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SUMMARY

Recent studies suggest that awestern dietmay contribute to clinical neurodegen-
eration and dementia. Adipocyte-specific expression of the Na,K-ATPase
signaling antagonist, NaKtide, ameliorates the pathophysiological consequences
of murine experimental obesity and renal failure. In this study, we found that a
western diet produced systemic oxidant stress along with evidence of activation
of Na,K-ATPase signaling within both murine brain and peripheral tissues. We
also noted this diet caused increases in circulating inflammatory cytokines as
well as behavioral, and brain biochemical changes consistent with neurodegener-
ation. Adipocyte specific NaKtide affected by a doxycycline on/off expression
system ameliorated all of these diet effects. These data suggest that a western
diet produces cognitive decline and neurodegeneration through augmented
Na,K-ATPase signaling and that antagonism of this pathway in adipocytes amelio-
rates the pathophysiology. If this observation is confirmed in humans, the adipo-
cyte Na,K-ATPase may serve as a clinical target in the therapy of neurodegener-
ative disorders.

INTRODUCTION

A number of clinical conditions are characterized by impairment in brain functions, specifically memory and

cognitive ability (Moya-Alvarado et al., 2016; Sonkusare et al., 2005). Alzheimer’s disease is the most com-

mon and best studied. The dementias associated with these pathophysiological consequences have been

grouped under the broad category of neurodegeneration. Recent studies have demonstrated that obesity

exacerbates the progression of these neurodegenerative disorders (Ashrafian et al., 2013; Kothari et al.,

2017; Miller and Spencer, 2014). Several mechanisms associated with obesity have been implicated in

the neurodegeneration, including altered lipid and fatty acid metabolism (Chew et al., 2020; Uranga and

Keller, 2019), ceramide dysregulation causing insulin resistance and impaired cognitive function (de la

Monte et al., 2010), as well as mechanisms associated with oxidant stress. One might infer that the exces-

sive production of reactive oxygen species (ROS) and inflammatory cytokines associated with obesity might

either cross or alter the blood brain barrier (BBB), and through effects on central neuronal tissues,

contribute to neurodegeneration (Bartolome et al., 2017; Duffy et al., 2019; Kothari et al., 2017; Pratt

et al., 2019). Previous studies suggest that the ability of cytokines to alter or cross BBB is primarily achieved

through either active transport across BBB or passive transport via circumventricular organs specifically

through areas in the brain where the BBB is incomplete and cytokines may cross by simple diffusion (Banks,

2005; Benveniste, 1992; Rothwell and Hopkins, 1995; Yarlagadda et al., 2009). Studies have also shown that

cytokines may also damage the BBB through activation or destruction of tight junctions of microvascular

endothelial cells that form the BBB, hence increasing its permeability without entering the brain (Yarla-

gadda et al., 2009). It is well known that some cytokines, especially interleukin-6 (IL-6) (Banks et al., 1994,

1995), can cross the BBB and induce neuroinflammation (Banks, 2005; Tarro et al., 2014). Although there

are certainly distinctions amongst the mechanisms by which different neurodegenerative diseases prog-

ress, there is some overlap between these disease pathways and those underlying obesity (Mattson

et al., 1999; Perl et al., 1998) such as those related to oxidative stress, mitochondrial dysfunction, and

increased inflammation.
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Neurons have been shown to express receptors for various adipokines, indicating that factors released

from adipose tissue have the potential to communicate directly with the brain (Xu et al., 2003). Metabolic

changes and increased inflammatory conditions associated with obesity can cause damage to the central

nervous system (CNS), which can lead to neural death and altered synaptic plasticity of neurons; this meta-

bolic dysfunction increases the risk of neurodegenerative disorders (Jiang et al., 2019; Mazon et al., 2017;

Saltiel and Olefsky, 2017). Although a significantly altered glucose tolerance, seen in obesity and related

comorbidities, can have a severe impact on brain function, insulin in the brain regulates ligand-gated

ion channels, modulates synaptic plasticity and plays a critical role in the development and maintenance

of excitatory synapses (Jiang et al., 2019; Kothari et al., 2017; Miller and Spencer, 2014). The cumulative ev-

idence suggests that a western diet (WD) can increase plasma inflammatory cytokine levels, which in turn

can directly induce neuroinflammation (Banks, 2005; Ferreira et al., 2014).

In light of understanding molecular mechanisms operant in this diseased phenotype, recent investigations

from our lab have demonstrated oxidant stress within adipocytes attributable to Na,K-ATPase signaling, in

a manner distinct from its previously well-known ion pumping activity of this complex (Liang et al., 2007; Liu

et al., 2012; Yan et al., 2012). The Na,K-ATPase signaling is either directly stimulated by cardiotonic steroids

which bind to the Na,K-ATPase analogous to a ligand-receptor interaction or by ROS which appear to act

through direct carbonylation of the Na,K-ATPase a1 subunit. Signaling through this Na,K-ATPase signaling

pathway requires the phosphorylation of Src, the transactivation of the epithelial growth factor receptor

and a series of steps which include the generation of more ROS, activation of phosphatidylinositol 3-kinase

(PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) and extracellular signal-regulated

kinase (ERK) (Tian et al., 2006; Wang et al., 2014; Yan et al., 2012, 2013, 2016). Because the Na,K-ATPase

is stimulated by oxidant stress and results in further generation of ROS, we have characterized this pathway

as the Na,K-ATPase oxidant amplification loop (NKAL). Work from our laboratories has demonstrated the

involvement of NKAL in the pathogenesis of several conditions such as diet-induced metabolic syndrome,

nonalcoholic steatohepatitis and renal failure associated cardiomyopathy (Liu et al., 2016; Sodhi et al.,

2015, 2017). Our studies have also extensively demonstrated that a synthetic peptide, NaKtide, derived

from the segment of Src kinase-binding domain of the a1 subunit, abrogates NKAL by preventing the phos-

phorylation of Src (Li et al., 2009). Although the systemic administration of pNaKtide (a cell permeant

version of NaKtide) in various murine models effectively attenuates oxidative stress, inflammation and

the ameliorated diseased phenotype, we have more recently shown that adipocyte-specific NaKtide

expression is effective in ameliorating experimental obesity induced by a WD and uremic cardiomyopathy

induced by partial nephrectomy (Pratt et al., 2019; Sodhi et al., 2020b). Some of these data in theWDmodel

suggested effects of the WD ameliorated by adipocyte specific NaKtide expression on whole brain

biochemistry (Pratt et al., 2019).

Although previous studies have established a causal relationship for crosstalk between adipose tissue and

brain, a direct effect of adipocytes on different neuronal regions of the brain remains elusive. Hence, based

on the evidence present in literature and our previous studies, this study aims to demonstrate a central role

of adipocytes, specifically through adipocyte NKAL, in neurodegeneration. We believe that understanding

the role of the adipocyte Na/K-ATPase signaling in the pathogenesis of neurodegeneration could poten-

tially lead to the development of new therapeutic strategies in addition to NaKtide, to fight neurodegen-

erative disorders.

RESULTS

Doxycycline inducible adipocyte-specific NaKtide improves adiposity, metabolic balance,

locomotion, and systemic inflammation in mice fed a WD

Transgenic mice expressing NaKtide in a tetracycline (TET) dependent manner (Tet-On), specifically in ad-

ipocytes, under the control of adiponectin promoter were used in this study. Because these mice used a

TET dependent regulatory on/off system, the ingestion of doxycycline activated the adiponectin promoter

and expressed NaKtide specifically in adipocytes. Mice were either fed a normal chow or WD with or

without doxycycline for 12 weeks to demonstrate whether adipocyte-specific NaKtide can ameliorate

diet induced metabolic changes. Mice fed a WD showed a significant increase in the body weight over

the period of 12-weeks as compared to mice fed a normal chow (Figure 1A). The increase in the body

weight of mice fed WD was significantly attenuated (Figure 1A) by doxycycline induced adipocyte specific

NaKtide expression. Our results also showed significant insulin resistance as noted by impaired glucose

tolerance in mice fed a WD, which was prevented by doxycycline induced adipocyte specific NaKtide
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expression (Figure 1B). Further, our results showed marked reduction in energy expenditure, oxygen con-

sumption, and locomotion in the mice fed a WD as compared to mice fed a normal chow (Figures 1C–1E).

This WD induced metabolic imbalance was attenuated by doxycycline induced adipocyte specific NaKtide

expression (Figures 1C–1E). Our results also showed significantly increased levels of plasma inflammatory

cytokines, IL-6 and tumor necrosis factor alpha (TNFa), in mice fed a WD (Figures 1F and 1G). The doxycy-

cline induced adipocyte specific NaKtide expression significantly attenuated the increases in these levels of

these inflammatory cytokines induced by a WD (Figures 1F and 1G).

Doxycycline induced adipocyte-specific NaKtide improves neurodegenerative phenotype

through inhibition of Na,K-ATPase signaling in visceral adipose tissue of mice fed a WD

To test the efficacy and specificity of the doxycycline induced NaKtide expression in adipocytes, immuno-

fluorescence staining was performed in visceral, subcutaneous, heart and brain tissues. Our results showed

GFP (green) and NaKtide (red) expression in the visceral and subcutaneous adipose tissue of mice fed

doxycycline (with chow or WD) (Figures S1A and S1B), while no detectable expression of GFP and NaKtide

was noted in the heart and brain tissues of these mice (Figures S1C and S1D). We further confirmed the

presence of doxycycline induced NaKtide expression in visceral adipose tissues by determining the con-

centration of NaKtide using a competitive ELISA (Sodhi et al., 2020b). Specifically, we found significant

levels of NaKtide in visceral fat of mice fed doxycycline (added to chow or WD), whereas NaKtide concen-

trations were undetectable in mice groups without doxycycline (Figure 2A). Of note, the adipose tissue

levels of NaKtide achieved with this Tet-On system were approximately 50% of that which we previously

reported with the lentivirus adiponectin-NaKtide transduction (Sodhi et al., 2020b). We have previously

shown that ROS initiates protein carbonylation of the Na,K-ATPase a1 subunit, followed by

Figure 1. Doxycycline induced adipocyte-specific NaKtide expression improves adiposity, metabolic imbalance, locomotion and systemic

inflammation in mice fed a WD

(A and B) (A) Body weight over the period of 12 weeks. Statistical analysis by two-way ANOVA, where (B) Glucose tolerance test.

(C–G) (C) Energy Expenditure, (D) Oxygen Consumption and (E) Locomotion determined by 48 h CLAMS assessment. Plasma levels of inflammatory markers

(F) IL-6 and (G) TNFa. Results are expressed as meansG SEM. N = 6–10/group. Statistical analysis by two-way ANOVA for Panel (A and B), one-way ANOVA

for Panel (C – G), multiple comparison using Tukey’s test, where *p < 0.05 vs. CTR, **p < 0.01 vs. CTR, #p < 0.05 vs. CTR + NaKtide, ##p < 0.01 vs. CTR +

NaKtide, &p < 0.05 vs. WD, &&p < 0.01 vs. WD. Groups: CTR (normal chow diet); CTR + NaKtide (normal chow diet with doxycycline inducible adipocyte

specific NaKtide); WD (Western diet); WD + NaKtide (western diet with doxycycline inducible adipocyte specific NaKtide).
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phosphorylation of Src and activation of downstream signaling cascades with modulation of extracellular

signal-regulated kinase 1/2 (ERK 1/2) (Sodhi et al., 2015, 2017). Protein carbonylation in visceral adipose

tissue showed significant increases in WD fed mice; this was attenuated by doxycycline induced NaKtide

expression (Figure 2B). Further, our results showed significantly downregulated expression of a1 subunit

of the Na,K-ATPase in WD fed mice which was increased by doxycycline induced NaKtide expression

Figure 2. Doxycycline induced adipocyte-specific NaKtide expression improves oxidative stress in visceral adipose tissue of mice fed a WD

(A) NaKtide concentration by competitive ELISA.

(B–D)(B) Protein carbonylation assay. Immunoblot analysis of (C) a-1 subunit and (D) a-2 subunit with data shown as mean band density normalized to

GAPDH.

(E) pSrc immunoblot analysis with data shown as mean band density normalized to c-Src.

(F–J)(F) Immunoblot analysis of pERK 1/2 with mean band density normalized to total ERK. mRNA expression of (G) TNFa, (H) MCP1, (I) Nos3 and (J) GPx1.

Results are expressed as meansG SEM. N = 4–6/group. Statistical analysis by one-way ANOVA, multiple comparison using Tukey’s test, where *p < 0.05 vs.

CTR, **p < 0.01 vs. CTR, #p < 0.05 vs. CTR + NaKtide, ##p < 0.01 vs. CTR + NaKtide, &p < 0.05 vs. WD, &&p < 0.01 vs. WD.
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(Figure 2C). Conversely, the expression of the a2 subunit of the Na/K-ATPase was significantly upregulated

with WD, as compared to control. This increase was significantly reverted by doxycycline induced NaKtide

expression (Figure 2D). Adipose expression of phospho-Src was increased by the WD and attenuated by

doxycycline induced NaKtide expression (Figure 2E). Our results also showed significant upregulation in

the protein expression of ERK 1/2, in visceral adipose tissue of WD fedmice, which was attenuated by doxy-

cycline induced NaKtide expression (Figure 2F). The mRNA expression of inflammatory markers, TNFa,

monocyte chemoattractant protein 1 (MCP1) and nitric oxide synthase 3 (Nos3) were increased in mice

fed aWD (Figures 2G–2I), and these changes were also attenuated by doxycycline inducedNaKtide expres-

sion. Conversely, mice fed a WD alone had significantly downregulated mRNA expression of the antioxi-

dant, glutathione peroxidase 1 (GPx1), which was also reverted by doxycycline inducedNaKtide expression

(Figure 2J).

Doxycycline induced adipocyte-specific NaKtide improves memory and markers of cognitive

function in the hippocampus of mice fed a WD

To determine the extent of cognitive decline in WD fed mice, we evaluated their learning and memory with

several procedures. First, mice were subjected to an open field test, which demonstrated no significant differ-

ences among the experimental groups. The mice in all groups spent most of their time on the edge of the

open arena followed by the intermediate zone with the least amount of time spent in the center zone of the

open arena (data not shown). Using a novel object recognition test, mice fed a WD required significantly

more time to reach the 20 s criterion, which was associated with significantly decreased exploratory times in

these mice (Figures 3A and 3B). Doxycycline induced NaKtide expression reverted these changes. However,

our results from novel object recognition test showed no significant change in the distance traveled by WD

fed mice (7.34m G 0.79) and WD fed mice with doxycycline induced NaKtide expression (7.45m G 1.1), as

compared to control mice fed normal chow (7.65mG 0.93) and normal chow fedmice with doxycycline induced

NaKtide expression (6.56mG 1.54). Similarly, there was no significant change noted in the speedmeasurement

ofWD fedmice (0.024m/sG 0.003) andWD fedmicewith doxycycline inducedNaKtide expression (0.025m/sG

0.004), as compared to control mice fed normal chow (0.025m/sG 0.003) and normal chow fed mice with doxy-

cycline induced NaKtide expression (0.022m/sG 0.005).

Protein carbonylation levels in the hippocampus were significantly increased in WD fed mice, which was

attenuated by doxycycline induced NaKtide expression (Figure 3C). To assess Na/K-ATPase hydrolytic ca-

pacity in the hippocampus, wemeasured ouabain-sensitive Na/K-ATPase activity in crudemembrane prep-

arations obtained frommouse hippocampus. Our results showed that the maximal Na/K-ATPase activity in

WD fed mouse hippocampus was unchanged (71.86 mmol Pi/h/mg protein G1.87) compared with controls

(77.85 mmol Pi/h/mg protein G1.63). Doxycycline induce adipocyte specific NaKtide expression in WD fed

mice (71.67 mmol Pi/h/mg proteinG1.63) or normal chowmice (71.33 mmol Pi/h/mg proteinG2.35) also did

not show any significant change in the Na/K-ATPase activity, as compared to either control or WD alone.

Next, we demonstrated changes in the isoforms of Na,K-ATPase in the hippocampus of these mice. Our

results showed no significant changes in the protein expression of the a1, a2, and a3 subunits of Na,K-

ATPase in the hippocampus (Figures S2A–S2C). Furthermore, our results showed significantly increased

mRNA expression of inflammatory cytokines, IL-6, and TNFa, in the hippocampus of WD fed mice (Figures

3D and 3E), as compared to control. Doxycycline induced adipocyte specific NaKtide expression in WD fed

mice significantly attenuated the expression of IL-6 and TNFa in the hippocampus (Figures 3D and 3E).

Because microglial activation occurs in neuroinflammation, we performed immunohistochemical analysis

of the hippocampal sections (Ito et al., 1998; Yanez Lopez et al., 2019; Zhang et al., 2021). Our results

showed significant increase in the expression of ionized calcium-binding adaptor protein-1 (Iba1), a marker

of microglial activation, in WD fed mice as compared to mice fed normal chow (Figure S3). Doxycycline

induced adipocyte specific NaKtide expression in theseWD fedmice significantly attenuated the Iba1-pos-

itive microglia in the hippocampus (Figure S3). These findings were consistent with the plasma levels of am-

yloid beta-40 (Ab-40), a marker of cognitive decline (Jakel et al., 2020; Rosu et al., 2020; Tsai et al., 2021;

Watt et al., 2020), which showed significant increases in the WD fed mice (Figure 3F). The increase in

Ab-40 levels was significantly attenuated by doxycycline induced NaKtide expression (Figure 3F). Brain

derived neurotrophic factor (BDNF), a key marker of synaptic plasticity associated with learning and mem-

ory (Miranda et al., 2019), was decreased in mice fed a WD and restored by doxycycline induced NaKtide

expression (Figure 3G). Mice fed a WD showed significant increases in phosphorylated Tau expression in

the hippocampus, which is a marker of neuronal damage and its hyperphosphorylation, occurring at early

stages of tauopathies, is correlated with cellular dysfunction (Bousiges et al., 2016; Duquette et al., 2020;

ll
OPEN ACCESS

iScience 24, 103262, November 19, 2021 5

iScience
Article



Fossati et al., 2019; Kothari et al., 2017; Majd et al., 2017; Utrera et al., 2010) (Figure 3H). This was signifi-

cantly attenuated by doxycycline induced NaKtide expression (Figure 3H). Our results also showed that

the WD resulted in significant upregulation of phosphorylated ERK in the hippocampus, a marker of

Figure 3. Doxycycline induced adipocyte-specific NaKtide expression improves behavioral function, neuroinflammation and markers of cognitive

function in the hippocampus of mice fed a WD

(A and B) Novel object recognition test analysis for (A) Time to 20 s criterion and (B) Total Exploration time.

(C–E) (C) Protein carbonylation assay in hippocampus homogenates. mRNA expression of (D) IL-6 and (E) TNFa.

(F) Plasma Ab40 concentration. Immunoblot analysis for (A) BDNF (n = 6), (B) pTau (n = 4), (C) pERK (n = 6) and (D) PSD95 (n = 6). Results are expressed as

meansG SEM. N = 4–14/group. Statistical analysis by one-way ANOVA, multiple comparison using Tukey’s test, where *p < 0.05 vs. CTR, **p < 0.01 vs. CTR,
#p < 0.05 vs. CTR + NaKtide, ##p < 0.01 vs. CTR + NaKtide, &p < 0.05 vs. WD, &&p < 0.01 vs. WD.
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neuronal plasticity and neurodegeneration (Albert-Gasco et al., 2020) as well as downstream marker of

Na,K-ATPase signaling; this was also attenuated by doxycycline induced NaKtide expression (Figure 3I).

Finally, the WD also induced decreases in the expression of postsynaptic density 95 (PSD95), a marker of

synaptic plasticity (Kothari et al., 2017), in the hippocampus of WD fed mice. Doxycycline induced NaKtide

expression significantly upregulated the expression of PSD95 in WD fed mice (Figure 3J). Further, our re-

sults showed that doxycycline induced adipocyte specific NaKtide expression decreased protein carbon-

ylation (Figure S4A), as well as restored expression of BDNF (Figure S4B), phosphorylated Tau (Figure S4C),

phosphorylated ERK (Figure S4D) and PSD95 (Figure S4E) in the motor cortex of WD fed mice.

Doxycycline induced adipocyte-specific NaKtide improves cellular transcriptomic profile and

biological pathways in the hippocampus of mice fed a WD

To characterize the effects of WD on brain transcriptome, RNA sequencing (RNAseq) was performed in the

hippocampus of mice. WD induced marked changes in gene expression, all of which were largely reversed

by doxycycline induced adipocyte specific NaKtide expression. These results are shown as volcano plots

comparing mice fed WD and Control (left panel; Figure 4Ai) and comparing mice fed WD with doxycycline

Figure 4. Doxycycline induced adipocyte-specific NaKtide expression improves cellular transcriptomic profile

and biological pathways in the hippocampus of mice fed a WD

(A) Volcano plots of gene expression in WD vs. Control (left panel) andWD +NaKtide vs. WD (right panel) plotting antilog

of unadjusted p value on y axis vs. log2 Fold Change on x axis. Genes downregulated (unadjusted p value of <0.1) by WD

colored orange and genes upregulated (unadjusted p value of <0.1) by WD colored blue. We note that doxycycline

induced NaKtide expression ‘‘moved’’ genes dysregulated with a high fat diet in the opposite direction.

(B) Validation of differential expression of selected genes from RNAseq analysis by qRT-PCR in the hippocampus. Genes

validated by qRT-PCR includes akt3, ppara, il1r, fabp4, fabp1, irs1, rasa1 and itga5. Results expressed as log2 values of the

fold change (GSEM) show similar up- or down regulation of these genes by qRT-PCR as compared to the gene expression

by RNAseq in mice fed WD with or without doxycycline induced NaKtide. N = 6/group.
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induced NaKtide vs. mice fedWD alone (right panel; Figure 4Aii). Very similar patterns were observed look-

ing at the transcriptome of cerebellum, visceral and subcutaneous fat, and liver tissues (Figures S5A–S5D).

The differential expression of some of the key genes from our transcriptomic analysis was validated by per-

forming real time reverse transcriptase polymerase chain reaction (qRT-PCR) in the hippocampus. Specif-

ically, the expression levels of genes including, AKT, peroxisome proliferator activated receptor alpha

(PPARa), interleukin 1 receptor (IL1R), insulin receptor substrate 1 (IRS1), RAS, integrin alpha 5 (Itga5), fatty

acid binding protein (FABP) �1 and 4, were evaluated in the hippocampus of mice fed WD with or without

doxycycline induced NaKtide. Our results from qRT-PCR (Figure 4Bi) were in concordance with the findings

from our transcriptomic analysis (Figure 4Bii) in the hippocampus, showing similar log2 fold change of

these genes in WD fed mice as compared to control, which was reverted by doxycycline induced NaKtide.

When we performed over-representation analysis (ORA) on the hippocampus mRNA with an over/under

expression adjusted p value of 0.1, we found that there were 53 pathways which were differentially ex-

pressed with this methodology using a false discovery rate (FDR) cutoff of 0.1 (R package WebgestaltR us-

ing Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and themouse genome as reported pre-

viously (Luo and Brouwer, 2013; Wang et al., 2020). These pathways are summarized in Table S1. Notable

pathways which were differentially expressed included those associated with the endocytosis, ubiquitin

mediated proteolysis, dopaminergic synapse, mechanistic target of rapamycin (mTOR) signaling pathway,

cyclic adenosine monophosphate (cAMP) signaling pathway, GABAergic synapse, and phospholipase D

signaling pathway (all FDR<0.05).

ORA performed on the cerebellum transcriptome yielded 11 pathways including pathways associated with

Huntington disease, Parkinson’s disease, oxidative phosphorylation, thermogenesis and Alzheimer dis-

ease (all FDR <0.01). ORA performed on visceral fat yielded 93 pathways including those associated with

the oxidative phosphorylation, parkinson’s disease, TNF signaling, NF-kB signaling, Alzheimer disease,

Huntington disease, apoptosis, thermogenesis, and mitogen-activated protein kinases (MAPK) signaling

(all FDR <0.05). ORA with subcutaneous fat resulted in 39 differentially expressed pathways including

PPAR signaling, thermogenesis, oxidative phosphorylation, AMPK signaling, Parkinson’s, peroxisome,

mTOR signaling and FoxO signaling (all FDR <0.05). Liver ORA demonstrated 59 differentially expressed

pathways including PPAR signaling, peroxisome, glutathione metabolism, AMPK signaling, and thermo-

genesis, (all FDR <0.05). Overlap between these differentially expressed pathways detected with ORA is

summarized in a Venn diagram (Figure S6A). Notably, the differential expression of pathway for mitochon-

drial thermogenesis was common among all 5 tissues.

Gene set enrichment analysis (GSEA) can also be used as an alternative method to examine differential

gene expression. Unlike ORA which uses thresholds to identify differentially expressed genes, GSEA ranks

the whole gene set and compares this ranking to random sorting (Subramanian et al., 2005). Although the

pathways identified with GSEA often overlap with those detected by ORA, it is considered to be a comple-

mentary methodology which advantageously allows detection of both over- and under-expression of path-

ways (Liu and Ruan, 2013) using the normalized enrichment score (NES) which can be compared between

gene sets. Heatmaps comparing the NES of significantly over- and under-expressed pathways among all

tissues is shown in Figure 5A. Using GSEA, 22 pathways were noted to be over- or under-expressed in hip-

pocampus (Figure S6B), including those associated with the ribosome, oxidative phosphorylation, PPAR

signaling, transforming growth factor b (TGFb) signaling and Parkinson’ disease (all FDR <0.05). A GSEA

rank plot was generated for the oxidative phosphorylation, Parkinson’s disease, Alzheimer’s disease

pathway, and one wiki pathway of oxidative stress in the hippocampus (not shown). Specifically, we found

differential gene expression in the hippocampus of WD fed mice as compared to control, for various genes

involved in oxidative phosphorylation (Figure S7Ai), oxidative stress pathway (Figure S7Bi), Parkinson’s dis-

ease (Figure S8Ai), and Alzheimer’s disease (Figure S8Bi). Remarkably, most of the genes differentially ex-

pressed among these pathways were reversed with doxycycline induced NaKtide expression (Figures

S7Aii, S7Bii, S8Aii, and S8Bii).

GSEA performed on gene expression from cerebellum yielded 29 differentially expressed pathways

including pathways associated with oxidative phosphorylation, Parkinson’s disease, ribosome, protea-

some, thermogenesis, and Alzheimer disease (all FDR <0.05) (Figure S6C). Subcutaneous fat GSEA

revealed 26 pathways including those associated with NF-kB, oxidative phosphorylation and Parkinson’s

disease (all FDR<0.05) (Figure S6D). GSEA performed on visceral fat showed 55 pathways including those
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associated with NF-kB, TNF, JAK-STAT, apoptosis, and cellular senescence signaling (all FDR <0.05) (Fig-

ure S6E). GSEA performed on liver tissue mRNA showed 60 pathways including those associated with ribo-

some, Alzheimer’s disease, oxidative phosphorylation, and peroxisome (all FDR <0.05) (Figure S6F). Heat-

maps comparing the NES of differentially regulated pathways among tissues in WD fed mice showed that

doxycycline induced adipocyte specific NaKtide expression mostly reverted these changes (Figures S6B–

S6F). The overlap of GSEA pathways among all tissues is shown with a Venn diagram (Figure 5B).

We next employed weighted gene correlation network analysis (WGCNA) to better understand the topol-

ogy of gene expression with the distance metric based on the Pearson correlation coefficient (Langfelder

and Horvath, 2008). Using this approach, we first confirmed that the phenotypical features indeed corre-

sponded to the experimental groups, and that topological features of the gene expression network

required a soft threshold of approximately 14 for optimal separation (data not shown). We next identified

modules that had different degrees of correlation with 10 phenotypical features with a dendrogram and

module assignments. Specifically, the groups of genes that exhibited the highest absolute correlation

with the selected phenotypic features (body weight, time to 20 s criterion, exploration time, locomotion,

energy expenditure, oxygen consumption, plasma IL-6, plasma TNFa, protein carbonylation, and Ab40)

were then mapped using protein-protein interactions (STRING database (Szklarczyk et al., 2017))

Figure 5. Enriched biological pathways, using GSEA, among tissues in mice fed a WD

(A) Heatmap showing upregulation or downregulation of pathways enriched by GSEA, in each tissue of mice fed a WD.

(B) Venn diagram from pathway enrichment analysis performed using GSEA, depicting the overlap of all enriched

pathways among cerebellum, hippocampus, liver, subcutaneous and visceral adipose tissue. N = 6/group.
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(Figure 6A), and heat maps detailing selected gene expression in these different groups were produced.

The heatmaps for each color module which correlated best with one or more phenotypic features showed

that the doxycycline induced NaKtide expression reversed most of the differential gene expression noted

in the hippocampus that was induced by theWD (data not shown). We next applied gene sequence expres-

sion analysis to these modules again by using the KEGG pathways. Although each module had some as-

sociation with a number of KEGG pathways with this approach, the FDR values were not significant except

for the dark olive greenmodule (best correlation with TNFa levels) which had an FDR value <0.05 for the Ras

Figure 6. Differential eigengene network analysis and module-trait correlation of datasets from tissues of mice

(A–E)(A) Module-trait correlations. Each row in the table (right panel) corresponds to different gene groupings, and each

column to selected phenotypical features. Based on the highest correlations with these phenotypic features (body

weight, time to 20 s criterion, exploration time, locomotion, energy expenditure, oxygen consumption, plasma IL-6,

plasma TNFa, protein carbonylation, and Ab40). Modules which correlated best with the 10 phenotypic traits (there were 7

such modules as some correlated best with more than one trait) were placed into a cytoscape network plot using the

STRING protein-protein interaction dataset (left panel). We note that although most of these module genes are assigned

to such interactions in this dataset, a significant minority were not. Summary plot of consensus eigengene networks and

their differential analysis from (B) hippocampus and cerebellum datasets, (C) brain and visceral fat datasets, (D) brain and

subcutaneous fat datasets, (E) brain and liver datasets. Heat maps show high (red) and low (or negative, green) adjacency.

Preservation heatmap is the 1-absolute difference of the eigengene networks in the two sets. Bar plot shows mean

preservation of adjacency for each eigengene to other eigengenes with a D value calculated as the arithmetic mean of

these measurements. N = 6/group.
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signaling pathway (other ORA data not shown). Perhaps of greater interest, we note on Figure 6A that a

number of genes which were identified as members of these modules did not have known connections

through the STRING protein-protein database.

When we performed comparisons of the gene expression networks in the different tissues using WGCNA,

we noted extremely strong similarities between networks produced by the gene expression patterns of the

different tissues studied. Specifically, comparison of the eigengene expressions in hippocampus and cer-

ebellum yielded high similarity (D = 0.86; Figure 6B). When we combined the hippocampus and cerebellum

under the category brain, we also noted high similarity with eigengene expression compared with visceral

fat (D = 0.72, Figure 6C), subcutaneous fat (D = 0.71; Figure 6D) and liver (D = 0.72, Figure 6E). We also

noted high similarity between networks produced by visceral and subcutaneous fat (D = 0.77, data not

shown). Ergo, although different tissues had differences in differential gene and network expressions

induced by the experimental maneuvers employed, there were even more notable similarities identified

by the WGCNA strategy.

Our results from RNASeq analysis showed that genes, associated with Na,K-ATPase signaling, in mouse

visceral fat and hippocampus demonstrated differences in expression with a WD compared to control.

These differences were opposed or reversed by concomitant doxycycline induced NaKtide expression in

the adipocytes (Figures 7A and 7B).

DISCUSSION

We previously found that oxidative stress within adipocytes attributable to the NKAL plays a key role in

diet-induced obesity, neurodegeneration, and uremic cardiomyopathy, suggesting that NKAL may be a

common factor behind these obesity-induced changes (Pratt et al., 2019; Sodhi et al., 2017, 2020b). In

this study, we demonstrated a central role of the adipocyte NKAL in WD induced alterations in specific re-

gions of the brain, which to the best of our knowledge has never been explored, most notably in the hip-

pocampus, which is critical to memory (Dere et al., 2005). We also performed behavioral tests to assess the

functional implications of the morphological and biochemical alterations. Studies in mice models of AD

have shown that the novel object recognition test can evaluate an association betweenmemory processing

and hippocampal synaptic efficacy (Clarke et al., 2010; Taglialatela et al., 2009). Our findings showing

reduced exploration time and increased time to criterion in WD-fed mice are in concordance with these

findings. Our findings that doxycycline-induced adipocyte-specific NaKtide expression reversed these

changes as well as reversed the decline in cognitive memory and restored BDNF, PSD95, and markers of

neurodegenerative changes in hippocampus of WD fed mice indicate involvement of NKAL. Our findings

are consistent with other reports of metabolic dysfunction (Bittencourt et al., 2020) and obesity-associated

cognitive decline (Cope et al., 2018) producing Alzheimer disease-like pathology (Kacirova et al., 2020).

Figure 7. Heatmap for protein-protein interaction of genes associated with the activation of Na,K-ATPase

signaling

(A and B)WD gene expression shown as a heatmap in (A) visceral fat and (B) hippocampus. Protein interaction strength

derived from the STRING database is shown as line thickness and inverse length using Cytoscape. Colors of WD vs

Control (core) and WD + NaKtide vs WD (rim) range from log2FC of �2 to +2. Colors of the core and rim are reciprocal,

indicating that NaKtide expression opposed or reversed the WD diet changes. N = 6/group.
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The transcriptional changes in the hippocampus demonstrated that a WD induced significant effects on

genes specific for neurodegenerative disorders and synaptic signaling. Loss of neuronal function and syn-

apses in the hippocampus, a characteristic of neurodegenerative disorders (Canchi et al., 2019), strongly

correlates with cognitive impairment and high levels of Ab production (Sheng et al., 2012). Other investi-

gators have found evidence of the involvement of many of these pathways, including pathways for axon

guidance (Lee et al., 2019) and histidine metabolism (Hunsberger et al., 2020; Smith et al., 2010). Neuroin-

flammation contributes to increased oxidative stress, phosphorylation of tau, reduced Ab clearance, syn-

aptic degeneration, and neuronal death (Chen et al., 2016; Kempuraj et al., 2017). Owing to the contribu-

tion of mitochondria in producing oxidant stress, apoptosis, and inflammation, impaired mitochondrial

function may also be an important factor in neurodegeneration (Hroudova et al., 2014). Our RNA-seq re-

sults support previous suggestions that changes in oxidative phosphorylation (Federico et al., 2012), the

PPAR signaling pathway (Jamwal et al., 2020; Wojtowicz et al., 2020) and the TGF-b signaling pathway (Tes-

seur and Wyss-Coray, 2006) may contribute to neurodegenerative disorders such as AD. The doxycycline-

mediated expression of NaKtide in adipocytes antagonized all of these changes, indicating a possible

contribution of obesity to mitochondrial dysfunction in the brain.

In the cerebellum, pathways associated with loss of neuronal function and synapses were also dysregu-

lated, including those associated with glutamatergic synapses (Lewerenz and Maher, 2015), cholinergic

synapses (Ferreira-Vieira et al., 2016), and calcium signaling (Ramanan et al., 2012). Pathways associated

with mitochondrial function were also dysregulated in cerebellum, including oxidative phosphorylation,

thermogenesis (Yang and Ruan, 2015), and glutathione metabolism (Gegg et al., 2003). Our results showed

that adipocyte specific NaKtide expression reversedmost of these transcriptomic changes. The similarity of

transcriptomic changes in cerebellum to those in the hippocampus raises the question why obesity more

strongly affects hippocampal function rather than cerebellar functions such as balance or motor learning.

One possibility is that the hippocampus is more sensitive to mitochondrial and synaptic changes induced

by a WD (Jacka et al., 2015). Further research will be required to answer this question.

Our findings clearly suggest a central role for the peripheral adipocytes in the pathogenesis of the WD

induced changes in brain function and biochemistry. It is well-known that WD promotes excessive energy

intake and body weight gain inducing inflammation in murine models. However, recent studies suggest

that WD can lead to alteration in hippocampal dependent spatial learning and memory function, further

causing impaired glucoregulation, reduced level of neurotrophins, neuroinflammation and alterations in

the structural integrity of BBB (Kanoski and Davidson, 2011). WD-fed animals express impaired glucose

tolerance and energy homeostasis, reduced locomotion, and increases in circulating inflammatory cyto-

kines. Work by our group and others (Le Lay et al., 2014; Pratt et al., 2019; Sodhi et al., 2015) ascribes these

changes to oxidant stress within adipocytes (Manna and Jain, 2015; Sodhi et al., 2020a). In the current study,

the WD severely altered the transcriptomic profile of important pathways in both visceral and subcutane-

ous adipose tissues, most notably those associated with oxidative damage, inflammation, oxidative phos-

phorylation, and mitochondrial dysfunction. In addition, the NF-kB, TNF, IL-17, JAK-STAT, chemokine, and

toll-like receptor signaling pathways were also dysregulated. Oxidative stress and subsequent release of

inflammatory cytokines associated with these pathways in adipocytes can alter neuronal and synaptic plas-

ticity (Cacci et al., 2005; Monje et al., 2003), impair learning and memory processes (Butler et al., 2004), and

inhibit neurogenesis by inducing neuroinflammation (Parimisetty et al., 2016; Qin et al., 2016). As excessive

fat accumulation and adipocyte dysfunction in response to a WD can also induce severe hepatic lipid accu-

mulation and inflammation (Geisler and Renquist, 2017), it is not surprising that we observed a host of tran-

scriptomic changes in liver tissue as well as adipose tissue. It is certainly possible that altered hepatic func-

tions, either in the production or clearance of toxins and neuroactive molecules, could play a role in the

neurodegenerative phenotype produced by the WD (Estrada et al., 2019; Geisler and Renquist, 2017;

Nho et al., 2019; Pacholko et al., 2019). However, the large-scale improvement observed in specific regions

of the brain as well as other tissues after targeting NKAL suggests that these transcriptomic changes in the

liver are secondary to alterations in peripheral adipocytes.

Adipose tissue dysfunction can dramatically influence brain function and biochemistry, leading to neuro-

degeneration (Letra et al., 2014; Parimisetty et al., 2016). Our data demonstrate that the adipocyte

NKAL is central to these changes. Although the exact contribution of adipocytes and cells regulated by ad-

ipocytes (e.g., macrophages) is not yet clear, it is possible that many, if not most, of the observed changes

in brain function and metabolism could be because of the neurotoxic effects of inflammatory cytokines
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(Butler et al., 2004; Cacci et al., 2005; Monje et al., 2003; Pickering et al., 2005; Selmaj and Raine, 1988),

which can be transported across the BBB (Letra et al., 2014; Parimisetty et al., 2016). In our study, both

IL-6 and TNFa plasma levels were substantially elevated by the WD and normalized by adipocyte-specific

NaKtide expression. Other factors related to the adipocyte redox state could also be involved. Studies

have shown that high fat diet increases the production of ceramides, which can also enter circulation

and cross BBB, similar to cytokines, and induce brain insulin resistance, oxidative stress, and inflammation,

leading to neurodegeneration (Holland et al., 2011; Sripetchwandee et al., 2018). These stress related ag-

onists can contribute to pro-inflammatory phenotype by directly activating toll-like receptor 4 (TLR4) and

NF-kB signaling pathways in the brain (Holland et al., 2011; Valdearcos et al., 2014). The present study

and evidence from the literature supports that WD may alter peripheral immune profile; however, it is un-

clear whether inhibition of these peripheral immune responses would completely inhibit neurodegenera-

tive changes in the brain (Baumgarner et al., 2014).

In summary, our study demonstrates that diet induced stimulation of the adipocyte NKAL leads to the

development of a neurodegenerative phenotype which is ameliorated by cell-specific inhibition of oxidant

production by the NKAL with NaKtide. It is clear that peripheral adipocytes play a central role in WD

induced brain dysfunction. Our results suggest that strategies aimed at targeting the adipocyte NKAL

may potentially have clinical utility in treating or preventing neurodegeneration.

Limitations of the study

Our study has certain limitations which should be understood by the reader. First and foremost, we have

seen a number of systemic effects derived from adipocyte specific NaKtide expression which may be

responsible for some (or many) of the behavioral and brain biochemical changes in the WD setting. Simply

ameliorating obesity might have a substantial effect, however this might be achieved. Second, but also

important, we infer that the NaKtide expression specifically involves the aforementioned NKAL. While

we have published data supporting this concept (Lai et al., 2013; Li et al., 2009; Pratt et al., 2019; Sodhi

et al., 2020a, 2020b), it is possible that this peptide interacts with other cellular targets yet unidentified.

Finally, while we infer that the improvement in adipocyte redox state achieved by NaKtide expression re-

sults in attenuation of inflammation and systemic oxidant stress, it is not yet clear how this occurs. Future

work will hopefully clarify these important limitations.
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Antibodies

Rabbit polyclonal BDNF antibody Cell Signaling Technology Cat# 47808S: RRID:AB_2894709

Mouse monoclonal Anti-Glyceraldehyde-3-

Phosphate Dehydrogenase Antibody, clone

6C5

Millipore Sigma Cat# MAB374; RRID:AB_2107445

Rabbit monoclonal PSD95 antibody Cell Signaling Technology Cat# 3450S: RRID:AB_2292883

Rabbit monoclonal Phospho-Tau (Ser404)

(D2Z4G) Antibody

Cell Signaling Technology Cat# 20194S; RRID:AB_2798837

Mouse monoclonal Tau (Tau46) Antibody Cell Signaling Technology Cat# 4019S; RRID:AB_10695394

Rabbit polyclonal phospho-SRC (Tyr419)

Antibody

Thermo Fisher Scientific Cat# 44-660G; RRID:AB_2533714

Mouse monoclonal Anti-c-Src/Src Antibody (B-

12)

Santa Cruz Biotechnology Inc. Cat# sc-8056; RRID:AB_627306

Rabbit polyclonal NaKtide Primary Antibody Covance Inc.

Goat Anti-Rabbit IgG H&L (Alexa Fluor 647) Abcam Cat# Ab150079; RRID:AB_2722623

Goat Anti-Rabbit IgG H&L (Alexa Fluor 488) Abcam Cat# Ab150077; RRID:AB_2630356

Goat Anti-rabbit IgG H&L HRP Invitrogen Cat# 31460; RRID:AB_228341

Mouse monoclonal Anti-Na+/K+ ATPase a-1

Antibody, clone C464.6

Millipore Sigma Cat# 05-369; RRID:AB_309699

Rabbit polyclonal Anti-Na+K+ ATPase a-2

Antibody

Millipore Sigma Cat# 07-674; RRID:AB_390164

Rabbit polyclonal Anti-Na+/K+ ATPase alpha-

3 antibody

Millipore Sigma Cat# 06-172-I; RRID:AB_310066

Rabbit monoclonal Phospho-p44/42 MAPK

(Erk1/2) (Thr202/Tyr204) (D13.14.4E) Antibody

Cell Signaling Technology Cat# 4370; RRID:AB_2315112

Rabbit polyclonal p44/42 MAPK (Erk1/2)

Antibody

Cell Signaling Technology Cat# 9102; RRID:AB_330744

Chemicals, peptides, and recombinant proteins

VECTASHIELD Antifade Mounting Medium

With DAPI

Vector Laboratories Cat# H1200; RRID:AB_2336790

1 Step Ultra TMB-ELISA Substrate Solution ThermoFisher Scientific Cat# 34028

BIOMOL Green Enzo Life Science Cat# BML-AK111-0250

Critical commercial assays

Amyloid beta 40 mouse ELISA Kit ThermoFisher Scientific Cat# KMB3481

Mouse IL-6 ELISA Kit Abcam Cat# Ab100712

Mouse TNFa ELISA Kit Abcam Cat# Ab46105

Protein Carbonyl ELISA Assay Kit BioCell Corporation Cat# BPCK01

RNeasy Protect Mini Kit Qiagen Cat# 74124

RevertAid First Strand cDNA Synthesis Kit ThermoFisher Scientific Cat# K1621

Deposited data

Gene Expression Omnibus Archive NCBI GSE164295
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Joseph I Shapiro (shapiroj@marshall.edu).

Materials availability

� Transgenic mice used in this study were generated by Cyagen Biosciences Inc (Santa Clara, CA).

� This study did not generate any new unique reagents.

Data and code availability

d Raw sequencing reads have been deposited at the Gene Expression Omnibus at the National Center for

Biotechnology Information and can be accessed using the accession number GSE164295. This data is

publicly available as of the date of publication. The accession number is also listed in the key resources

table.

d All data needed to evaluate the conclusions in the paper are present in the paper and/or the supple-

mental information. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

d Microscopy data reported in this paper will be shared by the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Transgenic Mice – Tet-On/off dependent

adipocyte specific NaKtide (C57BL6

background)

Cyagen Biosciences Inc. TGMB-161024-AAJ

Software and algorithms

R 4.0.3 R Core Team, 2016 https://cran.r-project.org/

RStudio Package: gplots Warnes et al., 2020 https://cran.r-project.org/web/packages/

gplots/index.html

RStudio Package: WebgestaltR Wang et al., 2013 https://cran.r-project.org/web/packages/

WebGestaltR/index.html

RStudio Package: pathview Luo and Brouwer, 2013 https://doi.org/10.1093/bioinformatics/btt285

RStudio Package: DESeq2 Love et al., 2014 https://doi.org/10.1186/s13059-014-0550-8

RStudio Package: WGCNA Langfelder and Horvath, 2008, 2012 https://doi.org/10.1186/1471-2105-9-559;

https://pubmed.ncbi.nlm.nih.gov/23050260/

RStudio Package: fgsea Sergushichev, 2016 https://doi.org/10.1101/060012

Cytoscape: Wikipathways App Kutmon et al., 2014 https://doi.org/10.12688/f1000research.4254.

2

ANY-Maze Behavioral Tracking Software AnyMaze N/A

Prism 8.0 Graphpad N/A

Comprehensive Lab Animal Monitoring

System

CLAMS N/A

ImageJ National Institute of Health N/A

Other

Normal mouse chow diet LabDiet Cat# 5001

Western Diet ENVIGO Cat# TD.88137

Normal Chow Diet + 300 Doxycycline ENVIGO Cat# TD.180829

Western Diet + 300 Doxycycline ENVIGO Cat# TD.180830

Glucose Test Strips One Touch Ultra N/A
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d This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal studies were approved by the Marshall University Animal Care and Use Committee in accor-

dance with the National Institutes of Health (NIH) Guide for Care and Use of Laboratory Animals. Trans-

genic mice (C57BL6 background) expressing NaKtide in a tetracycline (TET) dependent manner (Tet-On),

specifically in adipocytes, under the control of adiponectin promoter were generated utilizing a custom

plasmid vector generated by Cyagen Biosciences Inc (Santa Clara, CA). Briefly, a plasmid vector was con-

structed utilizing the TET response element (TRE) to drive expression of an open reading frame (ORF)

encoding NaKtide. TET-suppressor and TET-activator ORFs were included under the control of the

mouse adiponectin promoter, resulting in TET-dependent expression of NaKtide exclusively within adi-

pocytes. Following confirmation of sequence integrity and orientation via restriction digestion and

sequencing, the plasmid was provided to Cyagen Biosciences for pro-nuclear injection. Following

plasmid purification and linearization of the plasmid, pro-nuclear injection was performed. Positive

clones were identified by polymerase chain reaction (PCR) based genotyping, using a primer specific

for the adiponectin promoter and a primer specific for NaKtide. We generated adipocyte-specific NaK-

tide transgenic founders that had undergone breeding to generate offspring of these mice and then they

were subjected to PCR and Southern blot analysis with genomic DNA prepared from tail biopsies to

check the transgene expression. All mice were placed in cages at the Robert C. Byrd Biotechnology Sci-

ence Center Animal Resource Facility (ARF).

Since these mice used TET dependent regulatory on/off system, the ingestion of doxycycline automatically

activated the adiponectin promoter and expressed NaKtide specifically in adipocytes without substantial

off target effects in these mice (Cawthorne et al., 2007; Das et al., 2016; Gengenbacher et al., 2020; Ingusci

et al., 2019; Mansuy and Bujard, 2000; Redelsperger et al., 2016). Doxycycline is preferable to tetracycline as

an inducer in tetracycline (tet)-dependent regulatory systems due to doxycycline’s high potency, superior

tissue penetration, and its widespread availability (Cawthorne et al., 2007; Redelsperger et al., 2016). In

addition to that, doxycycline in mouse chow offers advantages such as improved doxycycline stability

without any signs of animal discomfort.

All experimental male mice were 10-12 weeks old and were housed in a pathogen-free animal facility

in designated rooms equipped with cages that supplied purified air under a 12-hour light/dark cycle.

Mice were placed on a normal chow diet containing 11% fat, 62% carbohydrate, and 27.0% protein

with total calories of 12.6 KJ/g and had free access to water or the mice were placed on WD contain-

ing 42% fat, 42.7 % carbohydrate, and 15.2% protein yielding 4.5 KJ/g and had free access to water

(Pratt et al., 2019). To induce NaKtide expression in these mice, custom normal chow or WD (Envigo

RMS, Inc.-Teklad Diets) with doxycycline, at a concentration of 300 mg/kg (Cawthorne et al., 2007; Re-

delsperger et al., 2016), was used (Normal chow with doxycycline: TD.180829; WD with Doxycycline:

TD.180830). Animals were randomly divided into four primary groups (n=8-10/group) as follows: 1.

Control (normal chow); 2. Control+NaKtide (Normal chow+Doxycycline); 3. WD (WD) and 4. WD+-

NaKtide (WD+Doxycycline). All mice groups were placed on their respective diets on Day 0 for a total

of 12 weeks. Body weights were measured weekly over the course of 12 weeks. At the time of eutha-

nization, weights of total body, visceral fat, subcutaneous fat, heart, liver and kidneys were deter-

mined. Blood samples were collected for the determination of plasma inflammatory cytokines and

Ab-40. Whole brain was individually dissected to obtain hippocampus, motor cortex and cerebellum.

All brain parts and other tissues were flash-frozen in liquid nitrogen and maintained at -80oC, pre-

served in optimal cutting temperature (OCT) compound for sectioning or placed in paraformaldehyde

for paraffin embedding.

METHOD DETAILS

Indirect calorimetry and locomotor activity

At the end of 12-week period prior to euthanization, mice underwent metabolic cages for themeasurement

of energy expenditure, oxygen consumption and locomotor activity using the Comprehensive Lab Animal

Monitoring System (CLAMS) for the simultaneous assessment of these metabolic parameters as described

previously (Sodhi et al., 2017).
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Glucose tolerance test

At the end of 12-week period, mice were fasted for 8 hours. After the fasting period, a 10% glucose solution

(2g/kg body weight) was injected intraperitoneally. Samples were taken from the tail vein at 0, 30, 60, 90 and

120 minutes after glucose injection. Blood Glucose was measured using glucometer as reported previously

(Sodhi et al., 2017).

Measurement of plasma cytokines, Ab-40 and protein carbonylation

Plasma IL-6 and TNFa were measured using an Enzyme Linked Immunosorbent Assay (ELISA) kit according

to manufacturer’s protocol (Abcam, Cambridge, MA), as reported previously (Sodhi et al., 2017). Plasma

Ab-40 was also measure using ELISA Kit according to manufacturer’s protocol (Thermo Fisher Scientific,

Waltham, MA). Whole cell lysates from visceral adipose tissue, hippocampus and motor cortex were pre-

pared with RIPA buffer and protein carbonylation was measured using Protein Carbonyl ELISA Kit (BioCell

Corporation, Auckland, New Zealand), according to manufacturer’s protocol (Sodhi et al., 2020b).

Measurement of NaKtide concentration in visceral fat by Competitive ELISA

To confirm the presence of NaKtide in the mice fed Doxycycline added normal chow or WD, visceral adi-

pose tissues were homogenized in RIPA buffer and protein quantification was performed normalized to the

final concentration of 1mg/ml. We also performed deproteinization with perchloric acid, followed by

neutralization with 1M NaOH and extraction with chloroform. Polystyrene 96-well microtiter plates were

coated with 100uL/well of NaKtide antigen in 1% DMSO at a concentration of 50ng/mL and the plates

were incubated overnight at 4oC. ELISA was performed on the visceral adipose tissue homogenates using

primary NaKtide antibody, as described previously (Sodhi et al., 2020b).

Immunofluorescence studies in adipose tissues

Adipose tissue and heart tissues were frozen in OCT compound, cut into 6mm sections and mounted on

slides. The sections were fixed with 4% PFA for 15 minutes, washed once with TBS, probed with 1:50 pri-

mary NaKtide antibody dilution and 1:1000 secondary antibody (Alexa Fluor 647 Red), and then mounted

with DAPI solution and coverslips as described previously (Pratt et al., 2019; Sodhi et al., 2020b). Expression

of GFP and NaKtide was determined using a GFP and RFP filter respectively on a Nikon Eclipse 80i micro-

scope equipped with a Nikon camera head DS-Fi1 (Nikon, Japan).

Open field maze and novel object recognition

Open field test was performed in themice to assess exploratory behavior, anxiety, general activity level and

gross locomotor activity, as described previously (Seibenhener and Wooten, 2015). Prior to this behavioral

assessment, mice were habituated to the experimental room for 1 hour prior to testing. Following 1 hour of

habituation, mice were individually placed in a square plexiglass box. Themice were allowed to freely move

in an empty arena for about 10 minutes while being recorded by an overhead camera. The sensorimotor

overhead camera is connected to a video recording software (ANY-maze) and the lenses are adjusted to

fit the four corners of the square plexiglass box. The automatic tracking system in the software recorded

the footage of themicemovement. Hence, following 10minutes of freemovement of the mice, the footage

was analyzed for the following parameters: distance moved, velocity and time spent in the predefined

zones (edge, intermediate and center). This test also serves as a habituation period to the experimental

room for the novel object recognition test the following day.

The novel object recognition test was performed to evaluate cognition, particularly recognitionmemory, as

described previously (Lueptow, 2017). Briefly, mice were habituated to the experimental room for 1 hour

prior to testing. Following habituation, mice underwent training where mice were exposed to two identical

objects, in the square plexiglass box (used in open field maze above). The two identical objects were

placed at an equal distance of approximately 10 cm apart in the activity cage, with normal bedding.

Mice were placed in the cage with the objects. Video Recording Software (ANY-maze) was used to record

each instance of the mouse investigating each object. Two hours following the training, one of the objects

was replaced with a new object and the mice were allowed to explore the open field in the presence of the

familiar object and a novel object to test recognition memory. The video recording software was used to

record each instance of mice investigating either the novel object or the familiar object. A day without

testing occurred between each test. The footage was analyzed to assess the time spent exploring each
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object and the discrimination index percentage, which allows for the determination of impaired cognitive

ability.

Ouabain-sensitive ATPase (Na/K-ATPase) in mouse hippocampus

The crude membrane preparation and Na/K-ATPase activity was assayed according to the protocol previ-

ously described (Gamaro et al., 2003; Liang et al., 2006; Xie et al., 1989) with modification. Mouse hippo-

campus (8-12mg) were homogenized in (1ml) ice-cold Skou C buffer (30mM histidine, 250mM sucrose,

1mM EDTA, pH 7.4) and briefly sonicated. After centrifugation (800 x g for 10 min), the supernatants

were further centrifuged (45,000 X g for 45 min) with BECKMAN TL-100 Ultracentrifuge and BECKMAN

TLA-45 rotors. The membrane-enriched pellets (crude membrane preparation) were resuspended in

Skou C buffer. To allow access of substrates and inhibitor to their respective binding sites on the catalytic

subunit of NKA in closed membrane vesicles, the crude preparations were treated with alamethicin

(0.3 mg/mg of protein, which was the optimal concentration revealed by a calibration curve in the condi-

tions of this assay) for 10 min at room temperature. The preparation was then incubated in a buffer contain-

ing 20mM Tris (pH 7.2), 1mM EGTA, 1mMMgCl2, 20mM KCl, 5mMNaN3, and 100mMNaCl. After 15min of

preincubation at 37�C, ATP/Mg2+ was added to a final concentration of 2mM to start the reaction. The re-

action was stopped after 15 min. by addition of 8% ice-cold trichloroacetic acid. The inorganic phosphate

generated during the ATP hydrolysis was measured by a colorimetric assay using the BIOMOL GREEN Re-

agent (Enzo Life Science, NY, USA) and a microplate reader (SpectraMax M3). Ouabain-sensitive Na/K-

ATPase activities were calculated as the difference between inorganic phosphate released in the absence

and in the presence of ouabain 1mM.

Immunohistochemistry in hippocampus tissue

Immunohistochemistry experiment was performed by Wax-it Histology Services Inc. Canada. Briefly, brain

was fixed overnight in 4% paraformaldehyde solution at 4�C. After paraffin embedding, the materials were

sectioned at 25 mm using cryostat microtome throughout the hippocampus area. Following melting and

dewaxing, the antigen retrieval was performed in a steamer at pH 6. After washing and blocking of endog-

enous peroxidase usingWaxit Inc proprietary blocking solution, the slides were incubated overnight at 4�C
with primary antibody for the microglial cell marker Iba1. Secondary antibody treatment and detection was

performed using Polymer HRP detection system followed by incubation with DAB (3,30-Diaminobenzidine)

until desired staining is achieved. After counter staining and proper rinsing with water, the stained slides

were imaged with Aperio AT2 whole slide imaging system at 20X. Using Positive Pixel Count V9 algorithm

(Leica Imagescope software), positive stained pixels for Iba-1 were counted based on staining intensities

and total pixels in the selected area of the image. The normalized values of positivity were calculated

and represented by total positive pixels/total pixels.

Western blot analysis

Hippocampus, motor cortex, and visceral adipose tissue were pulverized with liquid nitrogen and placed in

RIPA homogenization buffer. Homogenates were centrifuged, the supernatant was isolated, and immuno-

blotting performed (Pratt et al., 2019). Hippocampus and motor cortex were used for expression of BDNF,

phosphorylated Tau, phosphorylated ERK and PSD95. All antibodies were obtained from Cell Signaling

(Danvers, MA). Activation of c-Src was determined in visceral adipose tissue as described previously (Pratt

et al., 2019; Yan et al., 2013). Polyclonal anti-Src [pY419] phospho-Src specific antibody was from Thermo

Fisher Scientific (Waltham, MA). Monoclonal antibody against total c-Src was from Santa Cruz (Santa

Cruz, CA). After immunoblotting for phospho-Src, the same membrane was stripped and blotted for total

c-Src. Activation of c-Src was expressed as the ratio of phospho-Src/c-Src with measurements normalized

to 1 for control samples. Immunoblot analysis was also performed for expression of Na/K-ATPase a1 sub-

unit, a2 subunit and a3 subunit in hippocampus usingmousemonoclonal anti-Na+/K+ ATPase a1 antibody

(Sigma Aldrich, MO), rabbit polyclonal anti-Na+/K+ ATPase a2 antibody (Sigma Aldrich, MO) and rabbit

polyclonal anti-Na+/K+ ATPase a3 antibody (Sigma Aldrich, MO), respectively. Similarly, immunoblot anal-

ysis was also performed in visceral fat for expression of Na/K-ATPase a1 subunit and a2 subunit.

RNA extraction and real-time PCR

Total RNA was extracted from visceral adipose tissue using RNeasy Protect Mini Kit (QIAGEN, German-

town, MD) as described previously (Sodhi et al., 2018). Total RNAwas analyzed by a qRT-PCR. Each reaction

was done in triplicate. All experimental samples were normalized using GAPDH. Specific predesigned
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primers (IDT DNA Technologies) were used for NOS (gene symbol:Nos3), MCP1 (gene symbol:Ccl2), GPx1

(gene symbol:Gpx1), TNFa (gene symbol: tnfa) (Table S2). In order to validate the high throughput RNAseq

data, total RNA was also extracted from hippocampus as described, followed by preparation of cDNA li-

braries. qRT-pCR reactions were performed as described previously (Sodhi et al., 2020a). The relative

mRNA expression levels of eight differentially expressed genes was determined. These genes included

AKT (gene symbol: Akt3), PPARa (gene symbol: Ppara), IL1R (gene symbol: il1r), FABP4 (gene symbol:

fabp4), FABP1 (gene symbol: fabp1), IRS1 (gene symbol: irs1), RAS (gene symbol: rasa1), Itga5 (gene sym-

bol: itga5) (Table S2). The fold changes were calculated from relative expression for WD versus Control and

WD + NaKtide versus WD, followed by estimation of log2 Fold Change values per candidate gene to

compare RNAseq and qRT-PCR findings. Specific predesigned primers (IDT DNA Technologies) were

also used for IL-6 (gene symbol: il6) and TNFa (gene symbol: tnfa) for their relative mRNA expression in hip-

pocampus (Table S2).

RNA-seq and data analysis

Total RNA was extracted from visceral adipose tissue, subcutaneous adipose tissue, liver, hippocampus,

and cerebellum using RNeasy Protect Mini Kit (Qiagen, Germantown, MD) as described previously (Sodhi

et al., 2018, 2020b). With two exceptions, 5 replicates were studied in the 4 experimental in vivo groups for

the different tissues. In the case of hippocampus tissues, there were 6 control and 6 WD + NaKtide expres-

sion samples. All samples had RNA integrity numbers greater than 8. A complete RNA-Seq analysis was

performed byMarshall University Genomics Core, as described previously (Sodhi et al., 2020b). Differential

gene expression was established with a false discovery rate (FDR) threshold of 0.1 using the DESeq2 pack-

age (Love et al., 2014). ORA and GSEA analyses were performed using the WebgestaltR package (Wang et

al., 2020). All GSEA plots were produced with fgsea package (Sergushichev, 2016). Selected KEGGpathway

analyses were displayed utilizing the pathview (Luo and Brouwer, 2013) R package. Wikipathway map was

produced using Cytoscape program utilizing Wikipathway software (Kutmon et al., 2014). The differential

gene expression from various tissues were also examined in concert with several in vivo parameters using

the WCGNA package (Langfelder and Horvath, 2008, 2012) in a similar fashion to that described previously

(Sodhi et al., 2020b). Parameters used for the WCGNA analyses are listed in the legend to the appropriate

figure.

Raw sequencing reads have been deposited at the Gene Expression Omnibus at the National Center for

Biotechnology Information and can be accessed using the accession number GSE164295.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data was analyzed usingGraphPad Prism 8.0. All data were tested for normality and then subjected to para-

metric analysis. When more than two groups were compared, one-way ANOVA was performed prior to

comparison of individual groups, and the post-hoc t-tests were adjusted for multiple comparisons using

the Tukey-Kramer correction (Sodhi et al., 2017). All data comparisons are presented at the NS, p<0.05

and p<0.01 levels. Each bar represent values as means G standard error of mean (SEM), where

*p < 0.05 vs. CTR, **p < 0.01 vs. CTR, #p < 0.05 vs. CTR+NaKtide, ##p < 0.01 vs. CTR+NaKtide,

&p < 0.05 vs. WD, &&p < 0.01 vs. WD, unless specified otherwise.

Data from RNA-Seq experiments are presented in ‘‘volcano’’ plots as the anti-log10 of the raw p-value

against the base 2 log of the fold change (‘‘log2 fold change’’). A Benjamini–Hochberg adjusted p-value

of 0.1 was used as a threshold for the construction of these volcano plots (Love et al., 2014). The significance

values for the overrepresentation of different pathways with either ORA or GSEA were calculated with the

R package WebgestaltR (Wang et al., 2013) employing the more conservative FDR value and only exam-

ining those FDR values < 0.10 (Love et al., 2014). The gmt file "c2.cp.kegg.v7.2.entrez.gmt" obtained at

the Molecular Signatures Database (website https://www.gsea-msigdb.org/gsea/msigdb/collections.jsp)

was used for reference. Heatmaps were constructed using the heatmap.2 command within the gplots pack-

age (Warnes et al., 2020).

ll
OPEN ACCESS

iScience 24, 103262, November 19, 2021 23

iScience
Article

https://www.gsea-msigdb.org/gsea/msigdb/collections.jsp

	ISCI103262_proof_v24i11.pdf
	Role of adipocyte Na,K-ATPase oxidant amplification loop in cognitive decline and neurodegeneration
	Introduction
	Results
	Doxycycline inducible adipocyte-specific NaKtide improves adiposity, metabolic balance, locomotion, and systemic inflammati ...
	Doxycycline induced adipocyte-specific NaKtide improves neurodegenerative phenotype through inhibition of Na,K-ATPase signa ...
	Doxycycline induced adipocyte-specific NaKtide improves memory and markers of cognitive function in the hippocampus of mice ...
	Doxycycline induced adipocyte-specific NaKtide improves cellular transcriptomic profile and biological pathways in the hipp ...

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Indirect calorimetry and locomotor activity
	Glucose tolerance test
	Measurement of plasma cytokines, Aβ-40 and protein carbonylation
	Measurement of NaKtide concentration in visceral fat by Competitive ELISA
	Immunofluorescence studies in adipose tissues
	Open field maze and novel object recognition
	Ouabain-sensitive ATPase (Na/K-ATPase) in mouse hippocampus
	Immunohistochemistry in hippocampus tissue
	Western blot analysis
	RNA extraction and real-time PCR
	RNA-seq and data analysis

	Quantification and statistical analysis




