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ABSTRACT 
  

BACKGROUND. Two sequelae of non-alcoholic steatohepatitis (NASH), ESLD and HCC, have 
become the leading causes for liver transplantation in the Western. The present study aims to 
approach the cellular metabolic disturbances involved in NASH progression that are associated 
with microbiota community changes.   
METHODS. Metabolic effects and microbiota community changes were explored in the murine 
with NASH progression by blocking the Na/K-ATPase/Src/reactive oxygen amplification loop 
using the synthetic targeting peptide pNaKtide. DNA from the terminal ileum microbiota habitat 
was obtained and amplified by PCR to develop DNA bacterial phylogenic sequence analysis of 
wild type and treated animals at 12, 24 and 48 weeks. Induced changes by pSrc normalization 
at 24 weeks were correlated with liver morphological changes, intestinal CD4+/CD8+ ratio, and 
liver macrophage CD14+ expression. Differences among groups were evaluated by ANOVA/t-
test and Principal Component Analysis (PCA).   
RESULTS. Microbiota communities varied significantly at all time points (12, 24 and 48 weeks), 
with an increase of Verrucomicrobia and a decrease of Bacteroidetes and Firmicutes in the HFD 
group. Microbiota community changes regressed to their wild-type state at 24 weeks on treated 
animals, and those changes were associated with a decrease in liver inflammation and 
senescence, lower ileum CD4+/CD8+ T cells and higher liver CD14+ cells (p<0.05). 
Concomitantly, the metabolic disturbances in our diet-induced NASH model were normalized by 
NKA/Src signaling blockage and exercise with a paucity of apoptotic activity, mitigation of cell 
senescence, and regression of liver fibrosis (p<0.01).  
CONCLUSIONS. pSrc inhibition at caveolar α1-Na/K-ATPase rescinded NASH-related 
metabolic disturbances establishing resident physiological microbiota communities with 
concomitant paucity on apoptotic activity and regression of liver fibrosis; effects that were 
associated with both gut and liver T-lymphocyte responses.  
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INTRODUCTION 
Non-alcoholic Fatty Liver Disease (NAFLD) is a metabolic disease on the rise primarily due to 
the obesity epidemic affecting 2 billion of the world’s population. 1 NAFLD affects 20-25% of the 
US and its progression to non-alcoholic steatohepatitis (NASH) and related cirrhosis and HCC is 
presently the highest growing cause for liver transplantation, outpacing other forms of chronic 
liver disease, such as HBV, HCV, and alcoholic liver disease. 2,3 4 In addition, HCC is 
concurrently becoming the most rapid growing cause of cancer-related mortality in the world, 5  
which occurs more often in non-cirrhotic livers in the background of NASH. 6-8 The metabolic 
syndrome (obesity, HTN, and diabetes) is the most significant risk factor for NASH; 36.1% of 
adult men and 32.4% of adult women had metabolic syndrome in 2010, at an estimated medical 
cost as high as $209.7 billion.9,10 A fundamental cellular disarrangement present in over 80% of 
cells in chronic liver disease is cell cycle arrest, and its evolution to apoptosis is linked to 
disease progression and HCC. 6,11 Cell senescence has been associated with increased 
production of reactive oxygen intermediates (ROI) from mitochondrial dysfunction, and 
telomerase shortening. 12-14,15  Additionally, insulin resistance is associated with the induction 
and progression of cellular senescence and metabolic disarray. 6 Disturbances in both 
glutathione sp. and metabolic prints have been documented in both animal models and patients 
with chronic liver disease and HCC, 16-20  and authors have hypothesized the Gut-Liver axis as a 
key modulator in NASH progression, where metabolites and endotoxins produced in the gut are 
transported through the portal vein, enhancing metabolic disturbances and the inflammatory 
response in the liver. 21 Gut microbiota communities have been shown to have a large role in 
not only NAFLD progression to NASH, but also in the cellular senescent state tied to HCC 
development. 22  
The ion-motive Na/K-ATPase (NKA), discovered as the first member of the P-type ATPase 
family, is also a membrane receptor that assembles with signaling partners to regulate 
fundamental cellular processes such as growth and division. 23-29 Src- and ROI- dependent 
signaling through NKA α1, the only α isoform of NKA expressed in the liver, is the backbone of 
the best described branch of NKA signaling to date. A dysregulation of this pathway upon 
cellular redox unbalance has become abundantly evident in several metabolic and 
cardiovascular diseases, in which the NKA/Src/ROI loop self-perpetuates and over-amplifies 
ROI production. 26,30  Most relevant in the context of the present study, we have observed that 
prophylactic blockade of NKA/Src/ROI amplification with pNaKtide, a 33-amino acid long 
peptide derived from α1-NKA sequence, 31-33 attenuates the development of steatohepatitis in 
the C57BL/6J mouse on a Western diet. 34,35 In this model, administration of pNaKtide reduced 
obesity, minimized hepatic steatosis, inflammation and fibrosis, and markedly improved 
mitochondrial fatty acid oxidation, insulin sensitivity, and dyslipidemia. Therefore, NKA/Src/ROI 
could be a novel therapeutic target in NASH progression, with pNaKtide as a potential first-in-
class synthetic candidate compound. This prospect prompted us to conduct a longitudinal 
efficacy study in a preclinical model. Specifically, we aimed to determine, in a mouse model that 
offers a close resemblance to the metabolic and morphological features observed clinically 
variations on the microbiota communities and T-cell response, and correlate such variations 
with the efficacy of pNaKtide vs. exercise on hepatic cellular disarrangements from established 
NASH. To circumvent metabolic confounding factors due to well established propensity of male 
mice to develop malignancy in the NASH model, 36 females were used exclusively in the present 
study. While a protocol was designed to document hepatic oxi-redox status, apoptotic activity, 
and parenchymal inflammation every 4 weeks, in a side-by-side comparison of pNaKtide vs. 
exercise, alternative protocol aimed to observed microbiota evolution under high fat diet for up 
to 48 weeks. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 May 2022                   doi:10.20944/preprints202109.0023.v2

https://doi.org/10.20944/preprints202109.0023.v2


Schade & Sanabria et al. NKA/Src in NASH progression  

Page 4 of 21 
 

METHODS 
Animal Model & Experimental Design                                                                                                  
Seven-week-old female C57BL/6J mice from Jackson Laboratory (Farmington, CT) were 
housed following a 12h:12h light-dark cycle under a temperature and humidity-controlled 
environment. Following acclimation, mice were fed ad libitum with a standard mouse chow 
(NMC, Bio-Serv, NJ) or a Western diet consisting of a high-fat diet (HFD, Bio-Serv, NJ, 60% of 
calories from fat) complemented with 55% fructose-in-water for 12, 24, or 48 weeks (n=8 per 
group to compensate for animal drop off). Authors have shown that mice exposed to a HFD for 
12 weeks develop fatty livers with NASH and progressive fibrosis.37-40 After 12 weeks, a subset 
of mice were randomized into control and treatment groups and the study continued for an 
additional 12 weeks as follows: 1) NMC group, 2) HFD group, 3) HFD saline group, HFD plus 
normal saline (100 µl 0.9% NS, IP once a week), 4) pNaK group, HFD plus pNaKtide (25 mg/kg 
TBW dissolved in 100 µl 0.9% NS, IP once a week), and 5) Exercise group, HFD plus exercise 
(30 minutes standardized protocol on an endless rotating wheel motivated by electroshock, five 
times/week). The experimental chart flow is shown in the supplemental material (Figure A1). 
Animal care underwent under ethical approval, and animal procedures followed guidelines from 
the University Institutional Animal Care and Use Committee (IACUC).  
 

Blood and tissue collection                                                                                                                        
At week 12, 16, 20, 24, and 48 a sub cohort of mice from each study group was sedated with 
pentobarbital (5 mg/kg TBW, IP). At laparotomy and under magnification, blood was drawn from 
the infra-hepatic vena cava (IVC), followed by liver excision. Livers were washed with 0.9% NS 
at room temperature and divided before being snap-frozen in liquid nitrogen and stored at -80°C 
for later use or fixed at 4°C (10% formaldehyde).                                                                                                                                                 
Concomitantly, terminal 10cms ileal samples were collected to have genomic DNA extracted 
from ileal contents, and DNA concentrations were measured on a Qubit fluorometer 
(ThermoFisher Scientific; Carlsbad, CA). Ileum contents were collected by opening the ileum 
tube, exposing its surface, and scraping out the contents with a sterile plastic inoculation loop. 
Microbes were identified by sequencing of the 16S v3-v4 hypervariable region.  Illumina 
compatible libraries were constructed using a two-steps PCR amplification of the v3-v4 region 
with the addition of combinatorial dual-indices based on method described in Fadrosh et al. 28 
High Sensitivity Bioanalyzer Chips (Agilent, Santa Clara, CA) were used to assess amplicon 
size and quality.  Amplicon libraries were pooled and sequenced in the Rapid Run mode on an 
Illumina HiSeq1500 instrument in a 2 X 270 paired end run with standard Illumina sequencing 
protocols at the University Genomics Core Facility. Phylogenetic analysis of 16S data was 
performed by sequencing reads imported into QIIME2 version 2018.11, and sample sequences 
were inferred using the DADA2 plugin. Phylogenetic trees were constructed using mat plugin. 
Alpha diversity was computed using Faith’s Phylogenetic Diversity. Data were filtered into 
groups for individual comparisons, which were performed using Analysis of Composition of 
Microbiomes. All phylogenetic analyses and visualizations were performed in QIIME2.  
 
Immunohistochemistry                                                                                                                                              

Gut CD4+/CD8+. A set of ileum tissue slides were stained using immunohistochemistry (IHC) 

techniques with a FLEX monoclonal mouse anti-human CD4 antibody (Clone 4b12, Code 

IS649, from DAKO, Denmark) and a FLEX monoclonal mouse anti-human CD8 antibody (Clone 

C8/144B, Code IS623 from DAKO, Denmark). 40x images were then taken using a Zeiss 

brightfield microscope and analyzed using ImageJ 2.0. Scoring was determined as the number 

of positively stained lymphocytes/total number of cells per field. 

Liver CD14+. Liver tissue slides were stained using a monoclonal mouse anti-CD14 antibody 

([4B4F12], ab182032 from Abcam, Chicago, IL) and counterstained with Hematoxylin QS. 
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Images were taken at 40x with a Zeiss brightfield microscope and analyzed using ImageJ 2.0. 

Scoring was determined as the number of positively stained cells/number of cells per field. 

 

Metabolic Body Composition                                                                                                          
Metabolic body composition was assessed by EchoMRI-100H Body Composition Analyzer 
(Houston, TX). Records of total body weight (TBW), body water content, lean body mass, and 
body fat mass were recorded using GraphPad V7.04 (Loyola, CA, licensed to the University).  
 

Metabolomics: Plasma Treatment and Mass Spectrometry                                                       
Materials and reagents, treatment of the plasma and specific liquid-chromatography-mass 
spectrometry methods have been described previously to measure glutathione sp. and non-
target metabolites (n = 81 metabolites, detailed description in supplemental materials).  16,18,19,41 
 
Gene Expression, Protein Expression and Activity                                                                                
The effects of diet ± interventions on lipid metabolism and insulin sensitivity were assessed by 
the expression of the peroxisome proliferator-activated receptor (PPARγ), its transcriptional 
coactivator PGC1α (RT-PCR), and FoxO1 & Src expressions (Western blotting). The Hepatic 
Na/K-ATPase activity was determined as previously described. 42  Details of the RT-PCR and 
pump activity method including a list and source of antibodies used can be found in the 
supplemental material.   
 
Morphological Assessment                                                                                                                 
Liver NAFLD Activity Score (NAS) was determined by grading five images at 40x magnification 
on liver slides H&E stained. Grading was carried out in accordance with standard grading 
criteria for macro-vesicular steatosis, micro-vesicular steatosis, inflammatory cell infiltrate and 
cellular hypertrophy (Figure A2 and A3A). 43-47  Liver fibrosis was determined by grading five 
images at 40x magnification of Trichrome stained liver slides on a categorical scale by the 
fibrosis score (Figure A3B). 48-50 Liver apoptotic activity was determined through grading five 
images at 40x magnification of terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick 
end labeling (TUNEL) stained liver slides (Figure A3C, Click-iT Plus TUNEL assay kit, Invitrogen 
by Thermo Fisher Scientific, MA). 51-56 Lastly, liver cellular senescence was determined by 

grading five images at 40x magnification of liver slides stained for β-Galactosidase activity 

(Figure A3D, Cell signaling Technology #9860, MA). Digitally recorded images at 40x 
magnification on the label (but blinded liver slides), were saved using ImageJ1.51u software. 
See supplemental material for details.   
 
Statistical Analysis                                                                                                                   
Parametric data were examined with analysis of variance (ANOVA). Individual group means 
were compared by t-test employing the Holm-Sidak correction for multiple comparisons. Non-
parametric data were analyzed with the Kruskal-Wallis test and individual groups compared by 
the chi-square (χ2) test. Principal component analysis (PCA) was conducted to investigate and 
visualize the pattern of metabolite differences among groups including log transformation for the 
construction of heat maps (Figure A4, in supplemental material). All analyses were carried out 
using the R-language and environment, a platform from the R project for statistical modeling, 
computing, and graphics (http://www.r-project.org/). See supplemental material for further 
details. 
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RESULTS                                                                                                                                           
Microbiota and Gut-Liver Environment 
Microbiota Community Variations at 12, 24, and 48 Weeks. The proportion of Bacteroidetes was 
consistently decreased in the HFD vs. the NMC group at 12, 24 and 48 weeks (Figure 1A). In 
contrast, a greater proportion of Verrucomicrobia was found in the HFD group at 24 and 48 
weeks. The proportion of Firmicutes varied, with a significantly higher proportion at 12 weeks, 
and a switch to a lower proportion at 24 and 48 weeks in the HFD vs. NMC.  Various other 
levels of microbiota exhibited minor changes (less than 10%). Marginal increases in 
Actinobacteria were observed at 12 and 24 weeks, and in Proteobacteria at 24 weeks in the 
HFD group. 
Gut Microbial Community of experimental groups at 24 weeks. The proportion of Bacteroidetes 
and Firmicutes was decreased and the proportion of Verrucomicrobia was increased in the HFD 
group when compared to NMC, following similar changes as described above. Most notably, the 
pNaK group demonstrated a microbial profile almost identical to NMC (Figure 3B).  The 
microbial profile of the Exercise group was similar to the HFD group, displaying an excess in 
Verrucomicrobia. Additionally, the groups of HFD, pNaK, and exercise all demonstrated slightly 
raised levels of Actinobacteria compared to NMC.  
Gut’s T-Cell & Liver CD14+ Cell variations 24 Weeks. A significant decrease in CD4+ cells was 
observed in the pNaKtide treated group when compared to NMC, while a significant decrease in 
CD8+ cells in pNaKtide and Exercise groups was observed compared to NMC (Figure 2A, 
p<0.05, t-test). The combined population of CD4+&CD8+ cells followed a similar trend of being 
significantly decreased in pNaKtide and Exercise groups compared to NMC. There was no 
significant difference in CD4+/CD8+ ratio among groups. In contrast, liver CD14+ cells were 
significantly increased in the pNaKtide and Exercise groups compared to NMC (Figure 2B, 
p<0.05, t-test).  

Metabolomics. To further evaluate the metabolic impact of pNaKtide and exercise, non-target 
metabolomic prints in plasma were performed. The metabolomic prints from the HFD group 
differed significantly from the NMC group, and the pNaKtide and exercise groups (p<0.05, by 
PCA). Metabolite prints separated experimental groups by diet HFD vs. NMC and by intervention HFD 

with NO intervention vs. HFD With intervention (Figure 3A, p<0.01). Metabolite data was Log10 transformed, and 
R-lab software was directed to display the data as visual arrays of NMC vs. HFD, NMC vs. 
pNaKtide, and exercise vs. NMC (Figure 3B). The displayed metabolic heat print from NMC vs. 
HFD was significantly different from the metabolic print where the NMC group was compared to 
the pNaKtide or exercise groups at 24 weeks (p<0.01, PCA). Due to the log transformation, 
differences between groups are by a factor of 1:100 to 1:1000. 
 
The aims of the present study did not include a detailed description of the metabolic pathways 
noted in NASH. Nevertheless, additional information is provided for metabolites concentrations. 
They were categorized into amino-peptides, carbohydrates, and lipids (Table 1, Supplemental 
material). Some compounds differed among groups by diet (NMC vs. HFD), by the intervention 
(HFD no intervention vs. HFD with intervention), or by both diet and intervention. Each 
metabolite was listed alphabetically, and its concentration was displayed as a box plot among 
groups with its statistically significant variation (accessible at https://public.tableau.com/ 
profile/joseph.shapiro#!/vizhome/Juan_metabolomics_v3/Dashboard1?publish=yes). 
Differences in amino acids were noted, among others on coumaric, hippuric and kynurenic 
acids, thymidines, uridines, and zeatins (p<0.05). Most sugars with significant variation were 
substrates involved in the Kreb’s cycle. Adipic acid, arachidonic acid, corticosterone, myristic, 
oleic, and palmitic acids were among other lipids that significantly changed in the HFD groups 
when compared to other groups. Our group has described that glutathione sp., lactate, 
pyruvate, and glycerol were able to discriminate subjects with normal liver vs. subjects with 
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ESLD. 19 In the present study the production of lactate, pyruvate, and glycerol was undetectable 
in most animals during NASH progression. Nonetheless, changes in glutathione sp., butyrate 
and glucose were significant. The effects of pNaKtide and exercise were observed on amino-
acids, carbohydrates, and lipids metabolism when compared to HFD.  
 
Effects of pSrc Normalization and Exercise on HFD-induced NASH  
The timing of intervention in mice subjected to this longitudinal efficacy study of pNaKtide vs. 
exercise in NASH is shown in supplemental Figure A1. The effect of the diet regimen was first 
characterized by a significant and time-dependent increase of total body weight (TBW) that 
occurred in the HFD groups compared to the NMC group from week 12 to week 24 (Figure 4A, 
p<0.05, ANOVA). Echo-MRI analysis further revealed that the gain of TBW induced by the diet 
was due to an expansion of the fat mass compartment. Metabolic weight composition and 
plasma variations correlated with hepatic morphological changes manifested by a significant 
increase of macro- and micro-vesicular deposition of fat within parenchymal cells (ballooning) 
and larger inflammatory nests, when compared to the NMC group at week 24 (Figure 4B, NAS 
Score, p<0.05, by χ2). Additionally, there was a significant increase in fibrosis, apoptosis, and 
senescence activity in the HFD groups compared to the NMC group at week 24 (fibrosis score, 
apoptotic and senescence activity in %, p<0.05 by χ2).  Plasma glucose concentration, used as 
a surrogate of insulin resistance, was significantly higher in the HFD groups when compared to 
the NMC group at week 24 (Figure 4C, p<0.05, ANOVA). Concomitantly, glutathione reduced 
(GSH) and glutathione oxidized (GS:SG) in plasma showed significant disturbances in the HFD 
groups compared to the NMC group at week 24 (p<0.05, ANOVA). No significant difference was 
noted between HFD groups, excluding any effect of the vehicle or the administration method 
(IP). 
After 12 weeks of HFD, randomization was performed with assignment of animals to no 
intervention (HFD), pNaKtide injections, or exercise. No difference in TBW or fat mass was 
detected among animals subjected to HFD for an additional 12 weeks, with or without pNaKtide 
or exercise (Figure 5A, Week 24, p>0.05, ANOVA). A dramatic difference was observed in 
apoptotic and cell senescence activities among groups by week 24 (Figure 5B). Specifically, 
there was a significant decrease in cell senescence activity, by week 16 with the abrogation of 
apoptosis by week 24 in both intervention groups (pNaK and exercise), when compared to the 
HFD group (p<0.01, by χ2). Cell senescence was significantly increase in the exercise group 
compared to the HD or pNaKtide groups by week 24 (p<0.05). Concomitantly, there was a 
significant difference in the fibrosis score among groups, with progression to fibrosis noted in all 
HFD groups, but with a clear attenuation of the fibrotic pattern in the intervention groups by 
week 24 (p<0.01, by χ2). There was a significant difference in the NAS score of the intervention 
groups compared to the groups at week 24 (p<0.05, by χ2). Each component of the NAS score 
(macro-vesicular steatosis, micro-vesicular steatosis, cell hypertrophy, and inflammatory foci) 
was evaluated separately (Figure A2, supplemental material). The inflammatory component was 
more significant in the HFD groups with its peak at week 24 when compared to the NMC and 
intervention groups (p<0.05, by χ2). Similar levels of inflammation were observed between the 
NMC and intervention groups by week 24 (p>0.05). Glucose concentration was robustly and 
significantly decreased in both pNaKtide, and exercise groups compared to the untreated HFD 
group at week 24 (Figure 5C, p<0.05 by ANOVA). In addition, there was a significant difference 
in the glutathione sp. (glutathione reduced GSH, glutathione oxidized GS:SG) among groups 
(p<0.05, ANOVA). Specifically, the pNaKtide and exercise groups had significantly lower 
concentrations of GSH and GS:SG in their plasma than the untreated HFD group at week 24.  
 
Expression and Activity of Key Hepatic Regulators of Metabolic Signaling  
The expression of the peroxisome proliferator-activated receptor-γ (PPARγ), and its 
transcriptional coactivator PGC1α was significantly increased in the pNaKtide group when 
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compared to the HFD group (Figure 5 A&B, respectively, p<0.05, by ANOVA). The transcription 
of PPARγ peaked in the pNaK and exercise groups at week 16 to return to similar levels when 
compared to the other groups by week 20. Similar behavior was observed for the expression of 
PGC1α. Nevertheless, a second and significant peak was observed in the exercise group at 
week 24 when compared to the pNaKtide group. While FoxO1 expression was significantly 
upregulated in the pNaKtide and exercise groups, Src phosphorylation peaked in the HFD group 
at week 20 (Figure 5 C&D). Liver Src kinase expression and activation as the ratio Src-
phosphorylated over total Src (pSrc/pSrc+CSrc) was significantly different among groups 
(p<0.05, by ANOVA). Specifically, there was a paucity of pSrc in the pNaKtide and exercise 
groups.  
 

Hepatic Na/K-ATPase activity and α1 Isoform expression 
A significant difference in total hepatic Na/K-ATPase activity was detected at week 24 among 
groups (Figure 5E). The maximal ouabain-inhibitable ATPase activity was significantly higher in 
the livers of mice in the pNaKtide group compared to the HFD or exercise groups (p<0.05, 
ANOVA followed by t-test). This was not associated with a significant difference in the total 
expression of Na/K-ATPase α1 subunit among the groups at week 24.  
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DISCUSSION                                                                                                                                              
The global incidence and prevalence of chronic liver disease and its sequelae ESLD and HCC 
are increasing as a consequence of both viral hepatitis (B and C) and the continuous spread of 
the metabolic disturbances related to the obesity epidemic.57,58 NASH and NAFLD development 
are characterized by a series of metabolic disturbances resulting from an increase in body fat, 
glucose intolerance, and an accumulation of fatty acids. These disturbances are known together 
as the metabolic syndrome, manifested in the liver as NAFLD, and its progression to NASH is 
further marked by increased oxidative stress, fibrosis, and apoptosis. 59,60 The two-hit theory, 
where the increased fat diet and insulin resistance leave the liver vulnerable to a second hit 
from oxidative stress, leads cells through an increased inflammatory storm that results in 
apoptosis and progression to fibrosis. 60 Our HFD induced NASH rodent model emulated the 
liver histological changes clinically observed from known dysfunctional mitochondrial β-lipid 
oxidation with further insulin resistance status and progressive exhaustion of the cell oxi-redox 
reserves. The novelty of the present study resides in the link between the gut microbiota 
community variations that occur during a HFD regimen with NASH progression, and its 
regression by pSrc normalization at the α1-NKA associated with immunological changes at the 
liver-gut axis. A decrease in the proportion of Bacteroidetes (anaerobes) with a concomitant 
increase in Verrucomicrobia are associated with NASH inflammatory milieu progression, 
enhanced cellular senescence, increased apoptotic activity and liver fibrosis. Interestingly, 
blockage of Src-phosphorylation at the cell membrane by pNaKtide, restored physiological 
microbiota communities, which were associated with wild type liver morphology from rescinded 
apoptotic activity and collagen deposition. Concomitantly, ileum CD4+ and CD8+ T-cells 
decreased, remaining liver CD14+ highly expressed. The molecular mechanism of protection by 
pNaKtide, differed from the one induced by exercise, restoring Na/K-ATPase activity without 
changes in the NKA α1 subunit expression.                                             

Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verrucomicrobia are considered 
the largest contributors to the microbial gut community. 61,62 Furthermore, Bacteroidetes are gram 
negative and Firmicutes are gram positive bacteria, with both ranging from anaerobic to aerobic 
strands, making up for approximately 90% of the microbiota community. 62 In the longitudinal 
study of the microbiota over 48 weeks, the three greatest changes were observed in 
Bacteroidetes, Firmicutes, and Verrucomicrobia. The ratio of these bacteria has been studied to 
act as a correlational marker in both obesity and GI health. 63,64 However, it should be noted that 
reports in gut microbiota community alterations have not been consistent. 62,65 For instance, in 
one study Firmicutes exhibited a greater effect in establishing NAFLD compared to 
Bacteroidetes, while another study demonstrated that lowering both Firmicutes and 
Bacteroidetes led to improvement in diet-induced obese mice. 66,67 Although no consensus has 
been reached between microbiota changes and NAFLD/NASH development, its association with 
NASH progression has been consistently observed. 68 In the present study, Verrucomicrobia was 
higher at 12, 24, and 48 weeks in the HFD group compared to NMC. Furthermore, Bacteroidetes 
was decreased at 12, 24, and 48 weeks, albeit to a lesser degree at 24 weeks in the HFD group 
compared to NMC. Firmicutes levels were initially higher at 12 weeks; evolving to lower 
frequency at 24 and 48 weeks in HFD compared to NMC. Furthermore, a marginal increase in 
Actinobacteria at 12 and 24 weeks occurred in the HFD group compared to NMC, as well as 
Proteobacteria at week 24. Actinobacteria is a gram positive, anaerobic bacteria, while 
proteobacteria is a gram negative bacteria that has been observed to have a positive correlation 
with fat intake. 69 Changes of gut microbiota at 24 weeks were further investigated under 
treatment with pNaKtide and exercise. At 24 weeks, pSrc normalization restored gut microbiota 
community to resemble NMC, changes that were not observed in the exercise group, which 
resembled a HFD microbiota profile.  
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One would expect the immune system to mirror changes in microbiota, due to the relationship 
between the gut microbiota community and the gut intestinal immune system. The microbiota 
profile under pNaKtide treatment showed a similar microbiota community to NMC at 24 weeks, 
yet the ileal number of CD4+ & CD8+ significantly differs from the NMC group. One possible 
explanation for this discrepancy is that Src-phosphorylation does not influence microbiota 
community changes through an immune response, but through metabolic alterations that 
exercise not only locally, but through a gut-liver axis effect. A decreased response from the 
immune system is often observed in individuals with NAFLD, suggesting that the gut microbiota 
and immune system have developed a coevolutionary relationship. 70 Patients with NAFLD had 
lower duodenal CD4+ & CD8+ counts when compared to healthy patients, 70 which correlate with 
increased intestinal inflammation manifested by higher TNF-α/IL-6 mRNA expression. 
Furthermore, pre-clinical and clinical studies in NASH related HCC have shown lower counts of 
CD4+. 71 Specifically, the enrichment of linoleic acid in the cirrhotic microenvironment of NASH 
patients promotes disruption of mitochondrial function in a greater proportion than other fatty 
acids, such as palmitic acid. As CD4+ T lymphocytes have a larger mitochondrial load than 
CD8+ T-lymphocytes, they not only generate more mitochondrial derived ROS, but CD4+ cells 
may undergo larger selective loss of mitochondrial function and viability. Therefore, disruption of 
mitochondrial function by linoleic acid mediates selective loss of intrahepatic CD4+ T-
lymphocytes, a state often associated with HCC. Another possible explanation for lowered ileal 
CD4+ and CD8+ lymphocytes is the heightened levels of lipopolysaccharides observed in NASH 
dysbiosis. Lipopolysaccharides originates from gram-negative bacteria wall, and several studies 
have shown that lipopolysaccharide variations have an apoptotic effect on CD4+ and CD8+ T 
cells. 72,73 Specifically, the receptor target for lipopolysaccharides is Toll-Like Receptor 4, which 
resides primarily on Kupfer cells in the liver. 74 Lipopolysaccharides produced in the gut travel 
through the portal vein to the liver, where they bind to receptors on Kupfer cells and activate a 
pro-inflammatory response. 75 Various studies have implicated an association between 
lipopolysaccharides percolation rates and CD14 in pathophysiology of fibrosis, insulin 
resistance, and apoptotic activity observed in NASH. 76-78 In addition to the membrane bound 
CD14 found on Kupfer cells (mCD14), a soluble CD14 (sCD14) is present and produced by 
hepatocytes. 79 80,81 Although we did not measure sCD14 in the present study, CD14+ activation 
was thereby determined by positively identified Kupfer and hepatocyte mCD14+ expression, 
where a significant increase was observed in both the pNaKtide, and exercise groups compared 
to NMC at 24 weeks.  
 
Metabolomic signatures were different in the HFD, pNaKtide, and exercise groups when 
compared to the NMC group. The visual display of metabolic heat maps could potentially serve 
as a surrogate for the diagnosis of liver disease in a patient, for their progression or response to 
treatment, and the early detection of the development of ESLD and HCC. Indeed, metabolic 
prints were able to discriminate patients with healthy livers from patients at different stages of 
ESLD, as judged by the MELD score.19 Furthermore, metabolic prints may help to discriminate 
patients with ESLD by tumor status.19,82 OH-butyrate was found to be an early biomarker of 
insulin resistance and glucose intolerance in non-diabetic subjects.83 pNaKtide normalized the 
liver’s oxi-redox status by decreasing ROI through a circuit that restored physiological 
mitochondrial β-lipid oxidation and insulin sensitivity; pathways included the upregulation of both 
PPARγ-PGC1α complex and FOXO1. Both proteins enhance the effects of insulin, and the 
PPARγ-PGC1α complex is involved in mitochondrial β-lipid oxidation. Increased permeability of 
mitochondrial membrane pores amplified the leakage of intermembrane cytochromes and 
activation of caspase processes, which may explain the morphological peak of apoptosis at 
week 24.84,85  The apoptotic activity has been correlated with the progression of liver disease to 
an end-organ stage.55,86 Exercise may drive metabolic changes through a sarcoplasmic-energy 
burning mechanism associated with the mobilization of lipid droplets from the liver. This line of 
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thought may explain, at least in part, the increasing concentration of fatty acids (i.e., 
arachidonic, linoleic, palmitic acids) in liver cells in the pNaKtide group when compared to the 
HFD and exercise groups (Table 1, supplemental material). 
 
We validated our HFD induced NASH murine model by reproducing the described clinical 
observations of increase in body fat, altered liver morphology, and known metabolic 
disturbances in β-lipid oxidation, insulin resistance and glutathione sp. Glutathione reduced, and 
glutathione oxidized significantly increased in the HFD groups when compared to the other 
groups, more so at weeks 20 and 24, when peaks in cell arrest and apoptosis were noted. 
Although the HO1 expression was significantly higher in the HFD groups when compared to the 
NMC group at week 24, similar expression of HO1 was observed in all HFD groups (Figure A5, 
supplemental material). Furthermore, we were able to reproduce the previously described 
changes by our group on NASH prevention and progression. 33,87,88 The proportion of aging cells 
expressing the senescence phenotype was progressively increased from weeks 12 to 16 in the 
HFD groups, with a dramatic increase in the apoptotic activity at week 24 when compared to the 
NMC group. pNaKtide and exercise were able to prevent the peak on apoptosis observed at 
week 24 with a progressive decrease in the proportion of cells expressing the senescent 
phenotype, likely in the HFD group from cells going to apoptosis, and in the pNaKtide group 
from reversing cell senescence, a change associated with a decrease in the inflammatory score. 
Furthermore, protein function may be affected by increased ROI through protein carbonylation. 
34,89 Normalization of the Src kinase pool bound to the α1-NKA by pNaKtide brought to 
physiological levels both hydrolytic and signaling α1-NKA protein functions.  
 
The results of the present studies should be perceived under their limitations. The HFD-induced 
NASH model in the rodent resembles, to an extent, the clinical manifestations of NASH and the 
metabolic syndrome observed in humans. Nonetheless, the response to interventions and its 
pathways may differ significantly. Gut microbial community changes have been rarely reported 
consistently and must be carefully attributed to the specific experimental parameters of the 
current study. Furthermore, gut microbiota and intestinal immune system changes of all 
treatment groups were observed at 24 weeks, meaning a longitudinal correlation may exist that 
has not yet been identified. Although the present studies were controlled for animal variability by 
gender, age, circadian rhythm, and strict adherence to laboratory protocols, biological variability 
is unavoidable. The presence of metabolic syndrome has multiple organs as a target, and 
although plasma metabolites were associated with liver morphology and liver protein 
expression, the metabolic changes that occurred because of changes in other organs remain to 
be determined. The present study was performed under a relatively short period (24 weeks), 
and during this time interval, the development of an adverse event from the use of pNaKtide 
was not observed. Nevertheless, the study aimed to determine microbiota community variations 
and their association with  the metabolic disturbances of NASH, mitigating any effect due to the 
development of malignancy. In addition, the effects from normalizing the α1-Na/K-ATPase 
signalosome were assessed.  
 
CONCLUSION. The described murine model of NASH develops fatty livers emulating the 
clinical liver changes of NASH associated with accelerated senescence/apoptotic cell activities 
induced by a decreased cellular oxi-redox status following metabolic signatures and changes in 
the microbiota communities. Normalization of the α1-Na/K-ATPase signalosome rescinded 
metabolic changes with regression to organ wild-type morphology, restoring physiological 
microbiota communities. Furthermore, pSrc inhibition led to significantly lower gut T cells albeit 
conserving an increased and activated liver macrophages. 
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Figure Legends 

Figure 1. Variations on microbiota communities in a NASH murine model. A) The proportion of 

Bacteroidetes was consistently decreased in the HFD vs. the NMC group at 12, 24 and 48 

weeks. In contrast, a significantly greater proportion of Verrucomicrobia was found in the HFD 

group at 24 and 48 weeks. B) The proportion of Bacteroidetes and Firmicutes was decreased 

and the proportion of Verrucomicrobia was increased in the HFD group when compared to 

NMC. Most notably, the pNaK group demonstrated a microbial profile almost identical to NMC.   

Figure 2. A) Gut CD4+&CD8+ Populations at 24 weeks. A significant decrease in CD4+ cells 

was observed in the pNaKtide treated group when compared to NMC, while a significant 

decrease in CD8+ cells in pNaKtide and Exercise groups was observed compared to NMC 

(Figure 3, p<0.05, t-test). The combined population of CD4+&CD8+ cells followed a similar trend 

of being significantly decreased in pNaKtide and Exercise compared to NMC. B) Liver CD14+ 

Population at 24 weeks. Liver CD14+ cells were significantly increased in the pNaKtide and 

Exercise groups compared to NMC (Figure 4, p<0.05, t-test)  

Figure 3. Non-targeted Metabolic prints signatures on treated plasma from diet-induced NASH 

in the rodent. A) Metabolites prints separated experimental groups by diet HFD vs NMC and by 

intervention (no intervention vs. pNaKtide/exercise, respectively, p<0.01 by PCA).  B) Metabolic 

prints displayed as Heat Maps. Metabolite data was Log10 transformed and displayed as a 

visual array NMC vs. HFD groups, NMC vs. HFD+pNaKtide groups, and NMC vs.  

HFD+Exercise groups. There were significant differences in the metabolic print among groups 

(p<0.01, PCA).    

Figure 4. Total body compartments, morphology, glucose, and glutathione sp. in the Murine 

model of NASH. A) Rodents exposed to HFD significantly increased their total body weight 

(TBW) mainly due to an expansion of their fat mass compartment when compared to the NMC 

group (p<0.05, by ANOVA followed by t-test). B) There was a significant increase in the NAS 

score of all HFD when compared to the NMC group (p<0.01, by χ2). In addition, there was a 

significant increase in the fibrosis score as well as in the apoptotic and senescence activities in 

the HFD groups by week 24 when compared to the NMC group (p<0.01). C) Glucose 

concentration from the NMC group was significantly different when compared to the HFD by 

week 24 (p<0.05). Animals in the HFD group had a significantly higher concentration of GSH, 

and GS:SG when compared to the NMC at week 24 (p<0.01).   

Figure 5. Total body compartments, morphology, glucose, and glutathione sp. in the Murine 

model of NASH by treatment. A) Rodents exposed to HFD increased their total body weight 

(TBW) mainly due to an expansion of their fat mass with similar values among all groups 

(p>0.05, by ANOVA). B) There was a significant increase in the NAS score in the HFD group 

when compared to pNaKtide or Exercise groups (p<0.05, by χ2). In addition, there was a 

significant decrease in the fibrosis score in the pNaKtide and exercise groups (p<0.05). A  

dramatic difference was observed in the number of apoptotic and cell senescence activities.  A 

significant decrease in apoptosis was observed in the HFD group when compared to pNaKtide 

and Exercise groups by week 24 (p<0.01). In contrast, cell senescence was significantly 

increase in the exercise group compared to the HD or pNaKtide groups (p<0.05). C) Glucose 

concentration from the HFD group was significantly different when compared to the pNaKtide or 
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exercise groups by week 24 (p<0.05 by ANOVA). Animals in the HFD group had a significantly 

higher concentration of GSH, and GS:SG when compared to the pNaKtide and Exercise groups 

at week 24 (p<0.01, ANOVA).  

Figure 6. Metabolic mediators of the NASH response and Liver Na/K-ATPase activity and 

expression. A) PGC1α had a significant peak at week 16 in the pNaKtide and exercise groups 

when compared to HFD group with a second significant peak of PGC1α in the exercise group at 

week 24 (p<0.01 by ANOVA/ t-test). B) PPARγ had similar behavior observed with the 

coactivator PGC1α at weeks 16. C) There was a significant peak on Src-phosphorylation in the 

HDF group when compared to the pNaKtide by week 20 (p<0.05). D) FOXO1 expression was 

significantly up-regulated in the pNaKtide group when compared to the HFD group at week 24 

(p<0.01). E) There was a significant difference in the activity of the α1-Na/K-ATPase among 

groups at week 24 (p<0.05, by ANOVA/ t-test). Protein activity from the livers of animals in the 

pNaKtide group was significantly higher when compared to the HFD or exercise groups and 

showed a similar activity when compared to the NMC group. Nevertheless, there was not a 

significant difference in the expression of the α1 subunit of the Na/K-ATPase among groups at 

week 24 (p>0.05, ANOVA).   

APPENDIX  

Appendix Figure Legends  
Figure A1. Experimental design and animal flow for the microbiota community and metabolic 

assessment on the Murine Model of diet-induced NASH. Female C57/BL6J rodents 7weeks old 

were exposed to normal mouse chow (NMC), high fat diet + fructose (HFD) from 12 weeks to 

48 weeks. A subset of animals was exposed to treatment protocols (pNaKtide or exercise) for 

12 weeks.   

Figure A2. NASH Activity Score in the Murine Liver exposed to HFD plus interventions at 24 

weeks. There was a significant increase in the macro-vesicular content on liver cells in the HFD 

groups with a peak at week 24 when compared with NMC and the interventions groups (p<0.05 

by χ2).  Nevertheless, the storage of fat in liver cells as micro-vesicles in the NMC differed 

significantly from the HFD and pNaKtide groups (p<0.05) but did not have a significant variation 

when compared to the Exercise group (p>0.05). All HFD groups had a significant higher cell 

size where animals were exposed to HFD vs NMC, but similar among all HFD exposed groups 

(p<0.05). In contrast, the inflammatory component was significantly larger in the HFD groups; it 

peaked at week 24 when compared to NMC and intervention groups (p<0.05 by χ2). 

Interestingly, the liver inflammation in the intervention groups was reduced by week 16 and 

resolved by week 24.  

Figure A3. Morphological assessment of livers from diet-induced NASH in the rodent from week 
0 to week 24. A) Liver NAFLD Activity Score (NAS) was determined by grading five images at 
40x magnification on liver slides H&E stained. Grading was carried out as described; B) Liver 
fibrosis was determined by grading five images at 40x magnification of Trichrome stained liver 
slides on a categorical scale by the fibrosis score;inflammatory cell infiltrate and cellular 
hypertrophy; C) Liver apoptotic activity was determined through grading five images at 40x 
magnification of labeling (TUNEL) stained liver slides, and D) liver cellular senescence was 
determined by grading five images at 40x magnification of liver slides stained for 
βGalactosidase activity. 
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Figure A4. Comparative metabolomic heat map signatures on treated plasma from diet-induced  

NASH in the rodent from week 0 to week 24. A) The NMC group array was displayed at week 0  

(W0NMC) and then the NMC from each week was compared to the HFD group from each week 

(weeks 12, 16, 20 and 24 and labeled W12HFD, W16HFD, W20HFD, and W24HFD, 

respectively); B) the NMC group array was displayed at week 0 (W0NMC) and then the NMC 

from each week was compared to the pNaKtide group from each week at weeks 12, 16, 20 and 

24 and labeled W12HFD, W16HFDP, W20HFDP, and W24HFDP, respectively, and C) the 

NMC group array was displayed at week 0 (W0NMC). Then the NMC from each week was 

compared to the Exercise group from each week (at weeks 12, 16, 20, and 24 and labeled  

W12HFD, W16HFDE, W20HFDE, and W24HFDE, respectively). The program compared each 

metabolite for each animal among groups and displayed a black color on similar value, a 

magenta color for a significantly higher concentration, and a yellow color for a significantly lower 

concentration of the metabolites. In the Y-axis, the metabolite variable was entered while in the 

X-axis animal/group was recorded. Because of the Log transformation, differences are by a 100 

to a 1000 factor between groups. There was a significant difference in both the metabolic print 

among groups at weeks 16, 20, and 24 and the progression of the metabolic print for each 

group (p<0.0, by PCA).   

Figure A5. Homo-Oxygenase-1 (HO-1) expression and assessment of pNaKtide presence on 

murine livers with NASH.  A) Liver tissue was homogenized from experimental groups, and the 

expression of HO-1 and presence of pNaKtide was interrogated by WB methods at 24W. There 

was a significantly lower expression of HO-1 in the liver from animals exposed to NMC when 

compared to animals exposed to HFD or, Exercise (p<0.05, by ANOVA). HO-1 expression 

among HFD groups was similar (p>0.05). B) While liver tissue from the NMC group served as 

negative control, pNaKtide (95% pure peptide) served as positive control. Actin served as the 

house-keeping protein. pNaK was present in all livers from animals exposed to IP pNaK.  
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