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Abstract

The hepatic MAPK cascade leading to JNK activation has been implicated in the pathogenesis of 

nonalcoholic fatty liver /non-alcoholic steatohepatitis (NAFL/NASH). In acute hepatotoxicity we 

previously identified a pivotal role for mitochondrial SH3BP5 (SAB) as a target of JNK which 

sustains its activation through promotion of reactive oxygen species (ROS) production.

Aim: Assess the role of hepatic SAB in experimental NASH and metabolic syndrome.
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Results: In mice fed high-fat, high-calorie, high-fructose (HFHC) diet, SAB expression 

progressively increased through a sustained JNK/ATF2 activation loop. Inducible deletion of 

hepatic SAB markedly decreased sustained JNK activation and improved systemic energy 

expenditure at 8 weeks followed by decreased body fat at 16 weeks of HFHC diet. After 30 weeks 

mice treated with control-ASO developed steatohepatitis and fibrosis which was prevented by 

Sab-ASO treatment. P-JNK and P-ATF2 were markedly attenuated by Sab-ASO treatment. After 

52 weeks of HFHC feeding control N-acetylgalactosamine antisense oligonucleotide (GalNAc-

Ctl-ASO) treated mice fed the HFHC diet exhibited progression of steatohepatitis and fibrosis but 

GalNAc-Sab-ASO treatment from weeks 40 to 52 reversed these findings while decreasing hepatic 

SAB, P-ATF2, and P-JNK to chow fed levels.

Conclusions: Hepatic SAB expression increases in HFHC diet fed mice. Deletion or 

knockdown of SAB inhibited sustained JNK activation and steatohepatitis, fibrosis, and systemic 

metabolic effects, suggesting that induction of hepatocyte Sab is an important driver of 

the interplay between the liver and the systemic metabolic consequences of overfeeding. In 

established NASH, hepatocyte targeted GalNAc-Sab-ASO treatment reversed steatohepatitis and 

fibrosis.
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Introduction

Obesity, diabetes, and the metabolic syndrome have merged as major causes of cirrhosis 

and its complications, including HCC.(1–3) This disease begins as non-alcoholic fatty liver 

(NAFL) which progresses in some patients to steatohepatitis (NASH) and fibrosis. The 

pathogenesis of NAFLD (NAFL/NASH) is complex and incompletely understood. Critical 

in the development of this disease is the interplay of the systemic effects of the metabolic 

syndrome on the liver as well as the intrinsic effects in the liver and the crosstalk between 

the liver and the peripheral manifestations of the metabolic syndrome. (4–6)

Considerable evidence has emerged supporting the contribution of the MAPK signaling 

cascade in the response of hepatocytes to overfeeding induced metabolic dysregulations and 

the influence of these intrinsic effects in the liver on the systemic metabolic syndrome.(7–9) 

Critical in this context is sustained activation of JNK in hepatocytes which affects a broad 

range of targets in metabolic dysregulation, lipotoxicity, inflammation, and fibrosis.(10–15) 

In mouse and human NAFL/NASH, activated JNK (P-JNK) but not total JNK is increased, 

and deletion of hepatic JNK 1 and 2 prevents diet induced hepatic steatosis and systemic 

metabolic effects.(8)

Our previous work in models of acute liver injury identified an interaction of activated JNK 

with mitochondria which is mediated by a protein in the mitochondrial outer membrane 

referred to a SAB (SH3BP5).(16–19) SAB is a P-JNK docking protein and substrate of JNK 

which promotes an intramitochondrial signaling pathway impairing mitochondrial function 

and promoting ROS production, which feedback to activate upstream MAP3Kinases and 
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sustain JNK activation.(10,12,17–20) Based on the known importance of the hepatic MAPK 

pathway in fatty liver disease and the pivotal role of the P-JNK-mitoSAB-ROS activation 

loop in mediating sustained JNK activation in acute liver injury, the current work has 

addressed the expression and importance of hepatocyte SAB in sustaining JNK activation 

and its hepatic and systemic consequences in diet-induced metabolic syndrome and the 

progression of NAFL/NASH in mice. Furthermore, we provide evidence using inducible 

hepatocyte specific deletion or antisense oligonucleotide (ASO) knockdown to support the 

potential of SAB as a therapeutic target.

Materials and Methods

Mice and diet

All animal procedures were conducted utilizing protocols and methods approved by the 

Institutional Animal Care and Use Committee and were in compliance with Animal Welfare 

Act and NIH Guide for the Care and Use of Laboratory Animals. All animal procedures and 

diets are described in supporting materials and methods.

Statistical analysis

Statistical tests included two-way analysis of variance (ANOVA) and co-variance 

(ANCOVA), Student t-test, Welch’s t-test, linear regression, and Spearman correlation 

analysis. Data were expressed as means ± SEM from a minimum of three independent 

experiments and p < 0.05 or FDR < 0.05 was considered statistically significant. Statistical 

tests for RNA-seq and IPA analysis followed according to the program.

Results

Increased hepatic SAB expression and P-JNK activation in diet-induced NAFLD

We first examined the expression of SAB and P-JNK in an animal model of diet induced 

fatty liver disease. Two month old male wild type littermates were fed chow or high-fat, 

high-calorie, high-fructose (HFHC) diet which provides 58% of calories from saturated 

fat and 6.5% from fructose.(6) To assess the effects of HFHC in the early stage of liver 

disease, RNA-seq analysis after 8 weeks of HFHC versus chow feeding confirmed that 

hepatic genes of lipid/cholesterol metabolism were significantly upregulated in HFHC fed 

mice and de novo lipogenesis/cholesterol synthesis and lipid-oxidation were major pathways 

affected in the HFHC diet fed mice (GSE154426) (Fig.S1A,B). Expression of hepatic SAB 

increased over the course of prolonged HFHC diet feeding, increasing at 8 weeks and 

reached a plateau from 16 weeks (> 6 fold) to 30 weeks of feeding (Fig.1A,B). Sab mRNA 

expression progressively increased over the course of HFHC diet feeding (Fig.1C). Of note, 

the magnitude of the increased SAB protein levels was greater than the mRNA. Although 

both SAB and P-JNK were significantly increased by 8 weeks, the time to peak levels of 

P-JNK lagged behind that of SAB (Fig.1A,B, S1C).

Heretofore, there has been no recognition of the potential role of increased SAB expression 

in NAFL/NASH. Using Base Space Correlation Engine and IPA, we identified statistically 

significant increased SAB expression in human fatty liver diseases – NAFL and NASH. 
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In independent clinical studies, SAB expression was significantly increased in the liver 

from obese and NASH patients compared to normal healthy controls (Table S1). In 

addition, we analyzed the SAB expression in microarray data of a clinical study of NAFL/

NASH designed to identify genes related to high- and low-risk.(21) SAB was significantly 

upregulated in NASH (hepatocyte ballooning ≥ 1 or lobular inflammation ≥ 2) versus 

non-NASH, and in advanced fibrosis (stageF3) versus mild fibrosis (stageF0-F1) (Fig.1D). 

The NASH activity scores (NAS), especially steatosis and lobular inflammation scores, were 

significantly correlated with SAB expression in 23 male patients diagnosed with NAFL/

NASH (Table S2). Furthermore, in situ hybridization of human liver samples confirmed 

increased Sab mRNA in NASH livers (Fig.1E, S1D).

Studies in H9c2 cells previously found that SAB was induced by chronic rotenone or 

hypoxic stress in an AP-1 dependent fashion.(22) We identified AP-1 response elements in 

the mouse and human SAB promoters. Hepatic P-ATF2, a subunit of AP-1 transcription 

factors, increased in the liver of HFHC fed mice in parallel with increased SAB (Fig.1A). 

ATF2 is known to be activated by MAPkinases.(23) To verify that ATF2 was directly 

involved in Sab expression we exposed HEK293 cells to palmitic acid which activates 

JNK. This lead to increased SAB levels which was inhibited by treating cells with siATF2 

(Fig.S2A,B). In addition, in AML12 hepatocytes, tunicamycin increased SAB expression 

which was prevented by deletion of ATF2 by CRISPR/Cas9 (Fig.S2C). Furthermore, in mice 

fed HFHC diet for 16 weeks, the administration of AAV8.TBG.ATF2-RNAi at week 12 lead 

to a marked decrease in SAB and P-JNK at week 16, along with decreased fatty liver and 

serum ALT (Fig.1F,S2D,E).

Deletion of hepatic Sab prevents liver steatosis and insulin resistance

To determine the role of Sab expression in diet induced hepatic steatosis, we fed chow 

or HFHC diet to Sabf/f and SabiΔHep mice (inducible hepatocyte specific Sab deletion) for 

up to 16 weeks. Weight gain in chow fed mice was not different between the two groups. 

However, SabiΔHep mice gained less body weight at 16 weeks but not at 8 weeks compared 

to Sabf/f mice receiving HFHC diet (Fig.2A, 3F). The difference in weight gain at 16 weeks 

was due to increased whole body fat tissue in the Sabf/f group (Fig.2A). Calorie (food and 

drink) intake, locomotor activity, respiratory exchange ratio (RER) and body temperature 

were not different over the course of 16 weeks HFHC diet feeding in Sab deleted versus 

floxed controls (Fig.S3A–D). RER results indicated that both Sabf/f and SabiΔHep mice were 

utilizing HFHC diet (rich in fat; giving RER = around 0.8) without variation in intestinal 

absorption and nutritional metabolism (Fig.S3C). Though RER was not different, hepatic 

steatosis (liver triglyceride and Oil-Red-O staining) was markedly decreased in HFHC 16 

weeks fed SabiΔHep mice compared to Sabf/f littermates. (Fig.2B,C). In addition, deletion of 

Sab prevented hepatic steatosis and P-JNK activation caused by another type of high fat diet 

(Western diet containing 1% cholesterol and lard) (Fig.S3E,F). Serum ALT was significantly 

increased (3-fold) by 16 weeks of HFHC diet in floxed controls but deletion of Sab almost 

completely prevented the rise of ALT (Fig.2D). Peri-sinusoidal or peri-hepatocytic fibrosis 

identified by Sirius red staining of collagen fibers exhibited minimal increase with a very 

sparse patchy distribution after 16 weeks in HFHC fed Sabf/f mice (Fig.2E). However, 

collagen staining was barely detectable in HFHC fed SabiΔHep mice. At this early stage, 
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immunoblotting showed no difference in Col1α in HFHC fed Sabf/f liver compared to 

SabiΔHep littermates (Fig.S3G). P-JNK was progressively increased at 8, 12 and 16 weeks 

of hepatic steatosis in Sabf/f mice, but was completely prevented in SabiΔHep littermates 

(Fig.2F). P-p38, P-AMPK, CPT1 and HADHA were not different between HFHC fed Sabf/f 

and SabiΔHep mice (Fig.S3H). The increase of hepatic SAB with HFHC feeding in Sabf/f 

mice was prevented in SabiΔHep mice (Fig.2F), indicating that HFHC-diet induces Sab 
expression primarily in hepatocytes.

Hepatic Sab mediates metabolic intolerance and inflammatory response

At 16 weeks of HFHC feeding, fasting blood glucose was significantly higher in Sabf/f 

mice and serum insulin was increased 3-fold compared to SabiΔHep mice, indicating global 

insulin resistance. However, these changes were prevented in SabiΔHep mice (Fig.3A–C). 

Glucose tolerance test (GTT) confirmed decreased insulin sensitivity in the HFHC fed 

Sabf/f mice and this was prevented in the SabiΔHep mice (Fig.3B). The, lower tolerance 

to high glucose in Sabf/f mice was not due to low blood insulin level but associated with 

high HOMA-IR in Sabf/f mice. The HOMA-IR was normal in SabiΔHep mice (Fig.S4A). 

Therefore, 16 weeks HFHC diet feeding caused fatty liver with insulin resistance in Sabf/f 

but not in SabiΔHep mice. It is known that P-JNK inhibits insulin receptor activation of AKT 

in the liver.(24) P-AKT (S473) mediates insulin signaling. Decreased hepatic P-AKT (S473) 

in steatotic Sabf/f liver in response to HFHC diet was consistent with insulin resistance 

(Fig.2F). The decreased hepatic P-AKT contributes to gluconeogenesis and hyperglycemia. 

The decreased P-AKT, increased P-PDH and insulin resistance in HFHC fed Sabf/f mice 

were prevented in SabiΔHep littermates (Fig.2F,S4A). Serum IL-6, a marker of adipose tissue 

lipolytic metabolic stress, and G-CSF, an inflammatory marker, were increased in HFHC fed 

floxed controls but were significantly decreased in SabiΔHep mice to the level of chow fed 

mice (Fig.3D). Of note, serum ALT, insulin and IL-6 in HFHC fed mice at 8 weeks were not 

different than chow fed mice (Fig.2D,3C,D), suggesting that these changes were associated 

with increased mitochondrial SAB and JNK activation which were evident at 16 weeks. 

Serum TNF-α, leptin, resistin and adiponectin were not different (Fig.3D,E). Therefore, 

deletion of hepatic Sab prevents high-fat diet induced metabolic intolerance and metabolic 

stress induced inflammatory/cytokine response.

Since deletion of Sab in hepatocytes prevented diet-induced weight gain, fat mass, hepatic 

steatosis, insulin resistance and glucose intolerance at 16 weeks of HFHC feeding, we 

examined the effect of deletion of hepatic Sab on whole body energy expenditure (EE) 

(Fig.3F–I) Since body weight, fat and lean mass were not different at 8 weeks in HFHC 

diet fed Sabf/f and SabiΔHep mice (Fig.3F), we focused on this time point to dissociate 

from weight gain and attempt to better understand the reason for the subsequent prevention 

of weight gain in hepatic Sab deleted mice. Thus, we measured the EE at 8 weeks of 

HFHC feeding (Fig.3G,S4B) and determined the difference of residual-EE between Sabf/f 

and SabiΔHep mice (Fig.3H,I). At this stage, P-JNK and SAB had already increased in Sabf/f 

but not in SabiΔHep mice (Fig.2F). Indeed, deletion of hepatic Sab significantly prevented 

the decrease of EE observed in the HFHC diet controls (Fig.3I). Calorie intake, locomotor 

activity and RER were not different (Fig.S4C–E). Thus, HFHC feeding decreased systemic 
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energy expenditure and the deletion of Sab prevented this in advance of preventing weight 

gain.

To directly assess the role of hepatic SAB on mitochondria mediated lipid metabolism, 

we examined the respiratory function of intact steatotic hepatocytes isolated from 

wild type mice fed HFHC diet for 12 weeks when P-JNK and SAB had increased 

(Fig.3J,K). Steatotic-PMH cultured in glucose-free, pyruvate-free, serum-free, low-amino 

acid XF-medium utilized intracellular triglyceride for mitochondrial β-oxidation (inhibitable 

by etomoxir) and mitochondrial respiration (oxidative-phosphorylation) (inhibitable by 

rotenone) (Fig.S4F). In steatotic hepatocytes, fatty acid oxidation dependent mitochondrial 

respiration declined over time and was restored either by membrane permeant 20 amino 

acid SAB-peptide corresponding to the JNK binding site of SAB or by membrane permeant 

peptide JNK inhibitor, D-JNKi (Fig.3J,K). The SAB-peptide has previously been shown 

to inhibit binding of P-JNK to mitochondria and protect against the direct effects of 

P-JNK on mitochondrial function.(12,13,17,20) The findings underscore the key role of the 

JNK-SAB interaction in mitochondrial dysfunction of steatotic hepatocytes. Since HFHC 

diet upregulates SREBP1 and 2 and de novo lipogenesis genes (Fig.S1A–C), hepatic SREBP 

activity of 16 weeks HFHC fed Sabf/f and SabiΔHep mice was determined. Indeed, diet 

induced SREBP target gene expression was prevented in SabiΔHep mice (Fig.S4G). Of note, 

SREBP-1 is activated by JNK.(7,15) Therefore, hepatic SAB controls whole body EE and 

liver triglyceride metabolism in HFHC diet induced obesity and fatty liver.

Effect of Sab-ASO treatment on the effects of HFHC feeding

First, we verified if Sab-ASO treatment phenocopies the SabiΔHep mice fed HFHC diet for 

16 weeks. Indeed, wild type mice which were treated with Sab-ASO 50mg/kg, three times 

per week exhibited reduced hepatic steatosis, body fat mass and improved glucose tolerance 

(Fig. S5A–H), as seen in SabiΔHep mice fed HFHC diet for 16 weeks. This high dose of 

Sab-ASO almost completely depletes SAB in the liver as we previously described.(16) Next, 

wild type mice were fed chow or HFHC diet for 30 weeks to address progression to NASH 

and weight gain (Fig.4A). At the same time, a lower dose of Ctl-ASO or Sab-ASO (25 

mg/kg, three times per week) was given to dampen Sab induction in HFHC fed mice in 

contrast to complete depletion of SAB in SabiΔHep mice or high dose Sab-ASO treated 

mice (Fig.4B,2F,S5A). The Sab-ASO or control–ASO was given for 12 weeks beginning 

after 17 weeks and ending at 30 weeks of HFHC feeding. Body composition of mice was 

measured before and at the end of the course of Ctl-ASO or Sab-ASO injection (Fig.4C). 

HFHC feeding increased body fat mass and caused hepatic lipid accumulation and high 

liver triglyceride levels in Ctl-ASO treated mice, whereas Sab-ASO treatment reduced 

the accumulation of body fat mass and lipid in the liver (Fig.4C–E). By 30 weeks of 

HFHC diet feeding, increased liver fibrosis (Sirius red staining Fig.4F, and Col1α levels 

Fig.5A) developed in Ctl-ASO treated mice but was prevented in Sab-ASO treated mice. 

Furthermore, Sab-ASO markedly decreased the serum ALT, fasting glucose levels (Fig.4G), 

and the upregulated expression of SREBP1 and 2 target genes (Fig.S5I). The Sab-ASO 
treatment decreased SAB to the levels of chow fed mice, suggesting that the higher levels 

of SAB induced by HFHC diet feeding is a key determinant of the severity of hepatic 

steatosis and fibrosis, and that prevention of SAB induction abrogates progression of NASH. 
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Sab-ASO treatment also prevented the gain of body mass and fat mass as was seen in 

the hepatocyte specific deletion of Sab. Therefore, the complex interplay of the liver and 

systemic consequences of HFHC feeding was abrogated by targeting Sab in the liver.

Sab-ASO treatment reduces MAPK pathway activation and hepatic inflammation, and 
improves energy expenditure

Since activation of JNK and upstream MAPKs are regulated by the level of mitochondrial 

SAB(16–18,25), we examined P-JNK and upstream P-MKK4 in Ctl-ASO or Sab-ASO treated 

mice fed HFHC diet for 30 weeks compared to chow fed littermates. Hepatic P-JNK and 

P-MKK4 were increased in Ctl-ASO treated mice, whereas Sab-ASO treatment decreased P

JNK and P-MKK4 to levels comparable to chow fed littermates (Fig.5A,S6A). Furthermore, 

Sab-ASO treatment decreased P-ATF2 to the levels of chow fed mice. Since Sab-ASO 
treatment prevented diet-induced weight gain, EE of HFHC fed mice was examined. EE 

of each mouse before (15 weeks HFHC) vs after ASO injection (30 weeks HFHC) was 

measured and residual-EE was plotted as a function of fat mass, lean mass, or body mass 

(Fig.5B–E,S5B,C). HFHC feeding decreased EE compared to chow fed littermates (Fig. 

5D,E). Treatment with Sab-ASO but not Ctl-ASO markedly improved the EE to the level 

of chow fed mice (Fig.5E). The regression plot using the lean mass or body mass also 

confirmed that Sab-ASO treatment significantly improved the EE (Fig.S6B,C) whereas 

respiratory exchange ratio, locomotor activity, calorie intake and body heat production were 

not different (Fig.S6D–G).

Metabolic stress induced P-JNK activation in hepatocytes in vivo causes lipotoxicity and 

an inflammatory response.(1,5–9) Therefore, hepatic inflammation and the inflammatory 

response were assessed in Ctl-ASO vs Sab-ASO treated mice. CD45, CD68, F4/80, 

MPO, and TNF were examined by immunohistochemical staining. Infiltrating lymphocytes, 

tissue macrophages, neutrophils and TNF staining were markedly decreased by Sab-ASO 
treatment compared to Ctl-ASO treatment (Fig.5F). Steatohepatitis due to HFHC diet 

feeding for 30 weeks was accompanied by increased α–smooth muscle actin, indicating 

stellate cell activation, which is associated with hepatic fibrosis. In addition, to examine the 

effect of Sab-ASO treatment on genetic obesity and steatosis, ob/ob mice were treated with 

ASO. Sab-ASO treatment decreased P-JNK levels and hepatic lipid accumulation (Fig.S6H–

K). These data indicate that knockdown of Sab with Sab-ASO treatment prevents the 

progression of hepatic steatosis, steatohepatitis, fibrosis, metabolic stress and obesity which 

correlates with inhibiting sustained P-JNK activation and improving energy expenditure.

Reversal of steatohepatitis and fibrosis by targeting hepatocyte Sab

To exclude the possible effect of weight loss on steatohepatitis and fibrosis in Sab-ASO 
treatment, mice were fed the HFHC diet for 52 weeks to reach a plateau of weight-gain 

which occurred after 40 weeks (Fig.6A). Beginning at 42 weeks of HFHC diet, mice were 

treated with GalNAc-Control-ASO (GalNAc-Ctl-ASO) or GalNAc-Sab-ASO, 2.5mg/kg 

intraperitoneally three times per week for 10 weeks. GalNAc-ASO, which selectively 

targets hepatocytes, (18) became available after Sab-ASO work had been completed. In 

HFHC fed mice, GalNAc-Sab-ASO dampened the increased expression of SAB and 

the sustained activation of JNK and ATF2 (Fig.6B). HFHC feeding for 52 weeks in 
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GalNAc-ctrl-ASO treated mice featured a histological pattern similar to human NASH. 

Massive lobular hepatic steatosis with widespread macro- and micro-vesicular fat (H&E, 

Oil-Red-O staining), prominent, diffuse peri-sinusoidal/peri-hepatocyte fibrosis (chicken 

wire appearance) determined by Sirius red staining, and scattered ballooned hepatocytes 

were found in HFHC fed mice at 52 weeks in GalNAc-Ctl-ASO treated mice (Fig.6C, D, 

S6A, B). In contrast, 10 weeks of GalNAc-Sab-ASO treatment markedly reduced hepatic 

steatosis as well as liver triglyceride, serum ALT, blood glucose and HOMA-IR (Fig.6C, E). 

NAS score 5.4±0.6 in the GalNAc-Ctl-ASO treatment group was improved to 4.2±0.4 in the 

GalNAc-Sab-ASO treatment group (n=5/group; p=0.005) (Fig.6F). Fibrosis became barely 

visible with very rare areas of chicken wire appearance by Sirius staining and ballooned 

cells were markedly decreased in GalNAc-Sab-ASO group (Fig.6D,F,S7B). The area of 

fibrosis decreased from 4.1±2.7% in GalNAc-Ctl-ASO to 0.9±0.3% in Sab-ASO (n=5/

group, p=0.033) (Fig.6D,F). Furthermore, IPA pathway analysis and hepatic RNAseq data 

confirmed that de novo lipogenesis, including cholesterol synthesis, was markedly decreased 

by GalNAc-Sab-ASO compared to GalNAc-Ctl-ASO treatment (Fig.S7C). GalNAc-Sab
ASO treatment markedly reduced SREBP target gene expression (Fig.S7D) and decreased 

chemokines, and inflammatory gene expression, (Fig.S6E) and macrophage infiltration 

(Fig.S7F). In addition, GalNAc-Sab-ASO treatment decreased α-SMA (Fig.S7F) and Col1α 
levels in comparison to GalNAc-Ctl-ASO treatment by immunoblot analyses (Fig.6G,S7F). 

Moreover, expression of various fibrogenic genes in 52 weeks HFHC diet fed mice 

were reduced by GalNAc-Sab-ASO treatment, including Wnt5b, Ptch2, Notch1, Notch2, 
Notch4, Spp2 and Vwf (Fig.S7G), while markedly increasing the expression of the hepatic 

fibrinolytic gene Mmp12 (Fig.S7H). Mmp12 plays pivotal role in extracellular collagen 

degradation.(26) Interestingly, improvement of steatohepatitis and fibrosis by GalNAc-Sab
ASO treatment after 52 weeks of HFHC feeding was associated with marked adaptive up

regulation of genes involved in mitochondrial oxidative-phosphorylation (Cox6b2, Sdhaf3) 

and mitochondrial ADP/ATP nucleotide translocase (ANT; Slc25a4) (Fig.S7I). The role 

of these gene changes in GalNAc-Sab-ASO treatment will require further detailed time 

course experiments. Finally, to support the role of the JNK-SAB-ROS activation loop, we 

examined the levels of liver protein carbonyls, and found that the Sab deletion or knockdown 

inhibited the HFHC-induced oxidatively modified protein levels in all the experimental 

cohorts (Fig.S8).

Discussion

Studies from our laboratory in acute liver injury models identified a novel target of 

JNK, referred to as SAB, which is a mitochondrial outer transmembrane protein with a 

P-JNK docking site facing the cytoplasm.(16–18) P-JNK phosphorylates SAB leading to an 

intramitochondrial signal transduction pathway causing decreased respiration and increased 

ROS production.(12,17) ROS released from mitochondria then continue to activate the MAPK 

cascade, sustaining JNK activation.(12,27) Therefore, we aimed to explore the potential role 

of hepatic SAB in the pathogenesis of NAFL/NASH and to explore the possibility that SAB 

could serve as a therapeutic target.

Mice fed the HFHC diet exhibited a gradual increase in hepatic SAB mRNA and protein 

as well as P-JNK/JNK, which reached maximum at 16 weeks and was sustained thereafter. 
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Human transcriptomic data in NAFL and NASH cohorts demonstrated a correlation between 

NASH activity score, steatohepatitis and fibrosis with SAB expression. In addition, we 

observed increased Sab mRNA in human NASH livers by in-situ hybridization. Our 

results implicate AP-1 transcription factor dimer subunit ATF2 in inducing Sab. Sustained 

activation of ATF2 was associated with sustained JNK activation and increased SAB 

expression. Importantly, knockdown of ATF2 reversed the diet induced induction of 

SAB and the sustained JNK activation. Since AP-1 dimer subunits such as ATF2 are 

phosphorylated by JNK, we propose the notion that a self-amplifying mechanism of 

increased AP-1 activation, SAB expression, and increased JNK activation leads to higher 

steady state levels of expression of SAB and P-JNK (Fig.7).

Hepatocyte deletion of Sab markedly decreased sustained JNK activation in HFHC fed 

mice indicating that SAB is required to sustain JNK activation, which heretofore has not 

been appreciated in NAFLD. Although deletion of hepatic Sab decreased weight gain at 16 

weeks of HFHC feeding. At 8 weeks when the body weight increase was the same in Sabf/f 

and SabiΔHep mice, Sab deletion improved energy expenditure which had been decreased 

by feeding the HFHC diet, likely accounting for the subsequent resistance to weight gain. 

Inhibition of obesity and metabolic syndrome by Sab deletion or knockdown therefore is an 

important aspect of the beneficial effect of targeting Sab in the liver. The interplay between 

the effects of SAB and JNK in the liver and cross talk with systemic metabolic effects is 

complex and not fully understood, but together likely contribute to the phenotype of NAFL/

NASH, insulin resistance and obesity (Fig.7).

Although inducible hepatic Sab deletion or global embryonic knockout (unpublished data, 

Win et al) do not exhibit any phenotypic differences compared to Sabf/f, an important aspect 

of our findings was that knockdown of elevated Sab to the levels of chow fed controls 

exerted marked protection against NASH and obesity. This underscores the importance of 

hepatic Sab induction as a driver of the disease progression. We have previously shown 

that overexpression of Sab drives high P-JNK levels and liver injury in acute toxicity of 

acetaminophen.(18) Such a scenario also is likely to be the case in chronic diet-induced liver 

disease. Targeted knockdown of hepatic Sab as a therapeutic approach offers advantages 

over targeting MAPK cascade enzymes which have important physiological functions as 

well as pathological effects. Decreasing Sab expression to normal levels would not be 

expected to interfere with the physiologic functions of MAPK enzymes. Finally, although 

we show that increased hepatic Sab leads to systemic impairment in EE, likely a major 

factor in development of obesity, the identification of the signal(s) emanating from the liver 

that control EE and body fat have not been identified and this is an important question to 

pursue.

There are some limitations in our studies. We did not perform a direct comparison of Sab 
versus JNK deletion or knockdown. However, the work of the Davis’ lab using hepatic 

JNK1/2 deletion generated a very similar protective effect on hepatic and systemic effects 

of diet induced NAFL and weight gain which supports our conclusion that JNK mediates 

the effects of SAB. Also, we did not perform a side-by-side comparison of Sab-ASO and 

GalNAc-Sab-ASO. Therefore, we do not know if Sab-ASO and more targeted GalNAc-Sab
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ASO would provide the same or different results at the early and late stages of disease 

development.

In conclusion, we have found that overfeeding increases SAB expression in the liver by 

sustaining a JNK-ATF2 mediated induction of SAB. Increased SAB expression during 

metabolic stress drives sustained high levels of P-JNK which leads to NAFL/NASH and 

metabolic syndrome. Deletion or targeted knockdown of Sab abrogates the adverse effects of 

the JNK-SAB-ROS activation loop suggesting that SAB is a potential therapeutic target.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ADP
adenosine diphosphate

AKT
Protein kinase B

ALT
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alanine aminotransferase

AMPK
AMP-activated protein kinase

ASO
antisense oligonucleotide

ATF2
Activating transcription factor 2

ATP
adenosine triphosphate

AP-1
Activator protein 1

AUC
area under the curve

Col1
Collagen1

CPT1
Carnitine palmitoyltransferase-1

GalNAc
N-acetylgalactosamine

G-CSF
granulocyte-colony stimulating factor

c-Src
SRC proto-oncogene (nonreceptor tyrosine kinase)

Ctl
control

Cox6b2
Cytochrome c oxidase subunit 6b2

EE
energy expenditure

Eto
Etomoxir

GTT
glucose tolerance test

Win et al. Page 11

Hepatology. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HADHA
Hydroxyacyl-CoA Dehydrogenase

HFHC
High fat high calorie fructose

HOMA
homeostatic model assessment

IHC
immunohistochemistry

ip
intraperitoneal

ISH
in situ hybridization

JNK
c-Jun N-terminal kinase (JNK1, MAPK8; JNK2, MAPK9)

KIM1
kinase interacting motif 1

IL6
Interleukin 6

KO
knockout

LDH
Lactate dehydrogenase

MKK4
mitogen-activated protein kinase kinase 4

NASH
Nonalcoholic Steatohepatitis

Ob/Ob
B6.Cg-Lepob/J

OCR
oxygen consumption rate

OTC
Ornithine transcarbamylase

P38
p38 MAP Kinase
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PA
palmitic acid

P-AKT
phosphorylated Protein kinase B

p-JNK
phosphorylated JNK

P-AMPK
Phospho-AMPK

PDH
Pyruvate Dehydrogenase

PHB1
Prohibitin 1

P-MKK4
phosphorylated mitogen-activated protein kinase kinase 4

P-PDH(i)
Phosphorylated Pyruvate Dehydrogenase (inactive)

P-p38
Phosphorylated p38 MAP Kinase

P-Src
Phosphorylated proto-oncogene tyrosine-protein kinase

RER
Respiratory exchange ratio

RNA
ribonucleic acid

ROS
reactive oxygen species

SAB (SH3BP5)
SH3 homology associated BTK binding protein

SabiΔHep

inducible hepatocyte-specific Sab knockout

Src
Proto-oncogene tyrosine-protein kinase

SREBF1
Sterol Regulatory Element Binding Transcription Factor 1
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Tbp 
TATA box binding protein

TG
Triglyceride

TNF
tumor necrosis factor
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Fig.1. Expression of hepatic SAB, P-JNK and P-ATF2.
Male wild type C57BL/6N mice were fed with chow or HFHC diet. (A) SAB, P-JNK/JNK 

and P-ATF2/ATF2 examined by immunoblot of liver extracts. OTC and β-Actin are loading 

controls. (B) Densitometric analyses. (C) qPCR of Sab mRNA. n=5 mice/group, ✱=p<0.05 

versus chow diet group by unpaired, 2-tailed Student’s t-test. Data represents mean ± SEM. 

(D) SAB (SH3BP5) expression in non-NASH (n=7) vs NASH (n=16) patients, ✱=p<0.05, 

by Student’s t-test; mild-fibrosis (n=15) vs advanced-fibrosis (n=8), ✱= p<0.05, by Welch’s 

t-test. The middle line of the box is the median, the top of the box is the third quartile 

and the bottom is the first quartile. The diamond (⧫) is the mean value of Log2 expression 

of SH3BP5 gene. The dashed lines represent the range of the data. FC = fold change. (E) 

In-situ hybridization (ISH) of SAB transcript in human liver: representative of 3 normal 

(average score1) and 3 NASH livers (average score 2.33), summarized in bar graph. Scale 

bar = 200 μm (digital high magnification) ✱=p<0.05, by unpaired, two-tailed Student’s 
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t-test. (F) AAV8.TBG.ATF2-RNAi or GFP were given to mice after 12 weeks on HFHC 

diet and the diet continued to week 16. Immunoblots of SAB, P-JNK, JNK and ATF2. 

β-Actin, loading control. Representative immunoblots from 3 separate experiments. Each 

lane represents a single mouse liver. Densitometry of 5 mice/group, ✱=p<0.05, unpaired, 

2-tailed Student’s t-test.
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Fig.2. Hepatic Sab deletion prevents diet-induced obesity, fatty liver and insulin resistance.
Male Sabf/f and SabiΔHep mice were fed chow or HFHC diet for up to 16 weeks. (A) Body, 

fat and lean mass, n=6 mice/group, ✱=p<0.05 SabiΔHep versus Sabf/f by unpaired, 2-tailed 

Student’s t-test. (B) Representative liver histology of 16 weeks of chow or HFHC fed Sabf/f 

and SabiΔHep mice. n=5 mice/group. Scale bar = 100 μm. (C, D) Liver triglyceride and 

serum ALT in 5 mice per group. ✱=p<0.05 SabiΔHep versus Sabf/f by unpaired, 2-tailed 

Student’s t-test. (E) Sirius red staining and comparison of area of fibrosis in 16 weeks 

HFHC fed Sabf/f and SabiΔHep mice. Scale bar = 100 μm. (F) Immunoblots of SAB, JNK, 

P-JNK (active), AKT, P-AKT (S473) (active), P-PDH (inactive). PHB1 and β-Actin are 

loading controls. Representative of 3 separate blots with bar graphs depicting densitometric 

summary. n=3–5/group, ✱=p<0.05 SabiΔHep versus corresponding Sabf/f by unpaired, 2

tailed Student’s t-test.
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Fig.3. Sab deletion prevents diet-induced metabolic intolerance and inflammatory response.
Male Sabf/f and SabiΔHep mice were fed the HFHC diet up to 16 weeks. (A) 16 hours 

fasting blood glucose, (B) glucose tolerance test (GTT) (C) serum insulin after 4 hours 

fast. (D) Serum inflammatory cytokines: IL-6, G-CSF, TNF, and (E) serum leptin, resistin, 

and adiponectin in 4 hours fasted mice. All data are presented as mean ± SEM. n=5 

mice/group, ✱=p<0.05 SabiΔHep versus Sabf/f by unpaired, 2-tailed Student’s t-test. (F) 
Body, fat and lean mass, n=5 mice per group. (G) Energy expenditure (EE) measured by 

PhenoMaster/LabMaster home cage System. (H,I) Residual EE obtained from regression 

plot was graphed against lean mass. Mean value of residuals of EE are shown as (Δ). 

Statistical significant difference (✱=p<0.05) of EE in SabiΔHep versus Sabf/f treatment by 

ANCOVA. n=4–5 mice/group. (J) Lipid metabolism of steatotic hepatocytes examined by 

Seahorse XF analyzer. PMH from wild type C57BL/6N mice fed HFHC diet for 12 weeks 

were seeded on collagen coated Seahorse cell culture plate. Cells were washed in serum, 
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glucose and pyruvate-free-XF medium. After measurement of basal level, SAB-peptide or 

JNKi-peptide (5 μM) was injected. OCR was measured over the time course (18 hours) 

with second injection (arrow) 9 hours after first injection. (K) Final 3 hours measurements 

(boxed in J) showing the oligomycin inhibitable (ATP coupled) respiration and CCCP 

induced maximal (uncoupled) respiration. n=3 separate experiments, ✱=P<0.05 peptide 

versus vehicle treatment by two-way ANOVA. Data represents mean ± SEM.
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Fig.4. ASO treatment suppresses Sab expression and progression of steatohepatitis and fibrosis.
Male wild type littermates were fed HFHC diet for 30 weeks. Mice were treated with 

Control-ASO (Ctl-ASO) or Sab-ASO 25mg/kg ip three times per week starting after 17 

weeks of HFHC diet. (A) Weight gain in mice fed HFHC diet, n=6 mice/group; chow diet 

fed mice shown as gray line. (B) Level of SAB after Sab-ASO injection in HFHC fed mice 

at week 30. Each lane represents a single mouse liver; n=4 mice per group. Representative 

image of 3 separate blots. Densitometry results shown as bar graph. All data shown as 

mean ± SEM. ✱=p<0.05 Sab-ASO versus Control-ASO by unpaired, 2-tailed Student’s 

t-test. (C) Body composition of Ctl-ASO or Sab-ASO treated groups before versus after 12 

weeks course of ASO injections. n=5–6 mice/group, ✱=p<0.05 after- versus before-ASO by 

paired, 2-tailed Student’s t-test. (D) Liver triglyceride, (E) Representative histology images 

of H&E, Oil-Red-O and (F) Sirius red staining (scale bar = 100μm) and quantitation of 

area of fibrosis. (G) Serum ALT and fasting blood glucose examined at 30 weeks of HFHC 
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feeding with ASO injections for the last 12 weeks. All data shown as mean ± SEM. n=5–6 

mice/group. ✱=p<0.05 Sab-ASO versus Control-ASO by unpaired 2-tailed Student’s t-test.
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Fig.5. Sab knockdown prevents decreased energy expenditure, hepatic inflammation and fibrosis.
Feeding and ASO as in Fig.4. (A) Immunoblot of JNK, p38, ATF2 and MKK4 and phospho

forms, and Col1α. β-Actin is the loading control. Each lane represents a single mouse 

liver; n=4 mice/group. Representative images of 3 separate blots. (B,C) Regression plot of 

EE and (D,E) residual EE before and after ASO treatment of the same mice. Regression 

plot of residual EE against fat mass. Mean values of residual EE shown as (Δ). Statistical 

significance (p<0.05) of EE in HFHC vs chow fed groups shown as (#), before vs after ASO 

treatment shown as (✱)determined by ANCOVA. n=5–6 mice/group. (F) Representative 

IHC of liver sections from Control-ASO (Ctl-ASO) or Sab-ASO treated mice fed the 

HFHC diet for 30 weeks. CD45, CD68, MPO, F4/80, TNF and α–SMA stained in formalin 

fixed paraffin embedded tissue sections and color developed by DAB substrate. n=5–6 mice/

group. Scale bar = 100μm.
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Fig.6. Hepatic specific GalNAc-Sab-ASO treatment.
Male wild type littermates were fed HFHC diet for 52 weeks. Mice were given GalNAc-

Control-ASO (GalNAc-Ctl-ASO) or GalNAc-Sab-ASO 2.5mg/kg ip three times per week 

starting after 42 weeks of HFHC diet. n=6 mice/group. (A) Time course of body weight 

gain (B) Immunoblots of SAB, P-JNK, JNK, P-ATF2 and ATF2; OTC, loading control. 

Representative of 3 separate experiments. Each lane is a single mouse liver. Bar graph 

of densitometry of 5 mice/group, ✱=p<0.05, unpaired, 2-tailed Student’s t-test. (C) 

Representative images of H&E and Oil-Red-O staining of liver sections of HFHC diet fed 

mice after 10 weeks course of ASO injections. Ballooned hepatocyte (arrow and insert). 

Scale bar = 100μm. (D) Sirius red staining. (E,F) Bar graphs of liver triglyceride, serum 

ALT, fasting blood glucose, HOMA-IR, NAS score, and area of fibrosis. Area of fibrosis of 

Sirius red stain quantitated by Image-J. Each dot is an average of 5–10 fields per mouse (10x 

magnification). n=5–6 mice/group. ✱=p < 0.05 GalNAc-Sab-ASO versus GalNAc-Ctl-ASO 
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by unpaired, 2-tailed Student’s t-test. (G) Immunoblot of sonicated tissue lysate using anti

Col1α. β-Actin, loading control. Representative immunoblots from 3 separate experiments. 

Each lane is a single mouse liver.
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Fig.7. Working model depicting the mechanism of SAB induction and its pivotal role in fatty 
liver, steatohepatitis, and fibrosis.
(A) A regulatory loop activated by metabolic stress leads to feedforward activation of JNK 

and ATF2 which then induces Sab expression. (B) High steady state levels of SAB promote 

high levels of sustained JNK activation through mitochondrial SAB-ROS self-amplification 

during ongoing metabolic stress. The enhanced sustained JNK activation, through a JNK

SAB-ROS activation loop, leads to downstream effects in hepatocytes on mitochondrial 

function, insulin resistance, and lipogenesis as well as systemic effects leading to decreased 

energy expenditure and obesity.
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