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List of Abbreviations:  

 

NAFLD Non-Alcoholic Fatty Liver Disease 

IL6  Interleukin 6 

OE  Overexpression 

HFI  High Fructose Intolerance 

NASH  Non-Alcoholic Steatohepatitis  

SLE  Systemic Lupus Erythematosus  

IBD  Inflammatory Bowel Disease 

RA  Rheumatoid Arthritis  

HFD  High Fat diet 

qRT-PCR Quantitative Real-Time Polymerase Chain Reaction 

PPAR  Peroxisome Proliferator-Activated Receptor 

DHAP  Dihydroxyacetone Phosphate 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2020. ; https://doi.org/10.1101/2020.07.04.162008doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.04.162008
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

4

Funding Information: 

This work was supported by Council of Scientific and Industrial Research 

(CSIR), New Delhi [BSC0124, MLP1801]. M.K.S was supported by Council of 

Scientific and Industrial Research (CSIR) research fellowship. The funders had 

no role in study design, data collection and analysis, decision to publish, or 

preparation of the article.  

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2020. ; https://doi.org/10.1101/2020.07.04.162008doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.04.162008
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

5

Abstract 

BACKGROUND AND AIMS  

Inflammation is a constant in Non-Alcoholic Fatty Liver Disease (NAFLD) and is 

usually considered a consequence. We propose that inflammation can be a 

cause for NAFLD. Obesity is strongly associated with (NAFLD), but not always. 

NAFLD in lean individuals is more common in certain populations, especially 

Asian-Indians. Lean healthy Indians also have a higher basal circulating IL6 

suggesting a link with inflammation. We propose that inflammation-induced fatty 

liver could be relevant for studying obesity-independent NAFLD. Commonly 

used high-fat diet-induced NAFLD animal models are not ideal for testing this 

hypothesis. 

APPROACH AND RESULTS 

In this study we used a transgenic zebrafish with chronic systemic 

overexpression of human IL6 (IL6-OE) and found accumulation of triglyceride in 

the liver. We performed comparative transcriptomics and proteomics on the IL6-

OE liver and found an expression signature distinct from the diet-based NAFLD 

models. We discovered a deregulation of glycolysis/gluconeogenesis pathway, 

especially a robust down regulation of the glycolytic enzyme aldolase b in the 

IL6-OE liver. Metabolomics of the IL6-OE liver showed accumulation of hexose 

monophosphates and their derivatives, which can act as precursors for 

triglyceride synthesis. Patients with the genetic disease Hereditary Fructose 

Intolerance (HFI) caused by ALDOLASE B deficiency also have a higher 

propensity to develop fatty liver disease. 

 

CONCLUSIONS 

Our study demonstrates a causative role for inflammation in intrahepatic lipid 

accumulation. Further, our results suggest that IL6-driven repression of 

glycolysis/gluconeogenesis, specifically aldolase b, may be a novel mechanism 

for development of fatty liver, especially in obesity-independent NAFLD.  
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Non-alcoholic fatty liver disease (NAFLD) has become a major public health 

concern worldwide with an estimated 20-30 % of total population affected by 

NAFLD (1, 2). NAFLD is a chronic liver disease, which begins with steatosis or 

accumulation of fat in the liver, progresses to non-alcoholic steatohepatitis 

(NASH) and eventually develops into fibrosis, cirrhosis, liver cancer and finally 

liver failure (3). It is strongly associated with obesity, dyslipidemia, and 

metabolic syndrome (4), however recently  NAFLD has been noted in lean 

individuals, especially in Indians (5, 6). These observations suggest that there 

might be independent mechanisms for developing fatty liver.  

 

Inflammation finds constant mention in studies of intrahepatic lipid 

accumulation. For instance, exogenous treatment of HepG2 cells with palmitic 

acid or oleic acid promotes the accumulation of fat and induces pro-

inflammatory cytokines such as IL8 (7) and TNFalpha (8) respectively. Rats fed 

on a high-fat diet (HFD) develop steatosis in the liver eventually leading to 

steatohepatitis (9). The extent of steatosis in NAFLD patients is strongly 

correlated with the expression of pro-inflammatory cytokines such as TNFalpha, 

IL6 and IL1beta (10-12). So far, most studies have suggested that steatosis 

precedes inflammation in the liver. However, there are indications for chronic 

inflammation playing a more determinant role in fatty liver. Recent studies found 

that Klebsiella pneumoniae induces high IL6 expression in gut and liver and 

also causes hepatic steatosis (13). Patients of chronic inflammatory diseases 

such as Systemic Lupus Erythematosus (SLE), Crohn's disease, Inflammatory 

Bowel Disease (IBD) and Rheumatoid Arthritis (RA), all of whom have high 

systemic IL6 (14-17), appear to develop steatosis (18-21). Treatment of HepG2 

cells with pro-inflammatory cytokines IL1beta and TNFalpha also promotes 

steatosis (22, 23).  

 

Most available models of NAFLD are fed on high-fat diet (HFD). To study the 

relationship between chronic inflammation and steatosis in zebrafish here we 

use a Gal4-UAS system that drives constitutive expression of human IL6 in the 
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heart. Chronic exposure to secreted IL6 induced steatosis in the adult male 

liver. We characterized the gene expression changes in the IL6-transgenic 

zebrafish liver by RNA sequencing and proteomics studies. The classic NAFLD 

expression signatures were absent in the IL6-transgenic liver; instead we found 

a down regulation of the glycolytic/gluconeogenesis pathway. Specifically, we 

discovered a repression of the expression of aldolase b and a resulting 

accumulation of C6-monophosphates. We propose that chronic inflammation 

leads to fatty liver through deregulation of glycolytic flux. This model with 

chronic systemic-inflammation-induced steatosis in zebrafish would be valuable 

in understanding the causative role of inflammation in fatty liver disease and 

would also be useful for designing chemical screens for this flavor of NAFLD. 
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Materials and Methods 

Additional information is provided in the Supporting Materials and Methods.  

 

ZEBRAFISH LINES AND MAINTENANCE 

Zebrafish (Danio rerio) were bred, raised, and maintained at 28.5�°C under 

standard conditions as previously described (24) . Zebrafish handling was in 

strict accordance with good animal practices as described by the Committee for 

the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), 

Government of India. The Institutional Animal Ethics Committee (IAEC) of the 

CSIR-Institute of Genomics and Integrative Biology, New Delhi, India approved 

all animal experiments. The transgenic zebrafish lines used in this study are 

Tg(pCH-cmlc2:GVP), Tg(pCH-cmlc2:GVP::pBH-UAS:IL6) (25), Tg(pCH-

fabp10a:GAL4m:: pBH-UAS:IL6) (26).  

 

RNA IN SITU HYBRIDIZATION   

The embryo (96 hours post fertilization) and heart tissues from adult zebrafish 

were harvested and fixed in 4% ice cold paraformaldehyde overnight at 4°C. 

RNA in situ hybridization was performed as previously described (24). 

Digoxigenin-labelled antisense riboprobe against human IL6 gene was used in 

this study. 

 

QUANTITATIVE REAL TIME PCR 

Total RNA was extracted from zebrafish embryos, adult heart, liver or HepG2 

cells, using RNAiso Plus (Takara, 9109) reagent. cDNA synthesis was done 

using a QuantiTect Reverse Transcription kit (Qiagen, 205313). Quantitative 

real time PCR was performed as previously described (27) using SYBR green 

(Roche, 06924204001) reagent on ROCHE LightCycler 480 System. We used 

relative standard curve method for quantification of RNA transcript as described 

by the manufacturer to generate raw values in arbitrary units. Each experiment 
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was performed with at least three replicates. The normalized data were 

analyzed using 2-ΔΔCT method. All quantifications were normalized to rpl13α 

unless mentioned otherwise. For statistical significance of the data, p-values 

were calculated by performing unpaired Student t test. The GraphPad Prism 

5.04 software was used for plotting the graphs. All primers used in this study 

are listed in Supporting Table S1. 

 

WESTERN BLOT ANALYSIS 

Adult zebrafish liver and heart tissue were homogenized in NP40 lysis buffer 

(ThermoFisher, FNN0021). Protein concentrations were estimated using BCA 

(Pierce 23225) method and equal amount of protein (25µg) was loaded in all 

well. Western blots were performed as described (28). Primary antibodies 

against humanIL6 (abcam-ab6672), Aldolase B (GeneTex-GTX124306), STAT3 

(Cell Signaling-4904s), phospho-STAT3 (Cell Signaling-9131s) were used at 

1:1000 dilution. Secondary antibody was HRP conjugated and the signal was 

detected using EMD Millipore Immobilon Western Chemiluminescent HRP 

Substrate (Merch-WBKLS0500) on a G:BOX (Syngene) detection system. 

 

HISTOLOGY AND STAINING 

Zebrafish liver tissues were fixed in 4% paraformaldehyde. Sections were 7µm 

thick. Cryo-sections were used for Oil Red O and BODIPY (493/503) staining 

and paraffin embedded sections were used for Hematoxylin and Eosin (H&E) 

staining. BODIPY sections were mounted with DAPI-containing mounting 

media. Nikon upright microscope (model E200) was used for Oil Red O and 

H&E sections. Leica SP8 confocal microscopy was used for BODIPY stained 

sections. 

 

TRANSMISSION ELECTRON MICROSCOPY 

Adult zebrafish liver was fixed in 2.5% glutaraldehyde and 4% 

paraformaldehyde. The section were osmicated in 1% osmium tetroxide 
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followed by dehydration in graded series of alcohol, followed by infiltration with 

Epon 812 resin. Ultra-thin sections were cut (60-70 nm) on Ultramicrotome 

(Leica) and placed on copper grids. The sections were stained with uranyl 

acetate and lead citrate. Finally, the samples were visualized on a Transmission 

Electron Microscope (Tecnai G2 20 twin, FEI).  

 

LIPID EXTRACTION AND THIN LAYER CHROMATOGRAPHY 

Total lipids were extracted from liver tissue using Modified Bligh and Dyer 

Method. The dried lipid extracts re-suspended in chloroform:methanol (2:1) 

were loaded on thin-layer chromatography plate and separated in the solvent 

system hexane:diethyl ether:acetic acid (70:30:1), used for neutral lipids. The 

plates were stained using 10% copper sulfate (w/v) in 8% phosphoric acid (v/v) 

solution followed by charring at 150°C. Quantification of un-labeled lipid spots 

was done using ImageJ® software (29). 

 

TRANSCRIPTOMICS 

RNA was isolated from adult liver (from 3 animals in each group) of control 

males and females and IL6-OE males and females. RNA-seq libraries were 

prepared from 1µg of total RNA using standard protocol. RNA sequencing was 

performed on HiSeq2500 sequencing platform from Illumina, USA. Details of 

sequencing and preliminary analysis protocols are in Supplementary Methods. 

 

DATA DEPOSITION 

The raw reads file in Fastq format has been uploaded on the NCBI Short Read 

Archive (SRA). The data can be accessed on NCBI Bioproject: PRJNA638724. 

The list of differentially expressed genes is available in Supporting Table S2. 

 

PROTEOMICS 
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Adult liver protein from control males and females and IL6-OE males and 

females (2 animals of each group) was extracted and three replicate 8-plex 

experiments were performed. The proteins were labeled using 8plex iTRAQ 

reagent as per the manufacturer’s protocol (AB Sciex). The peptides were 

separated on Eksigent nano-LC (Ultra 2D) coupled with 5600 triple time-of-flight 

(TOF) (AB Sciex). Details of the proteomics experiment and preliminary 

analysis protocols are in Supplementary Methods. The list of differentially 

expressed proteins is available in the Supporting Table S3. 

 

METABOLOMICS ANALYSIS OF HYDROPHILIC METABOLITES 

Liver samples were cryo-fixed and lyophilized at -100°C for 24 hours in cryo-

lyophilizer (Benchtop Pro with omnitronics, SP scientific) and stored at -80 °C till 

further extraction. The complete details for sample extraction for hydrophilic 

metabolites, analysis by an orbitrap mass spectrometer and data analysis is 

given in Supplementary Methods section. The median values for the 

metabolites from 8 replicate samples (4 biological and 4 technical) were used to 

calculate the fold change values and identify the metabolites showing significant 

change (≥ & ≤ 2 fold change; p-value ≤ 0.05). The raw and processed 

metabolite data have been deposited in the metabolomics workbench 

repository.The list of differentially expressed metabolites is available in the 

Supporting Table S4. 

 

CELL CULTURE 

HepG2 cells were cultured at semi-confluent densities for the experiments.  

Cells were treated with recombinant IL6 (abcam-ab119444). All experiments 

were performed at least in triplicates.  
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Results 

OVEREXPRESSION OF HUMAN IL6 IN THE ZEBRAFISH HEART INDUCED 

IL6 SIGNALING IN THE LIVER 

To probe the role of chronic systemic inflammation on hepatic steatosis, we 

overexpressed the pro-inflammatory cytokine, human interleukin 6 (Hsa.IL6; 

henceforth called ‘IL6’) in the zebrafish heart. We used a double transgenic 

system Tg (myl7:GAL4-VP16)::(UAS:HsaIL6) (25). Here the myl7 promoter 

drives GAL4-VP16 expression in the heart, which induces specific 

overexpression of IL6 (Fig. 1A). RNA in situ hybridization of 4 day old zebrafish 

embryos with a human IL6 specific probe indicated strong expression in the 

embryonic heart in the double transgenic line (henceforth IL6-OE) but not in the 

control embryos of Tg (myl7:GAL4-VP16) (Fig. 1B).  

 

We performed RNA in situ hybridization on adult heart tissue of IL6-OE and 

control animals with the human IL6 probe and found strong expression in the 

heart of both male and female IL6-OE animals compared to controls (Fig. 1B). 

Quantitative RT-PCR (qRT-PCR) of adult hearts was performed and the raw Ct 

values (corrected to rpl13α) were plotted. There was a difference of nearly 20 

cycles between the control and IL6-OE hearts (Fig. 1C). Western blotting found 

a 21 kDa band corresponding to the human IL6 in the adult hearts of IL6-OE 

animals with no signal in the control animals (Fig. 1D). Western blotting for 

phosphorylated STAT3 in the adult liver of control and IL6-OE animals showed 

the induction of an 88 kDa band for p-STAT3 in the IL6-OE liver (Fig. 1E) 

suggesting IL6 signaling in the liver. Quantification of p-STAT3 showed an 

average induction of 3.47 fold in male IL6-OE livers; the induction was not 

significant in female (Supplementary Fig. 1A-B). Quantification of known target 

genes of IL6 such as socs3 (30) showed an induction of 11.4 fold in male and 

65.4 fold in female IL6-OE (Fig. 1F). IL6 target genes myca and hepcidin 

(HAMP) were also strongly induced in male and female IL6-OE adult liver (Fig. 

1F). These experiments indicated that human IL6 was expressed specifically in 

the heart and secreted into the plasma leading to IL6 signaling in the liver.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2020. ; https://doi.org/10.1101/2020.07.04.162008doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.04.162008
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

13

 

CHRONIC OVEREXPRESSION OF IL6 INDUCES HEPATIC STEATOSIS IN 

IL6-OE MALE ZEBRAFISH 

Dissection of adult livers from IL6-OE animals revealed an enlarged and 

discolored appearance in the male tissue (Supplementary Fig. 2A). There was a 

significant increase in dry weight of IL6-OE liver in male and female animals 

compared to the respective controls (Supplementary Fig. 2B). We performed 

Hematoxylin and Eosin staining on tissue sections and found that the male IL6-

OE liver had a distinctive appearance compared to the control livers. In the 

control animals and the female IL6-OE, the hepatocytes were tightly packed 

with central nuclei while in the IL6-OE livers there were prominent white 

vesicles/spaces that appeared to push the hepatocyte nuclei to the side (Fig. 

1G). Since the appearance of the male IL6-OE liver sections was reminiscent of 

fatty liver, we performed Oil red O staining. The adult liver in control and female 

IL6-OE had the presence of a few red droplets indicating lipid (Fig. 1G). 

However, the male IL6-OE liver had more lipid droplets at 8 months old 

(Supplementary Fig. 2C) and at 2 years old the section was filled with lipid (Fig. 

1G). Staining with the fluorescent dye BODIPY 493/503 to detect lipid showed 

that the male IL6-OE liver had higher lipid staining than the control male, control 

female, and the IL6-OE female (Fig. 1G). We performed transmission electron 

microscopy to look at the ultrastructure of hepatocytes in the adult liver and 

found that compared to control male, the IL6-OE male had hepatocytes filled 

with large lipid droplets (Fig. 1G). The female control and IL6-OE livers had a 

very similar but distinct-from-male ultrastructure (Fig. 1G). We performed thin 

layer chromatography to identify and quantify the types of lipids in the male IL6-

OE liver. Compared to standards run alongside we found a 1.3 fold increase in 

triglycerides and a 1.2 fold increase in cholesterol/diacylglycerol in the male IL6-

OE liver compared to the control male liver (Fig. 1H, Supplementary Fig. 2D-E). 

Serum measurements showed a decrease in triglycerides and glucose but no 

change in cholesterol in IL6-OE male animals (Supplementary Fig. 2F-H). 
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CHRONIC EXPOSURE TO IL6 SUPPRESSES LIPOGENESIS, Β-OXIDATION 

AND AUTOPHAGY IN IL6-OE MALE LIVER 

Lipid accumulation in hepatocytes could result from increased lipogenesis or 

decreased lipolysis in the liver. Previous studies on HFD models have shown 

increased fatty acid synthesis (31) and induction of FASN expression (32) in 

NAFLD and hepatic steatosis patients, respectively. A fatty liver model induced 

by acute inflammation using intraperitoneal injections of TNFalpha in mice also 

reported induction of fatty acid synthase (23). Contrary to observations in diet-

induced NAFLD models, we found a statistically significant down regulation of 

acaca, srebp1, pparab, pparg and fads2 in the IL6-OE livers by qRT-PCR (Fig.  

2A).  

 

Unlike diet-based mouse models, NAFLD patients show negative correlation 

between hepatic PPAR alpha expression and severity of steatosis/presence of 

NASH (33). The down regulation of PPAR signaling in the zebrafish IL6-OE 

suggests that it might serve as an alternative to model NAFLD in humans. In a 

recently published study adult male zebrafish exposed to bisphenol S 

accumulate fat in the liver (34). This model also shows a down regulation of 

PPAR alpha expression. The progression of NAFLD is associated with 

suppression of fatty acid oxidation (35). Comparison of expression of the 

mitochondrial beta-oxidation genes cpt1 and ucp2 showed no significant 

change in IL6-OE livers. The expression of acox3, involved in peroxisomal beta-

oxidation, was significantly down regulated in the IL6-OE male liver (Fig. 2B). 

 

Lipid accumulation in NAFLD and NASH induces endoplasmic reticulum stress 

in the liver (36). We quantified the expression of unfolded protein response 

(UPR) genes in the IL6-OE male liver and found instead, a down regulation of 

perk and dnajc3 and no change in aft6, ire1, bip, and chop (Fig. 2C). Another 

pathway that is up regulated in NAFLD is autophagy (37).  In IL6-OE male liver 

the levels of autophagy genes atg3 and atg5 were significantly down regulated, 

while atg7, and beclin-1 showed a downward trend (Fig. 2D). We quantified the 
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expression of genes involved in dietary fat absorption in gut (Supplementary 

Fig. 3A-B), lipid transport in the liver (Supplementary Fig. 3C-E) and bile acid 

metabolism in liver (Supplementary Fig. 3F-K) using qRT-PCR. We found no 

change in any of these genes except a significant up regulation of abca1b (lipid 

export), cyp7b1 (bile acid metabolism) and down regulation of slc27a2 (lipid 

import) (Supplementary Fig. 3C-D, I), which was counter intuitive. 

 

DISTINCT TRANSCRIPTOMIC SIGNATURES IN THE IL6-OE ZEBRAFISH 

LIVER  

Since the IL6-OE zebrafish liver appeared to not have the usual transcriptomic 

patterns, we decided to compare the whole transcriptome of the control and 

IL6-OE liver of male and female by RNA sequencing (each n=3). We performed 

the RNA sequencing using Illumina Hiseq 2500 platform. To assess the 

transcriptomic concordance between samples we computed the Spearman 

correlation between the gene expression profiles. We found that the sample 

‘female IL6-OE-3’ did not cluster with the other two samples of the group and 

this sample was removed from further analysis (Supplementary Fig. 4A). We 

obtained an average depth of 52 million reads and mapped the reads to the 

zebrafish reference genome (Zv11) achieving >60-89% alignment using Bowtie 

tool (38). The transcripts were annotated using the reference transcript of 

ENSEMBL v87 and FPKM of each gene from all the samples were calculated 

using Cuffnorm (39). We removed all genes with an FPKM=0 in any of the 

samples to simplify the analysis. The FPKM of genes from IL6-OE male and 

female livers were compared to their respective controls. 1755 genes with a 

minimum of 2 fold change difference between control and IL6-OE at a statistical 

significance of p<0.05 by Student t-test were shortlisted for the final differentially 

expressed gene (DEG) list (Fig. 3A). Clustering of the genes based on their 

expression pattern showed distinct groups of genes that are up regulated and 

down regulated in the male and female livers. A Venn diagram of the 1755 

DEGs in our dataset showed that 436 genes were up regulated and 508 were 

down regulated in the male IL6-OE liver compared to the control male liver (Fig. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2020. ; https://doi.org/10.1101/2020.07.04.162008doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.04.162008
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

16

3B). Of these, 42 up regulated genes and 103 down regulated genes were 

common to both male and female IL6-OE liver. Since the fatty liver phenotype 

was seen only in the male IL6-OE liver, we performed all further analysis on the 

791 DEGs that were unique to the male IL6-OE liver. 

 

We performed a gene ontology analysis using DAVID database (40) on the 791 

DEGs for enrichment of pathways in the transcriptome. Among the genes up 

regulated, one of the most prominent class was the JAK- STAT signaling 

pathway (Supplementary Fig. 4B), confirming the systemic effect of IL6 protein 

expression from the heart. The other striking group of genes was those involved 

in protein processing in ER (Supplementary Fig. 4B, 5A). The Unfolded Protein 

Response genes we had shown to be down regulated by qRT-PCR (Fig. 2C) 

were distinct from the ones present in the DEGs (Supplementary Fig. 5A).  

 

Among the genes down regulated in male IL6-OE, metabolism was the 

dominant class (Fig. 3C). In accordance with our qRT-PCR results that showed 

down regulation of lipid metabolism genes (Fig. 2A-B) we found a partially 

overlapping set of genes down regulated in the RNA sequencing data 

(Supplementary Fig. 5B). The transcriptomics data confirmed the down 

regulation of genes involved in PPAR signaling (Supplementary Fig. 5C) as 

observed in our earlier experiments (Fig. 2A). An interesting class of genes 

down regulated exclusively in the male and not in the female IL6-OE liver was 

the glycolysis/gluconeogenesis pathway (Fig. 3C). Of the glycolysis genes 

(Supplementary Fig. 4C), we found that 9 were dramatically down regulated in 

IL6-OE male liver (Fig. 3D). qRT-PCR of some of these genes e.g. g6pca, 

pgm1, pgm2, pgam2 and pdhb validated the RNA sequencing profile 

(Supplementary Fig. 6A-E). 

 

To strengthen our findings, we carried out global protein profiling of the liver 

from control and IL6-OE male and female zebrafish (each n=2) in three 

replicate by Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2020. ; https://doi.org/10.1101/2020.07.04.162008doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.04.162008
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

17

using iTRAQ labeling. We shortlisted only those proteins for analysis that were 

represented by at least 2 peptides, with fold change <=0.8 or  >=1.2.  The data 

was analyzed using protein pilot (SCIEX) and a total of 138 significantly altered 

proteins were identified in all the groups. 16 proteins were up regulated only in 

male and 95 proteins only in female IL6-OE. 4 proteins were uniquely down 

regulated in the male and 11 in female IL6-OE (Fig. 3E). DAVID gene ontology 

analysis showed an enrichment of the protein processing pathway in ER in both 

male and female IL6-OE zebrafish and the ribosomal machinery only in the 

female IL6-OE (Supplementary Fig 6F). Carbon metabolism was enriched 

exclusively in the male IL6-OE liver with down regulation of four proteins: Aldob, 

Hemopexin, Herc4 and Ethanolamine phosphate phospholyase (Supporting 

Table S3).  

 

Aldolase b (Aldob), an important enzyme in the glycolysis pathway 

(Supplementary Fig. 4C), was the only gene that showed a consistent down 

regulation in the male IL6-OE liver, both at the RNA (Supplementary Fig 7A) 

and protein level (Supplementary Fig 7B).  qRT-PCR with a larger sample set 

showed a 1.53 fold down regulation of aldob RNA and western blot analysis 

showed a 1.68 fold down regulation in Aldob protein levels (Fig. 3F-G, 

Supplementary Fig. 7D). Since the effect seen on the liver is due to IL6 

secreted from heart we used a Gal4-UAS based transgenic line, 

Tg(fabp10a:GAL4m::pBH-UAS:IL6) (26), which expresses human IL6 

specifically in the hepatocytes (henceforth known as hepIL6-OE). By western 

blot we found a significant induction of p-STAT3 in the hepIL6-OE liver 

indicating robust IL6 signaling (Supplementary Fig. 7E-F). We then compared 

the Aldob protein levels in the same liver and found a 2.95 fold down regulation 

of in hepIL6-OE compared to controls (Supplementary Fig. 7E,G). 

 

CHRONIC IL6 EXPOSURE PROMOTES INTRAHEPATIC ACCUMULATION 

OF HEXOSE MONOPHOSPHATE IN MALE ZEBRAFISH 

The RNA sequencing and LC-MS data showed a down regulation of the 
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glycolysis gene aldob. Aldolase b enzyme [EC 4.1.2.13] converts fructose-1, 6-

bisphosphate into glyceraldehyde-3-phosphate and dihydroxyacetone 

phosphate (DHAP) (Supplementary Fig. 4C). We performed untargeted 

metabolomics for polar metabolites in the IL6-OE zebrafish liver using LC-MS to 

detect any metabolic perturbation (each n=4). We compared the levels of 120 

metabolites and found 32 metabolites to be differentially accumulated at a set 

threshold of 2-fold change and p<0.05 in the male IL6-OE liver (Supplementary 

Fig. 8B). We found a 1.55 fold accumulation of beta-D-fructose-1,6 

bisphosphate, the substrate of Aldolase b, in the IL6-OE male liver 

(Supplementary Fig. 8C). There was also a 4.60 fold accumulation of hexose-

monophosphates in the IL6-OE liver (Fig. 3H). Studies on patients who are 

genetically ALDOB deficient have suggested intrahepatic accumulation of 

hexose monophosphate (42) suggesting a similar change in metabolic flux as 

the disease Hereditary Fructose Intolerance. Various other sugar-phosphate 

forms, which are part of the pentose phosphate pathway also accumulated in 

the male IL6-OE liver (Supplementary Fig. 8B).  

One of the highest change was that of DHAP/glyceraldehyde-3-phosphate 

(these two molecules cannot be resolved on the LC-MS, Fig. 3I), which showed 

a 7.03 fold accumulation (Fig. 3I). Our transcriptomics data shows a repression 

of gapdh, which uses Glyceraldehyde 3-phosphate as a substrate (Fig. 3D). 

Further, our proteomics data revealed an up regulation of Tpi1b, the isomerase 

that interconverts DHAP and glyceraldehyde 3-phosphate (Supplementary Fig. 

7C) suggests a favored conversion of glyceraldehyde 3-phosphate to DHAP. 

DHAP is further converted to Glycerol 3-phosphate by the enzyme Gpd2. We 

observed a 2.48 fold accumulation of sn-glycerol-3-phosphate, although not 

statistically significant, (Supplementary Fig. 8D) in the male IL6-OE liver and a 

2.14 fold induction in the mRNA coding for gpd2 in transcriptomic study (Fig. 

3J). DHAP is a substrate in the triacyl glycerol (triglyceride) synthesis pathway 

with glycerol-3-phosphate as an intermediate suggesting the mechanism for 

triglyceride accumulation in the male IL6-OE liver (Fig. 3K and Supplementary 

Fig. 4C).  
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IL6 TREATMENT INHIBITS ALDOB EXPRESSION IN HEPG2 CELLS 

To test the causative relationship between IL6 and ALDOB expression, we 

treated the human liver carcinoma cell line HepG2, with recombinant human 

IL6. To identify the optimum concentration of rIL6 we treated HepG2 cells with 

different concentrations of rIL6 for 24 hours. We found a dramatic reduction in 

ALDOB protein levels at 10ng/mL, which did not change at higher 

concentrations (Fig. 4A). To study the kinetics of repression, we treated HepG2 

cells with 100ng/ml rIL6 for different time periods and measured the ALDOB 

mRNA levels. We found a strong statistically significant repression of ALDOB at 

24 hours (Fig. 4B). Finally a treatment with 100ng/mL IL6 for 24 hours caused a 

2.07 fold down regulation of ALDOB mRNA expression across multiple 

experiments (Fig. 4C). 

 

ALDOB EXPRESSION CORRELATES WITH NAFLD IN PATIENTS 

Our studies show that chronic systemic IL6 expression leads to a repression of 

aldob in the liver and accumulation of hexose monophosphates. ALDOB 

deficient individuals have been reported to have high intrahepatic triglyceride 

content (41). We hypothesized that ALDOB levels and the resulting metabolic 

changes would have a correlation with fat accumulation in patients. To test this 

hypothesis we looked for gene expression profiles of NAFLD patients in the 

public domain. We found a previous study that had generated transcriptomics 

profile for liver from normal, obese, NAFLD and NASH human subjects to 

improve diagnostic criteria in patients (42). This dataset was publically available 

(GEO accession number-GSE126848). We analyzed this data for expression of 

ALDOB and found that the transcript levels of ALDOB did not change 

significantly between normal and obese individuals. However, there was a 

dramatic down regulation of ALDOB mRNA in NAFLD (2.08 fold, p<0.001) and 

NASH (2.9 fold, p<0.001) patients (Fig. 4D). This gives credence to the idea 

that ALODB down regulation might be an important and novel 

pathophysiological mechanism for fatty liver disease.  
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Discussion 

NAFLD is known to be associated with obesity, however there is mounting 

evidence for NAFLD in lean individuals, especially in Asian populations (5). 

Lean NAFLD appears to be more common in older, male and Asian individuals 

compared to other groups (43) . A comparative study of lean healthy individuals 

from various ethnicities found that Asian-Indian men had higher hepatic 

triglyceride levels and a higher basal serum IL6 (6). As discussed in the 

Introduction, many autoimmune diseases characterized by elevated circulating 

IL6 such as SLE, Crohn’s disease, IBD and RA also appear to have high 

propensity for fatty liver (14-21). Various other studies also show elevated 

inflammation and IL6 expression in NAFLD although this is considered to be 

more a consequence than cause (10, 44). Taken together, these studies hint at 

a tantalizing relationship between inflammation and fatty liver. In this study for 

the first time, we report a causative role for IL6 in the development of non-

alcoholic fatty liver disease. We demonstrate that chronic systemic exposure to 

IL6 in zebrafish induces hepatic steatosis selectively in the male. 

 

A number of studies on animal models for HFD-induced NAFLD and NAFLD 

patient samples have revealed the molecular changes that lead to fat 

accumulation in the liver. In these conventional models of NAFLD there is 

evidence for up regulation of lipid biosynthetic pathway genes such as srebp1, 

pparab, pparg, fads2, and cd36 (45, 46). However, our inflammation model 

does not show these expected changes in the liver suggesting a different 

pathophysiology for fatty liver disease induced by inflammation.  

 

One of the consistent changes we observed in our RNA sequencing studies 

was down regulation of the glycolysis/gluconeogenesis pathway specifically in 

the male IL6-OE zebrafish liver. Of the glycolysis genes, the enzyme Aldolase b 

was consistently down regulated in both our transcriptomics as well as 

proteomics data.  Treatment of HepG2 cells with recombinant IL6 also led to the 

suppression of ALDOB expression. Our RNA sequencing experiments revealed 

a down regulation of PPAR signaling components, similar to that seen in 
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NAFLD patients (33). Previous studies have predicted PPAR response 

elements on the promoter of ALDOB (47) suggesting transcriptional regulation 

of aldolase b gene by PPAR signaling pathway in the IL6-OE zebrafish..This 

would need further investigation. 

 

Aldolase b converts fructose-1,6-bisphosphate into dihydroxy acetone 

phosphate and glyceraldehyde-3-phosphate in the glycolytic pathway. Mice null 

for Aldob are intolerant to fructose in diet (48). The rare inborn error of 

metabolism known as hereditary fructose intolerance (HFI) in humans is caused 

by mutations in the ALDOB gene (49). HFI is also characterized by the 

accumulation of mono-glyco:di-glyco. Consistent with these studies, the male 

IL6-OE zebrafish liver showed an accumulation of hexose monophosphates. 

These observations are of special interest because a very recent study found 

that patients with ALDOB deficiency have elevated intrahepatic triglyceride 

content. Our metabolomics analysis offers an insight into a possible 

mechanism. Our data suggests that deregulation of glycolysis/gluconeogenesis 

can lead to an accumulation of DHAP/glyceraldehyde-3-phosphate, which is 

then converted into triglycerides via sn-glycerol-3-phosphate in the IL6-OE liver. 

 

The ALDOB deficient HFI patients with fatty liver have normal BMI categorizing 

these patients as lean fatty liver. NAFLD in lean patients, a phenomenon 

particularly noticeable in Indian males, remains intriguing. We hypothesize that 

chronic systemic inflammation, particularly elevated levels of IL6, can trigger 

intrahepatic triglyceride and NAFLD like disease. We further speculate that IL6 

induces NAFLD-like phenotype in lean individuals through metabolic 

deregulation of glycolysis/gluconeogenesis and channeling of metabolites into 

triglyceride synthesis. This proposed molecular mechanism of triglyceride 

accumulation in deregulated sugar metabolism would be an interesting avenue 

for pursuit.   
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FIGURE LEGENDS 
 
 
Figure 1. Over-expression of human IL6 in zebrafish heart induces lipid 

accumulation in the liver. (A) Schematic depiction of the double transgenic 

Tg(pCH-cmlc2:GVP::pBH-UAS:IL6) which leads to expression of human IL6 

constitutively in the zebrafish heart. (B) RNA in situ hybridization on 4 day old 

zebrafish embryos and adult heart shows expression of human IL6 in the heart 

(red arrow in embryo) in IL6-OE. Embryos are presented in ventral view, 

anterior to the left. Scale bar 100µm. Adult heart shows atrium to the top and 

ventricle to the bottom. Scale bar 500µm. (C) Ct values from qRT-PCR of 

human IL6 on adult heart tissue shows low Ct values i.e. high expression in the 

IL6-OE samples. Data in blue box is for male and pink box is for female. (D) 

Western blot of adult heart shows a 21kDa IL6 band in the IL6-OE male and 

female. Beta-actin is used as loading control. (E) Western blot of adult liver 

shows p-STAT3 induction in the IL6-OE, strongly in male than in female. (F) 

qRT-PCR quantification of STAT3 target genes, socs3, myca and hepcidin in 

the liver of IL6-OE fish. Data in blue box is for male and pink box is for female. 

The data is fold change normalized to rpl11alpha is presented as mean ± SE.  

(G) Histological examination of liver sections of male and female control and 

IL6-OE animals. Hematoxylin and Eosin (H&E) reveals distinct morphology of 

male IL6-OE sample. Large white spaces pushing hepatocyte nuclei to the 

periphery compared to packed centrally nucleated hepatocytes in control. 

Female control and IL6-OE are similar. Oil red O staining shows lipid 

accumulation in male IL6-OE. No significant lipid presence in the other samples. 

BODIPY 493/503 shows lipid accumulation (green) in male IL6-OE. Sections 

are counterstained with phalloidin (red) and DAPI (blue). Scale bar 50µm (H&E, 

oil red O and BODIPY). TEM images show ultrastructure of liver. Large lipid 

droplets are visible in the male IL6-OE. Scale bar 2µm. (H) relative fold change 

of triglyceride in male IL6-OE liver by thin layer chromatography 

(Supplementary Fig. 2D). Data presented mean ± SE. p value is calculated 

using unpaired student t-test, * p< 0.05, ** p< 0.01 and *** p< 0.001. Each point 
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in graph represents a single animal. Abbreviations: H&E, Hematoxylin and 

eosin; TEM, Transmission electron microscopy. 

 

 

Figure 2. Chronic exposure to IL6 suppresses lipogenesis, β-oxidation 

and autophagy in male liver. qRT-PCR of genes known to be regulated in 

NAFLD. Fold change normalized to beta-actin is plotted. (A) Expression of 

genes involved in lipogenesis. Significant down regulation was observed in 

acaca, srebp1, pparab, pparg and fads2 in IL6-OE. (B) Expression of the beta-

oxidation pathway genes. Peroxisomal beta-oxidation gene acox3 is down 

regulated in IL6-OE. (C) Expression of genes involved in unfolded protein 

response pathway. Significant down regulation of perk and dnajc3 was seen in 

IL6-OE. (D) Genes of autophagy pathway, atg3 and atg5 were significantly 

down regulated in IL6-OE. The data is presented as mean ± SE. p value is 

calculated using unpaired student t-test, * p< 0.05 and ** p< 0.01. Each point in 

graph represents single animal. 

 

Figure 3. Male IL6-OE zebrafish liver exhibits a distinct expression profile 

with down regulation of glycolysis/gluconeogenesis pathway. (A) 1755 

genes were differentially expressed in the IL6-OE compared to the respective 

controls. Average of three samples in each group is depicted. FPKM of each 

group is normalized to FPKM average of the respective gene. (B) 791 genes 

were uniquely differentially expressed in the male IL6-OE liver. (C) Pathways 

enrichment analysis of genes down regulated in the male IL6-OE using DAVID 

algorithm shows large metabolic changes. (D) 9 genes encoding glycolysis 

enzymes are down regulated exclusively in the male IL6-OE liver. FPKM of 

each sample is normalized to FPKM average of the respective gene. (E) 

Proteomics studies revealed that 138 proteins were differentially expressed in 

the IL6-OE zebrafish liver. (F-G) qRT-PCR of adult male liver showed a 1.53 

fold down regulation of aldob mRNA and Western blot quantification showed a 

1.68 fold down regulation in Aldob protein levels in the male IL6-OE liver. (H-I) 

Metabolic profiling revealed accumulation of Hexose-monophosphate and 
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DHAP in the IL6-OE liver. (J) Expression of gpd2 transcript which converts 

DHAP into glycerol-3-phosphate were significantly up regulated in IL6-OE male 

liver. (K) Proposed model of conversion of DHAP to triglyceride accumulation in 

IL6-OE liver. (F-G, J) The data is presented as mean ± SE and (H-I) The data is 

presented as median ± Range. p value is calculated using unpaired student t-

test, * p< 0.05. Each point in graph represents single animal. 

 

Figure 4. Lower ALDOB levels in IL6 treated cells and NAFLD patients. (A) 

HepG2 cells treated with increasing concentrations of recombinant human IL6 

for 24 hours show robust repression of ALDOB protein. (B) Treatment with 

100ng/ml of rIL6 for different duration shows minimum ALDOB mRNA levels at 

24 hours. (A-B) The data is presented as mean ± SE. p value is calculated 

using unpaired student t-test, ** p< 0.01. Each point in graph represents single 

sample. (C) Exposure of HepG2 cells to 100ng/ml of rIL6 for 24 hours shows a 

robust repression of ALDOB transcript. The data is presented as mean ± SE. p 

value is calculated using unpaired student t-test, ** p< 0.01. Each point in graph 

represents one experiment with each experiment conducted on three samples 

each. (D) Analysis of relative expression levels of ALDOB in publicly available 

dataset GSE126848 reveals a 2.08 fold reduction in NAFLD and 2.9 fold down 

regulation in NASH patients. There is no significant difference between normal 

and obese individuals. The data is presented as mean ±SE. p value is 

calculated using unpaired student t-test, *** p< 0.001.  
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