	Relative to previous results in our research group. 
	Are proinflammatory cytokines and antioxidant response region-dependent in BXD21TyJ RI?. 
	Lower brain weight in the BXD RI strain. 
	Future directions. 
	Determine the nature of microglial diversity and its relationship to cytokine responses in BXD21TyJ RI mice brain regions. 
	Examine the intra- and cellular pathways involved in the relationship between inflammatory and antioxidant responses. 


	Conclusions
	References
	Acknowledgements


