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Abstract (314 word count). 29 

Background and Aims: Subcutaneous adipose tissue (SAT) dysfunction contributes to NAFLD 30 

pathogenesis and may be influenced by the gut microbiota. Whether transcript profiles of SAT are 31 

associated with liver fibrosis and are influenced by synbiotic treatment (that changes the gut 32 

microbiome) is unknown. We investigated: (a) whether the presence of clinically significant, ≥F2 liver 33 

fibrosis associated with adipose tissue (AT) dysfunction, differential gene expression in SAT, and/or a 34 

marker of tissue fibrosis (Composite collagen gene expression (CCGE)); and (b) whether synbiotic 35 

treatment modified markers of AT dysfunction and the SAT transcriptome. 36 

Methods: Sixty-two patients with NAFLD (60% men) were studied before and after 12 months of 37 

treatment with synbiotic or placebo and provided SAT samples. Vibration-controlled transient 38 

elastography (VCTE)-validated thresholds were used to assess liver fibrosis. RNA-sequencing and 39 

histological analysis of SAT were performed to determine differential gene expression, CCGE and the 40 

presence of collagen fibres. Regression modelling and receiver operator characteristic curve analysis 41 

were used to test associations with, and risk prediction for, ≥F2 liver fibrosis. 42 

Results: Patients with ≥F2 liver fibrosis (n=24) had altered markers of AT dysfunction and a SAT gene 43 

expression signature characterised by enrichment of inflammatory and extracellular matrix-44 

associated genes, compared to those with <F2 fibrosis (n=38). Differences in transcript profiles 45 

between patients with vs without ≥F2 liver fibrosis were largely explained by adjusting for 46 

differences in HOMA-IR. Gut microbiome-modifying synbiotic treatment did not change SAT 47 

transcriptomic profiles or circulating inflammatory/adipokine markers. SAT CCGE values were 48 

independently associated with (8.38 (1.72-40.88), p=0.009), and were a good predictor of, ≥F2 49 

fibrosis (AUROC 0.79, 95%CI 0.69-0.90). Associations between SAT transcriptomic profiles and ≥F2 50 

fibrosis were reproduced using end-of-trial data. 51 

Conclusion: A differential gene expression signature in SAT associates with ≥F2 liver fibrosis is 52 

explained by a measure of systemic insulin resistance and is not changed by synbiotic treatment. SAT 53 

CCGE values are a good predictor of ≥F2 liver fibrosis in NAFLD. 54 
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1. Introduction 57 

Non-alcoholic fatty liver disease (NAFLD) is a multisystem disease that increases the risk of 58 

developing cardiovascular disease (CVD), type 2 diabetes mellitus (T2DM) and various extra-hepatic 59 

cancers 1-3. Within the spectrum of liver disease in NAFLD, the presence of clinically significant 60 

fibrosis (≥F2 stage) increases the risk of both all-cause and disease-specific mortality 4. However, the 61 

underlying biological factors and/or processes contributing to the development and progression of 62 

liver fibrosis in NAFLD remain unclear. This is particularly relevant for ≥F2 fibrosis, which is amenable 63 

to potential new treatments that are currently being tested for NAFLD 5,6.  64 

Obesity-associated dysfunction in adipose tissue (AT) contributes to the development of NAFLD 7-10. 65 

‘Metabolic inflexibility’ 11 and ‘limited AT expandability’ 9,12 are two main hypotheses that have been 66 

proposed to provide potential contextual explanations for how white AT (WAT) may contribute to 67 

the pathological accumulation of lipids in the liver. While these hypotheses may explain how 68 

alterations in lipid handling in WAT may contribute to early NAFL (i.e., hepatic steatosis), it is unclear 69 

whether alterations in WAT may also promote further disease development through the later stages 70 

of NAFLD (i.e., liver fibrosis). Circulating biomarkers of AT insulin resistance (IR) such as the AT IR 71 

index (AdipoIR) are associated with the presence and severity of NAFLD including fibrosis 13-15, thus 72 

indicating that AT dysfunction is potentially also involved in the promotion of hepatic fibrogenesis 73 

during later stages of NAFLD. 74 

Previous studies have demonstrated a role of the gut-AT-liver axis in the pathogenesis of NAFLD 16,17, 75 

thereby raising the question of whether modifying the gut microbiota, (e.g. with a synbiotic 76 

treatment) is able to change AT function and thereby liver disease severity. Transcriptomic profiles 77 

in subcutaneous AT (SAT) in patients with NAFL and non-alcoholic steatohepatitis (NASH) indicate a 78 

more inflammatory profile compared to those without or with less severe NAFLD, suggesting that 79 

alterations in SAT may be important in early NAFLD progression 17-21. Moreover, recent evidence 80 

suggests that SAT fibrogenesis is associated with the presence of hepatic steatosis 22. However, 81 



whether SAT transcriptomic profiles and markers of SAT fibrogenesis are associated with the 82 

presence of clinically significant liver fibrosis is currently unknown.  83 

Therefore, the aims of this exploratory study were to test, in patients with NAFLD, whether: (a) 84 

biochemical markers of AT dysfunction, alterations in SAT transcriptomic profiles and a gene 85 

expression signature of SAT fibrogenesis are associated with the presence ≥F2 liver fibrosis; and (b) 86 

whether a synbiotic treatment (previously shown to have changed the gut microbiota in the 87 

Investigation of Synbiotic Treatment in NAFLD (INSYTE) trial 23) modified (a) above. 88 

2. Methods 89 

2.1 - Patient cohort details 90 

A subset of sixty-two patients with NAFLD (age range of 21-77 years), for whom RNA-sequencing 91 

data for SAT were available, were studied to perform this secondary analysis of data collected from 92 

patients recruited to the INSYTE randomised double-blind placebo-controlled trial 93 

(www.clinicaltrials.gov registered number NCT01680640). This provided baseline and end-of-trial 94 

tissue biopsies for SAT and assessments of liver fat and liver fibrosis. Details of patient recruitment, 95 

the INSYTE trial design (including inclusion and exclusion criteria) and intervention have been 96 

described in detail previously 23,24. The trial design was approved by the Southampton and 97 

Southwest Hampshire research ethics committee (12/SC/0614). All patients gave their written 98 

informed consent.  99 

2.2 - Anthropometric and biochemical measurements 100 

Anthropometric and biochemical measurements were collected as previously described 23,24. Body 101 

composition was assessed by dual-energy x-ray absorptiometry (DEXA). Details of abdominal 102 

magnetic resonance imaging (MRI), anthropometry and biochemical measurement methodology can 103 

be found in the supplementary material. Homeostasis model assessment-insulin resistance (HOMA-104 



IR) 25, AdipoIR 26, enhanced liver fibrosis (ELF) score 27, Fibrosis-4 (FIB-4) index 28 and the AST to 105 

platelet ratio index (APRI) 29 were calculated as previously described.  106 

2.3 - Liver fat and vibration-controlled transient elastography  107 

Liver fat and vibration-controlled transient elastography (VCTE)-derived kilopascal (kPa) 108 

measurements were collected as previously described 23,24. Liver VCTE-derived kPa measurements 109 

were assessed as a clinically recognised proxy measure of liver stiffness using the Echosens (Waltham, 110 

MA) Fibroscan® by a trained clinician (ES). Data are expressed as the median (IQR) in kPa. Liver VCTE-111 

derived kPa measurements of ≥8.2 kPa were used as a validated proxy threshold for identification of 112 

≥F2 fibrosis as recently reported 30.  113 

2.4 - SAT RNA extraction, sequencing, and analysis 114 

Abdominal SAT biopsies were collected from the lower anterior abdominal wall (1 cm inferior and 115 

medial to anterior superior iliac spine) from patients with NAFLD. Prior to the incision, 2% Xylocaine 116 

with adrenaline (1:100000) was administered to the area of biopsy and a 1 cm incision was then 117 

made to expose the SAT. Fat lobules were excised from the wound and stored in RNAlater (QIAGEN, 118 

Hilden, Germany; Catalogue number 74804) at -80oC as previously described 24. RNA integrity (RIN) 119 

and quantity of extracted RNA were determined using an Agilent 2100 Bioanalyser and all samples 120 

had a RIN score of >7.0. Transcriptome sequencing was outsourced to Novogene Ltd (Cambridge, 121 

UK) and performed on a total of 124 SAT RNA samples (62 paired baseline and end-of-trial samples). 122 

Ribosomal RNA depletion was used during library-preparation and sequencing was performed using 123 

Illumina’s Novaseq 6000 with approximately 50 million 150bp paired-end reads per sample. 124 

Alignment was performed with STAR31, read counting with HTSeq32 and differential expression 125 

evaluation with EdgeR 33. For full details see Supplementary Methods. Composite collagen gene 126 

expression (CCGE) values were calculated for each sample as the average expression of 12 collagen 127 

gene isoforms 1A1, 1A2, 3A1, 5A1, 5A2, 5A3, 6A1, 6A2, 6A3, 12A1, 14A1, and 24A1 after converting 128 



expression values (log2cpm) of each isoform to a Z-distribution as previously reported 22. CCGE 129 

values are shown as z-scores. 130 

2.5 - Statistical analysis  131 

Non-transcriptomic data (other than CCGE values) were analysed using Statistical Package for the 132 

Social Sciences (SPSS) Version 26.0 (New York, USA). Data were first tested for normality using the 133 

Shapiro-Wilk and Kolmogorov-Smirnov tests and are presented as mean ± SD for normally 134 

distributed or median (IQR) for non-normally distributed variables. Comparisons of continuous 135 

variables between groups were performed with the unpaired Student t-test for normally and the 136 

Mann-Whitney U test for non-normally distributed variables. Differences in proportions were 137 

examined using the chi-squared test. Univariable associations were investigated using Pearson’s 138 

linear correlations for normally distributed or Spearman’s rank correlations for non-normally 139 

distributed variables. Multivariable linear regression modelling was used to explore the effects of the 140 

synbiotic treatment on changes in circulating concentrations of inflammatory markers, adipokines 141 

and SAT CCGE values. Binary logistic regression modelling was used to investigate whether AdipoIR 142 

and SAT CCGE values were independently associated with ≥F2 liver fibrosis. The goodness of fit for 143 

the models was tested with the Hosmer-Lemeshow test. Receiver-operator characteristic (ROC) 144 

curve analysis for CCGE values was performed to estimate areas under the receiver-operator 145 

characteristic curves (AUROCs) to distinguish patients with NAFLD with vs without ≥F2 fibrosis. The 146 

statistical significance of differences in the C-statistic for each model was compared as previously 147 

described 34. A P value of <0.05 was considered statistically significant. 148 

 149 

3. Results 150 

3.1 - Biochemical markers of adipose tissue dysfunction associate with liver fibrosis severity in 151 

patients with NAFLD 152 



Patients were stratified by the presence or absence of ≥F2 liver fibrosis using the previously 153 

validated liver VCTE threshold of ≥8.2 kPa 30. Patients with NAFLD and ≥F2 fibrosis had higher serum 154 

AST and ALT concentrations and higher FIB-4 and APRI scores compared to patients with <F2 fibrosis 155 

(Table 1). Age (53.0 ± 13.4 and 54.2 ± 8.0 years) and sex (60.5% and 58.3% men) were similar 156 

between groups. There were also no differences in whole-body adiposity, truncal SAT and VAT depot 157 

volumes or mean SAT adipocyte size between groups (Table 1). However, HOMA-IR, and AdipoIR 158 

were higher, while adiponectin concentrations were lower, in patients with ≥F2 compared to those 159 

with <F2 fibrosis (Table 1). Patients with ≥F2 liver fibrosis also had elevated circulating 160 

concentrations of several inflammatory markers (GDF-15, TNFα, IL-6, IL-8, IL-10). There was a greater 161 

prevalence of T2DM and/or MetS in patients with vs without ≥F2 liver fibrosis (Table 1). In 162 

regression analysis, AdipoIR was found to be positively associated with the presence of ≥F2 fibrosis 163 

independently of potential confounding factors (OR 1.03, 95%CI 1.01-1.06, P = 0.02 (Supplementary 164 

Table 1). The positive association between AdipoIR and the presence of ≥F2 liver fibrosis remained 165 

significant after adjusting for BMI, total body, truncal adiposity or circulating leptin concentrations 166 

(data not shown). Conversely, AdipoIR was no longer significantly associated with the presence of 167 

≥F2 liver fibrosis after including circulating concentrations of adiponectin (another established 168 

marker of adipose tissue insulin resistance) (data not shown). 169 

 170 

3.2 - Synbiotic treatment does not alter circulating inflammatory markers, adipokines or SAT 171 

transcript profiles 172 

Previously, we showed that synbiotic treatment during the INSYTE trial successfully modified the gut 173 

microbiota but did not improve liver fibrosis severity 23. Consistent with this, no changes specific to 174 

the synbiotic treatment group in circulating inflammatory markers (IL-6, IL-8, IL-10, TNFα, MCP-1, 175 

hsCRP and GDF-15) or adipokines (leptin and adiponectin) were identified (Supplementary Figure 1). 176 

Moreover, regression analysis confirmed no significant effects of the synbiotic treatment on the 177 



change in concentrations of inflammatory and adipokine markers (Supplementary Table 2). This 178 

finding was also observed following similar analysis of the larger INSYTE cohort (N=88, n=44 per 179 

treatment group) (Supplementary Table 3). We also investigated whether synbiotic treatment 180 

influenced SAT transcriptomic profiles in biopsies collected from patients in the INSYTE trial. Paired 181 

differential gene expression (DGE) analysis of baseline and end-of-trial SAT transcriptomes from 182 

patients who received synbiotic treatment (n=29) or placebo (n=33) did not identify any significant 183 

differentially expressed genes (DEGs) associated with either treatment arm (Supplementary Figure 184 

2). This observation remained consistent even after only including those considered to be 185 

‘responders’ 23 to the synbiotic treatment (Supplementary Figure 2). Collectively, these results 186 

suggest that the synbiotic treatment, previously shown to alter the gut microbiota 23, in patients 187 

with NAFLD did not affect circulating markers of inflammation, adipokines or SAT transcriptome. 188 

3.3 – A differential gene expression signature in SAT associates with clinically significant liver 189 

fibrosis and is influenced by HOMA-IR but not by sex or adiposity 190 

To explore potential differences in SAT gene expression that may be associated with ≥F2 liver 191 

fibrosis, DGE analysis was next performed comparing biopsies from patients with vs without ≥F2 192 

fibrosis at baseline. A total of 229 (113 downregulated and 116 upregulated) DEGs were identified to 193 

be significantly (FDR< 0.05) different (Figure 1a, Supplementary Figure 3a). Of these 229 DEGs, only 194 

11 genes exhibited an expression fold-change of 2 or more; eight were upregulated, while 3 were 195 

down-regulated (Supplementary data file; ‘Baseline fibrosis’). We next explored whether the 196 

number of DEGs associated with ≥F2 liver fibrosis was altered by anthropometric variables known to 197 

influence both NAFLD severity and AT biology. Adjusting for sex or adiposity revealed 522 and 418 198 

significant DEGs respectively. Despite the increase in DEGs, all 229 unadjusted DEGs observed in 199 

patients with ≥F2 fibrosis remained differentially expressed in patients with NAFLD and ≥F2 liver 200 

fibrosis (Figure 1b). In contrast, after controlling for HOMA-IR, there was a striking 96% reduction in 201 

the number of statistically significant DEGs (FDR <0.05) between patients with vs without ≥F2 202 



fibrosis and only 8 DEGs remained (Figure 1b). Importantly, this reduction was not altered after 203 

removing patients who were receiving insulin treatment (Data not shown). Adjusting for BMI 204 

reduced the number of significant DEGs to 84, with 78 being common to DEGs in the unadjusted 205 

analysis (i.e., 34% of DEGs from the unadjusted analysis) (Supplementary data file and 206 

Supplementary Figure 3B). We also observed a strong positive association between HOMA-IR and 207 

BMI (r=0.42, P<0.0001), whereas a much weaker association was observed between HOMA-IR and 208 

total body adiposity (r=0.26, P=0.04) (Supplementary Figure 3C-D). That the synbiotic treatment did 209 

not alter SAT transcriptome afforded the opportunity to additionally explore whether differential 210 

gene expression in SAT between patients with vs without ≥F2 liver fibrosis was also present at the 211 

end-of-trial. In doing so, we observed that of the 229 DEGs observed at baseline, 101 (44.1%) were 212 

also differentially expressed (FDR <0.05) at end-of-trial (Supplementary Figure 3E-F). Collectively, 213 

these findings suggest that in patients with NAFLD and ≥F2 fibrosis, SAT DEGs are associated with 214 

systemic insulin resistance but not sex or adiposity. 215 

3.4 - Differential SAT gene expression in patients with NAFLD and ≥F2 liver fibrosis implicates 216 

impaired oxidative metabolism and adipogenesis while increasing inflammation and ECM 217 

remodelling 218 

To identify which biological processes were enriched in SAT and associated with ≥F2 liver fibrosis, a 219 

gene-set enrichment analysis (GSEA) was performed against the non-redundant mSigDB Hallmark 220 

gene sets. In patients with NAFLD and ≥F2 fibrosis, five hallmark gene sets were negatively enriched; 221 

these included oxidative phosphorylation (OXPHOS), adipogenesis, fatty and bile acid metabolism 222 

and KRAS signalling down (Figure 1c, Supplementary Table 4 and Supplementary Figure 4a). 223 

Conversely, sixteen Hallmark gene sets were positively enriched and represented several 224 

inflammatory and immune processes (i.e. inflammatory response, IL6-JAK-STAT3 signalling, TNFα 225 

signalling via NFκB, IL2-Stat5 signalling, Interferon-gamma response, and complement) (Figure 1c, 226 

and Supplementary Table 4 and Supplementary Figure 4b). For more granular information of 227 



enriched biological and metabolic pathways, GSEA was also performed against the mSigDB 228 

Reactome and KEGG gene sets. This identified twelve Reactome and thirteen KEGG gene sets that 229 

were negatively enriched and included respiratory electron transport, OXPHOS and tricarboxylic acid 230 

cycle (Supplementary Table 4). In contrast, a total of forty Reactome gene sets and nineteen KEGG 231 

gene sets were positively enriched and included multiple sets related to inflammation and immune 232 

cell signalling (i.e., IL-10 signalling, immunoregulatory interactions between a lymphoid and non-233 

lymphoid cell, other IL signalling, IL-12 family signalling, signalling by interleukins, IL-4 and IL-13 234 

signalling and NOD-like receptor signalling pathway) (Figure 1d and Supplementary Table 4). 235 

Importantly, three Reactome-specific gene sets relating to extracellular matrix (ECM) remodelling 236 

(i.e., ECM organisation, ECM proteoglycans and degradation of ECM) were also positively enriched in 237 

patients with NAFLD and ≥F2 liver fibrosis (Figure 1d, Supplementary Table 4, Supplementary 238 

Figures 4c-d). We identified 12 genes that were also DEGs (FDR<0.05) and contributed to the 239 

positive enrichment of ECM-organisation and ECM proteoglycans (i.e., COL6A1, COL6A2, FN1, LUM, 240 

CD44, CD47, CTSL, VCAN, TGFB3, P3H3 and MMP3) in SAT of patients with NAFLD and ≥F2 liver 241 

fibrosis (Figure 1e). Moreover, enrichment of the Reactome ECM organisation gene set was 242 

confirmed following GSEA of the end-of-trial data (Supplementary Table 5) and this included at least 243 

four ECM-organisation-related genes (i.e., COL6A1, COL6A2, FN1 and TGFB3) and two additional 244 

collagen gene isoforms (COL8A2 and COL18A1) (Supplementary data file; ‘End Fibrosis’). 245 

Collectively, these data suggest that in patients with NAFLD, the presence of ≥F2 fibrosis is 246 

associated with altered SAT gene expression signatures linked to decreased mitochondrial oxidative 247 

metabolism and adipogenesis, and an increase in adipose tissue inflammation and ECM remodelling. 248 

 249 

3.5 - Markers of SAT fibrogenesis associate with clinically significant liver fibrosis in patients with 250 

NAFLD 251 



We next explored whether selective gene transcripts indicative of SAT fibrogenesis are also elevated 252 

and associated with the presence of ≥F2 liver fibrosis. Targeted assessment of genes encoding 12 253 

collagen isoforms identified 7/12 were significantly increased in patients with ≥F2 liver fibrosis (P 254 

value <0.05 for all), however, only 2/7 of these were significant according to an FDR threshold of 255 

(<0.05) (Supplementary Table 6). Moreover, patients with NAFLD and ≥F2 fibrosis had significantly 256 

higher CCGE values (0.4 ± 0.5 vs -0.3 ± 0.6 for with vs without ≥F2 fibrosis respectively, P<0.0001) 257 

(Figure 2a). Consistent with this, the transcript expression of TIMP1 and FN1 was also lower in 258 

patients without vs with ≥F2 fibrosis: FN1 (9.1 ± 0.5 vs 9.6 ± 0.7, P=0.002) and TIMP1 (6.0 ± 0.5 vs 6.5 259 

± 0.5, P=0.001). In addition to differential expression, there was a positive linear association 260 

between CCGE values and the expression of both TIMP1 and FN1 (Figure 2b-c). As observed for SAT 261 

CCGE values, a significant positive linear association was also observed between and liver VCTE-262 

derived kPa measurements and the expression of both TIMP1 and FN1 (Figure 2d-f). Interestingly, 263 

the expression of HIF1α was also positively and linearly associated with the expression of TIMP1 and 264 

FN1 (r = 0.54, P<0.00001 and r = 0.41, P=0.001 respectively) along with CCGE values (r = 0.43, 265 

P<0.001) (data not shown).   266 

To explore whether CCGE values from SAT were associated with the presence of ≥F2 fibrosis 267 

independently of potential confounding factors, the univariate associations between CCGE values 268 

and other anthropometric and clinical variables were first explored. SAT CCGE values were positively 269 

associated with markers of insulin resistance (namely fasting insulin, HOMA-IR, and AdipoIR) and 270 

inversely associated with adiponectin concentrations (Supplemental Table 7). Additionally, SAT 271 

CCGE values were positively associated with circulating triglyceride (TAG), AST, IL-6 and IL-10 272 

concentrations and inversely associated with HDL-cholesterol concentrations (Supplementary Table 273 

7). Conversely, SAT CCGE values were not associated with age, BMI, total body fat, fasting glucose, 274 

liver fat content, FIB-4, ELF or APRI scores (Supplementary Table 7).  275 



In a binary logistic regression model that included sex, age, T2DM status, SAT CCGE values, 276 

circulating GDF-15 and adiponectin concentrations as putative explanatory factors and the presence 277 

or absence of ≥F2 liver fibrosis as the outcome, only SAT CCGE values, GDF-15 and adiponectin 278 

concentrations were independently associated with the presence of ≥F2 fibrosis (Table 2). This 279 

regression model was statistically significant (X2(6) = 42.1, P<0.00001) and explained 67.0% 280 

(Nagelkerke R2) of the variance in the presence or absence of ≥F2 fibrosis. Re-analysis of this 281 

regression model (after the addition of HOMA-IR) revealed that the association between SAT CCGE 282 

values and the presence of ≥F2 fibrosis was not influenced (data not shown). SAT CCGE values also 283 

remained independently and positively associated with the presence of ≥F2 liver fibrosis after 284 

including BMI, total body adiposity and leptin concentrations as explanatory variables in separate 285 

regression models (data not shown). Similarly, re-analysis of the regression model without the 286 

inclusion of GDF-15 and adiponectin concentrations revealed that both SAT CCGE values and the 287 

presence of T2DM were independently associated with the presence of ≥F2 liver fibrosis (data not 288 

shown).  289 

Stepwise analysis of the model shown in Table 2 identified that SAT CCGE values alone explained 290 

32.1% of the variance in the presence or absence of ≥F2 fibrosis. Additionally, GDF-15 and 291 

adiponectin concentrations explained a further 23.6% and 8.6% respectively of this variance. 292 

Furthermore, ROC curve analysis indicated that SAT CCGE values had a good ability to discriminate 293 

between the presence or absence of ≥F2 fibrosis in patients with NAFLD (AUROC = 0.79, 95%CI; 0.68-294 

0.90, P<0.001) (Figure 3a and 3b). We identified that a CCGE value of 0.1 (Youden Index) provided 295 

optimal sensitivity (85.7%) and specificity (68.4%) and had negative and positive predictive values of 296 

82.4% and 64.3% respectively for the predicting the presence of ≥F2 liver fibrosis. Although GDF-15 297 

and adiponectin concentrations were also independently associated with ≥F2 fibrosis and explained 298 

a combined 32.2% of the variance in liver fibrosis status, the addition of either of these protein’s 299 

concentrations to SAT CCGE values did not have a significant effect on AUROC for the prediction of 300 

≥F2 fibrosis (data not shown). Importantly, at the end of the trail, CCGE values were positively 301 



associated with liver stiffness measurements (Supplementary Figure 5A) and were significantly 302 

higher in patients with vs without ≥F2 fibrosis (Supplementary Figure 5B). Similarly, SAT CCGE values 303 

were positively associated with the presence of ≥F2 fibrosis although, in our fully adjusted model, 304 

this association did not reach conventional statistical significance (Supplementary Table 8). 305 

Conversely, SAT CCGE values at the end of the trial were significantly associated with the presence of 306 

≥F2 fibrosis after removing adiponectin concentrations from the regression model (Supplementary 307 

table 9). Consistent with our results at baseline, SAT CCGE values had a good ability to distinguish 308 

NAFLD patients with, ≥F2 fibrosis (Supplementary Figure 5C). Moreover, the synbiotic treatment 309 

used within the INSYTE trial did not affect SAT CCGE values (Supplementary Table 2).  310 

By assessing collagen protein deposition, we confirmed that SAT from patients with extremes of 311 

CCGE values also exhibited histologically visible differences but this was not reflected in altered 312 

Fibrosis score of adipose tissue (FAT) 35 which were all <FAT1 (Supplementary Figure 6). A general 313 

increase in the amount of pericellular collagen fibres imaged by second harmonic generation (SHG) 314 

coupled with two-photon fluorescence (TPF) microscopy was observed in samples with high CCGE 315 

values compared to those with lower CCGE values (Figure 4 and Supplementary Figure 6). This was 316 

less evident with polarised light imaging of picrosirius stained sections. The TPF signals from the 317 

pericellular regions also increased but they were not always colocalised with the SHG fibrillar 318 

collagen signals. Collectively, these data suggest that in patients with NAFLD, clinically significant 319 

liver fibrosis is positively associated with the expression of ECM genes and collagens indicative of 320 

increased fibrogenesis in SAT. 321 

4. Discussion 322 

This is the first study to explore the association between SAT gene expression signatures and the 323 

presence of ≥F2 liver fibrosis (using Fibroscan®) in patients with NAFLD. There are several key novel 324 

findings in this study. Firstly, in SAT from patients with NAFLD, a gene expression signature of 325 

increased inflammation, ECM remodelling and tissue fibrogenesis was associated with the presence 326 



of ≥F2 liver fibrosis and was largely explained after adjusting for HOMA-IR. SAT CCGE values were 327 

positively and independently associated with ≥F2 fibrosis and explained a large proportion (32%) of 328 

the variance in ≥F2 fibrosis status. ROC curve analysis confirmed that SAT CCGE values were a good 329 

predictor of ≥F2 liver fibrosis.  330 

We previously reported that in the INSYTE trial, synbiotic treatment affected the composition of gut 331 

microbiota by fostering the abundance of Bifidobacterium and Faecalibacterium at the expense of 332 

Oscillibacter and Alistipes. As previously discussed 23, such changes could have beneficial effects on 333 

systemic inflammatory markers. However, in the current study, we did not detect any effect of the 334 

synbiotic treatment on either circulating inflammatory markers and adipokines, or on SAT 335 

transcriptomic profiles (including CCGE values) even when analysis was carried out in the larger 336 

INSYTE cohort. Thus, these data could indicate that the synbiotic-associated alterations in these 337 

specific bacterial populations may not influence AT function in patients with NAFLD.   338 

Our findings that the expression of genes associated with inflammation and immune cell signalling in 339 

SAT were increased in patients with vs without ≥F2 fibrosis are consistent with the results of 340 

previous studies carried out in individuals with less advanced stages of NAFLD (i.e. NAFL and NASH 341 

without fibrosis) 17-21,36,37.  Of these previous studies, only one considered the presence of liver 342 

fibrosis (>F2 fibrosis) in patients with NASH 20. However, only 6 individuals with NASH and fibrosis 343 

were included and this prevented the option to stratify individuals by the presence of ≥F2 fibrosis. In 344 

our study, the reduced expression of genes implicated in OXPHOS, the ETC and adipogenesis in 345 

patients with ≥F2 fibrosis is also consistent with the notion that the expression of these genes is 346 

reduced in WAT from individuals with obesity and/or obesity-associated metabolic dysfunction 38-43. 347 

This may further support both the metabolic inflexibility and limited adipose tissue expandability 348 

hypotheses. Moreover, recent evidence using functional assays also indicated that the respiratory 349 

capacity of WAT was reduced in individuals with NAFLD compared to those without NAFLD 44,45. 350 

Since previous studies observed similar findings in individuals with less severe NAFLD than those 351 



explored in our study, it is plausible that the fibrosis-associated gene signature we have observed is 352 

indicative of the continued presence and/or development of more severe metabolic dysfunction, 353 

rather than liver fibrosis severity per se. Indeed, we show for the first time that, unlike sex and 354 

adiposity, adjustment for HOMA-IR substantially reduced the number of DEGs associated with ≥F2 355 

fibrosis in patients with NAFLD. This important observation may imply that the overarching 356 

differences in SAT transcript profiles in patients with NAFLD and ≥F2 fibrosis vs without ≥F2 fibrosis 357 

are intimately connected to systemic insulin resistance. Indeed, our findings are consistent with 358 

observations made in other studies which observed a positive association between markers of 359 

adipose tissue insulin resistance (including AdipoIR) and the presence and severity of liver fibrosis in 360 

patients with NAFLD 15. 361 

Our findings indicating that OXPHOS was a negatively enriched process in SAT in patients with vs 362 

without ≥F2 liver fibrosis appear to contrast with other recent findings indicating that mitochondrial 363 

respiration is decreased in VAT but not SAT in obese individuals with fatty liver disease 44. However, 364 

there are some important factors which should be considered when comparing our work to that of 365 

Pafili et al 44. Firstly, in our study, we only present OXPHOS-related data at the transcript level and 366 

are thus unable to directly compare SAT mitochondrial enzymatic activity differences between 367 

patients with vs without ≥F2 liver fibrosis. Similarly, there are important differences between our 368 

cohort and the cohort studied by Pafili et al which may provide potential explanations for the 369 

apparent contrasting results. In our study, both sexes were represented relatively evenly whereas 370 

the participants in Pafili et al’s study were predominantly women. Moreover, the women within our 371 

study were post-menopausal whereas those reported in Pafili et al appear to be largely of a pre-372 

menopausal age. Given that sex and menopausal status are known to have substantial effects on 373 

adipose tissue biology and function (including beiging), one should be cautious when comparing the 374 

results of the present study with those observed in the study by Pafili et al. Moreover, whilst the 375 

negative enrichment of OXPHOS and adipogenesis in patients with vs without ≥F2 liver fibrosis 376 

appears to support the metabolic inflexibility and the limited adipose tissue expandability 377 



hypotheses, the methods used in our study do not allow us to directly compare SAT expandability 378 

nor TAG synthesis between groups as others have done 22. 379 

In our study, we found that the SAT CCGE values were independently and positively associated with 380 

the presence of ≥F2 fibrosis. Moreover, SAT CCGE values alone explained 32% of the variance in the 381 

presence or absence of this clinically important stage of liver disease severity. This is consistent with 382 

our finding that the expression of genes associated with ECM organisation, ECM proteoglycans and 383 

the degradation of ECM were positively enriched in SAT from patients with NAFLD and ≥F2 fibrosis. 384 

The formation and remodelling of the ECM are required during the expansion of AT in response to 385 

prolonged periods of caloric surplus to facilitate an increase in AT mass 46. Indeed, the expression of 386 

genes encoding for components of the ECM in SAT is increased in individuals with obesity compared 387 

to those who are lean 47. Results from a recent study indicated that markers of SAT fibrosis (including 388 

CCGE values in SAT) were further increased in individuals with obesity and hepatic steatosis 389 

compared to individuals with only obesity, indicating that SAT fibrosis is likely to be associated with 390 

hepatic steatosis independently of obesity per se 22. Whilst, in the present cohort, SAT CCGE values 391 

were not associated with liver fat content, a strong positive association between these values and 392 

≥F2 fibrosis was observed to be independent of sex, age, adiposity, T2DM status, circulating GDF-15 393 

and adiponectin concentrations and HOMA-IR.  394 

Given the cross-sectional nature of this study, the directionality of the association between SAT 395 

CCGE values and liver fibrosis severity cannot be determined. That said, a wealth of literature from 396 

pre-clinical models supports the role of AT fibrosis as a factor partly responsible for the development 397 

of systemic metabolic complications (as reviewed elsewhere 48,49). It is well established that NAFLD is 398 

a multisystem disease which increases the risk of developing many extrahepatic diseases, including 399 

CVD and CKD 1-3. The risk of these NAFLD-related extrahepatic complications is most strongly 400 

associated with the severity of liver fibrosis in NAFLD 2,3. In line with advanced stages of NAFLD, a key 401 

feature of both CVD and CKD is the development of cardiac 50 and renal fibrosis 51, respectively. The 402 



strong positive association between SAT CCGE values and the presence of ≥F2 liver fibrosis, which is 403 

independent of a range of potential confounders (i.e., age, sex, T2DM status, GDF-15 concentrations, 404 

adiponectin concentrations, HOMA-IR and total body adiposity). This suggests that the association is 405 

not dependent on these systemic metabolic factors or adiposity. Thus, the presence of liver fibrosis 406 

in NAFLD is likely linked to additional systemic pro-fibrogenic factors which drive the development of 407 

fibrosis in extra-hepatic tissues such as SAT. Moreover, this may extend to fibrosis in multiple other 408 

tissues implicated in NAFLD-associated comorbidities (e.g. kidney, and heart). Indeed our studies 409 

over the last decade have shown NAFLD to be a multisystem disease and is independently associated 410 

with incident CKD and incident heart failure2,52,53. Although this is currently a hypothesis that needs 411 

testing, increasing evidence suggests that the association between NAFLD and extra-hepatic incident 412 

disease is stronger with liver fibrosis than it is with liver fat 54. In the context of NAFLD, hepatic and 413 

adipose tissue dysfunction and fibrosis may exacerbate systemic metabolic dysfunction, 414 

consequently forming a bidirectional relationship between adipose tissue and liver dysfunction. It is 415 

plausible that this bidirectional relationship between hepatic and adipose tissue function results in 416 

changes in the release of various pro-fibrogenic factors which contribute to the development of 417 

fibrosis in other tissues including the heart and kidney. Consequently, further studies are warranted 418 

to determine whether the full complement of fibrotic tissues may co-exist in patients with NAFLD 419 

and >F2 liver fibrosis. 420 

Although the development of fibrosis is tissue-specific, it is known to involve the following key 421 

stages; tissue dysfunction/damage response, chronic inflammation, proliferation of pro-fibrotic 422 

(collagen-producing) cells and ECM reorganisation 55,56. In obesity, AT fibrosis can occur during 423 

unhealthy tissue expansion following unresolved chronic inflammation and localised hypoxia 46. 424 

Clinical studies have also suggested that chronic hypoxia in AT increases inflammation and is 425 

associated with an elevation in the expression of genes encoding for ECM proteins 57-59 Indeed, in the 426 

current study, the presence of ≥F2 fibrosis was associated with an increased expression of genes 427 

associated with all these stages, as well as HIF-1α. Moreover, the expression of HIF-1α gene was 428 



positively associated with the expression of gene markers of fibrogenesis, including CCGE values in 429 

SAT. Collectively, these findings indicate that increased SAT fibrosis is observed in patients with 430 

NAFLD and ≥F2 fibrosis. 431 

This study has numerous strengths. For example, we were able to undertake a randomised placebo-432 

controlled trial with paired baseline and end-of-trial biopsies of SAT. Moreover, this is the largest 433 

study exploring SAT transcriptomic profiles in relation to ≥F2 liver fibrosis using data generated from 434 

a high depth of sequencing. Furthermore, prior to biopsy collection, patients were not subjected to 435 

calorie-restrictive diets that are typically utilised in individuals undergoing weight-loss bariatric 436 

surgery. That said, it is important to acknowledge that other studies exploring transcript profiles in 437 

VAT in the context of obesity and/or NAFLD also suggest increased inflammation and mitochondrial 438 

dysfunction with greater disease severity (i.e. NAFL vs NASH) 19,20,60. Given the proximity of VAT to 439 

the liver and the gut (potentially indicating it is a more plausible target of intestinal dysbiosis), VAT 440 

dysfunction may be more strongly involved in the development and progression of NAFLD. However, 441 

access to VAT is challenging and requires a much more invasive procedure compared to that 442 

required to obtain a SAT biopsy. 443 

The main limitation of this exploratory study is that the identification of NAFLD patients with ≥F2 444 

fibrosis was determined using a previously validated VCTE-derived threshold of ≥8.2 kPa 30, rather 445 

than liver histology-diagnosed fibrosis. That said, growing evidence indicates that liver VCTE has 446 

good diagnostic accuracy for the non-invasive identification of liver fibrosis in patients with NAFLD 61. 447 

Furthermore, a recent large study validated the use of a liver VCTE threshold of ≥8.2 kPa as a good 448 

diagnostic threshold for identifying ≥F2 fibrosis on histology (AUROC; 0.77, 95%CI; 0.72-0.82) 30. 449 

Whilst our study is the largest to explore SAT transcriptome profiles in patients with NAFLD and ≥F2 450 

liver fibrosis, it includes a relatively small number of patients which may mean that it lacks sufficient 451 

statistical power to detect differences between groups, and/or independent associations between a) 452 

some risk factors and the presence of ≥F2 liver fibrosis and b) the effects of the synbiotic treatment 453 



on circulating inflammatory markers, adipokines and SAT transcript profiles. That said, we have 454 

improved confidence in our findings demonstrating that the key observations made with the 455 

baseline dataset were largely reproduced in paired biopsies at end-of-trial. 456 

In conclusion, the results of this exploratory study show for the first time that in patients with 457 

NAFLD, the presence of ≥F2 fibrosis was associated with a specific SAT gene expression signature 458 

that indicated an increased expression of inflammatory genes and ECM remodelling and a decrease 459 

in adipogenic and oxidative metabolism genes. The observed differences in SAT DEGs were markedly 460 

influenced by insulin resistance (estimated by HOMA-IR) and, a gene expression marker of SAT 461 

fibrogenesis predicted and explained a large portion of variance in ≥F2 liver fibrosis. Furthermore, 462 

we showed that a synbiotic treatment that modified the gut microbiota did not significantly affect 463 

SAT gene expression profiles, inflammatory markers or adipokine concentrations. Future studies 464 

should further look to validate our findings in larger cohorts of patients with NAFLD and determine 465 

whether a similar gene signature of SAT fibrosis is a reliable marker of extra-hepatic tissue fibrosis. 466 

This is particularly important because NAFLD, not only affects the liver, but is also associated with an 467 

increased risk of developing several extra-hepatic diseases linked to tissue fibrosis such as heart 468 

failure and CKD 2,3. 469 
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Table 1 – Patient characteristics stratified by the presence or absence of ≥F2 liver fibrosis. 673 

Variables <F2 fibrosis  

(n=38) 
≥ F2 fibrosis  

(n=24) 
P value 

Age, years   53.0 ± 13.4 54.2 ± 8.0  0.67 
Sex, male (%)† 23 (60.5) 14 (58.3) 0.86 
Menopausal status, post-menopausal (%)† 15 (100.0) 8 (80.0) 0.07 
BMI, kg/m

2  32.6 ± 5.6  34.8 ± 3.2 0.05 
Total body fat, % 35.3 ± 7.5 35.8 ± 6.6 0.76 
Truncal fat, % 36.2 ± 7.2 37.1 ± 6.2 0.58 
Truncal subcutaneous fat, %  33.0 ± 10.1 32.8 ± 8.3 0.91 
Truncal visceral fat, %  17.4 (7.5) 17.4 (5.1) 0.90 
Truncal SAT : VAT mass 2.1 ± 1.1  2.1 ± 1.2 0.98 
SAT adipocyte area (µm

2
)b 5815 ± 858 6069 ± 913 0.34 

MetS, yes (%)† 28 (73.7) 23 (95.8) 0.03 
T2DM, yes (%)  14 (36.8) 16 (66.7) 0.02 
Glucose, mmol/L  6.0 (2.0) 7.1 (4.3) 0.05 
HbA1c, mmol/mol  39.5 (13.0) 54.5 (30.3) 0.06 
Oral antihyperglycemic treatment, yes (%) 10 (26.3) 15 (62.5) 0.005 

Insulin treatment, yes (%)  1 (3.8) 3 (6.2) 0.16 

Insulin, mIU/L 10.1 (8.5) 16.5 (16.3) 0.001 
HOMA-IR  3.4 (2.3) 6.3 (4.9) <0.0001 
AdipoIRa 19.3 (33.4) 46.5 (51.8) 0.006 
NEFA/body fat, mmol/L/kga 0.01 ± 0.01 0.01 ± 0.01 0.44 
NEFA, mmol/La 0.4 (0.3) 0.4 (0.2) 0.20 

Cholesterol, mmol/L 5.2 ± 1.4  4.5 ± 1.1 0.05 
HDL-C, mmol/L 1.3 ± 0.3 1.1 ± 0.2 0.007 
TAG, mmol/L  1.7 (0.8) 1.8 (1.4) 0.22 
Liver fat content, %  21.0 (27.0) 30.5 (23.2) 0.16 
AST, IU/L  29.0 (16.8) 44.0 (32.5) 0.02 
ALT, IU/L  51.0 (28.1) 64.3 (29.4) 0.045 
Liver VCTE, kPa  5.8 (1.8) 11.6 (4.5) <0.0001 



FIB4 score 0.9 (0.5) 1.3 (0.8) 0.001 
ELF score 6.9 ± 0.4 7.0 ±  0.4 0.43 
APRI score 0.9 (0.5) 1.3 (0.8) 0.003 
GDF-15, pg/ml  752.6 (481.1) 1315.2 (1340.4) <0.001 
TNFα, pg/ml  10.0 (4.8) 13.3 (5.2) 0.02 
IL-6, pg/ml  2.5 (1.5) 3.2 (1.4) 0.02 
MCP-1, pg/ml   282.6 (142.2) 277.5 (151.1) 0.75 
IL-8, pg/ml  13.2 (9.9) 18.2 (9.8) 0.003 
IL-10, pg/ml  0.7 (0.4) 1.0 (0.9) 0.008 
hs-CRP, mg/l  2.7 (3.3) 3.0 (4.8) 0.50 
Leptin, ng/ml  22.0 (32.2) 26.2 (29.8) 0.53 
Adiponectin, μg/ml   5.0 (3.8) 3.5 (1.5)  0.002 
Data are presented as means ± SD or medians (IQR) for normally and non-normally distributed 674 
variables respectively. Variables with dichotomised variables are labelled with †. Of those patients 675 
with NAFLD and T2DM, 23/30 (77%) were receiving antihyperglycemic treatment. The following 676 
indicates numbers where data was not available for all participants: a n=37 vs 21, bn=31 vs 18.  677 

Abbreviations: BMI, body mass index; SAT, subcutaneous adipose tissue; VAT, visceral adipose 678 
tissue; MetS, metabolic syndrome; T2DM, type 2 diabetes mellitus; HbA1c, haemoglobin A1c; 679 
HOMA-IR, homeostatic model assessment for insulin resistance; AdipoIR, adipose tissue insulin 680 
resistance index; NEFA, non-esterified fatty acid; HDL-C, high density lipoprotein cholesterol; TAG, 681 
triacylglyceride; AST, aspartate aminotransferase; ALT, alanine aminotransferase; VCTE, vibration-682 
controlled transient elastography; FIB4, fibrosis-4; ELF, enhanced liver fibrosis score; APRI, AST to 683 
platelet ratio index; GDF-15, growth differentiation factor-15; TNFα, tumour necrosis factor alpha; IL, 684 
interleukin; hs-CRP, high-sensitivity C reactive protein. 685 

 686 

  687 



Table 2 - Factors independently associated with the presence of ≥F2 liver fibrosis at baseline. 688 

Variables  OR (95% CI) P value 

Sex (M vs. F) 1.64 (0.32 – 8.35) 0.55 

Age (years) 1.04 (0.96 – 1.12) 0.39 

T2DM status (yes) 0.44 (0.06 – 3.22) 0.42 

SAT CCGE (z-scores) 8.37 (1.72 – 40.88) 0.009 

GDF-15 (pg/ml) 1.003 (1.001 – 1.006) 0.006 

Adiponectin (µg/ml) 0.50 (0.29 – 0.85) 0.01 

Dependent variable was liver VCTE measurements <8.2 vs. ≥8.2 kPa (0 and 1, respectively) as a proxy 689 
threshold for the non-invasive identification of ≥F2 fibrosis. Binary logistic regression exploring the 690 
effects of sex, age, SAT CCGE values, circulating adiponectin concentrations and T2DM status on the 691 
likelihood that patients have ≥F2 fibrosis. This regression model was statistically significant (X2(6) = 692 
22.1, P<0.001) and explained 67.0% (Nagelkerke R2) of the variance in the outcome variable. Hosmer 693 
and Lemeshow Test P=0.95. Sample size n=62. SAT CCGE values remained independently and 694 
positively associated with the presence of ≥F2 liver fibrosis after the inclusion of BMI, total body 695 
adiposity, leptin concentrations, HOMA-IR or fasting insulin concentrations (when these additional 696 
exposures entered in separate regression models) and none of these additional exposures were 697 
associated with the presence of ≥F2 liver fibrosis independently of the other factors within the 698 
model. Re-analysis of this regression model without the inclusion of GDF-15 and adiponectin 699 
concentrations revealed that both SAT CCGE values and the presence of T2DM were both 700 
independently associated with the presence of ≥F2 liver fibrosis. 701 
 702 
Abbreviations: T2DM, type 2 diabetes mellitus; SAT, subcutaneous adipose tissue; CCGE, composite 703 
collagen gene expression; GDF-15, growth differentiation factor-15. 704 
 705 

 706 
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Figure Legends 708 

Figure 1: Differentially expressed genes in SAT of patients with ≥F2 liver fibrosis are influenced by 709 
HOMA-IR and enriched for gene sets linked to increased inflammation and extracellular matrix. A) 710 
Volcano plot of unadjusted differentially expressed genes in SAT associate ≥F2 liver fibrosis at 711 
baseline. B) Venn diagram showing that the vast majority of SAT DEGs associated with >F2 liver 712 
fibrosis (FDR<0.05) at baseline are unaffected after adjusting for sex or adiposity but are reduced 713 
after adjusting for HOMA-IR. C-D) GSEA against the hallmark (C) and Reactome (D) gene sets 714 
showing significantly enriched gene sets in patients with NAFLD and ≥F2 fibrosis. E) Heat map of 715 
DEGs (FDR<0.05) represented in “Reactome Extracellular matrix organisation” gene set. n=62  716 

 717 

Figure 2: SAT CCGE is increased in patients with NAFLD and ≥F2 fibrosis and associates with FN1, 718 
TIMP1 and liver VCTE-derived kPa measurements. A) Bar chart comparing SAT CCGE values 719 
between NAFLD patients with vs without ≥F2 fibrosis. Data are expressed as means ± SD – Note a 720 
retrospective power calculation indicated that we had a power of 96.6% to detect the observed 721 
difference in CCGE between groups. Scatter plots of univariable correlation analysis between the 722 
SAT CCGE values and the expression of B) TIMP1 and C) FN1 (log2cpm) in SAT. Scatter plots of 723 
univariable correlations analysis between liver VCTE-derived kPa measurements; and D) SAT CCGE 724 
and the expression of E) TIMP1 and F) FN1 in SAT (log2cpm). n=62 725 

 726 

Figure 3: ROC curve of SAT CCGE for ≥F2 fibrosis. A) ROC curve of SAT CCGE values for the prediction 727 
of ≥F2 fibrosis in patients with NAFLD. B) Histogram showing the distribution of CCGE values (z-728 
scores) at baseline with mean ± SD for each group and the Youden index cutoff (J) for the 729 
identification of ≥F2 fibrosis. n=62 730 

 731 

Figure 4: Histological imaging demonstrates presence of pericellular collagen fibres in SAT from 732 
patients with ≥F2 fibrosis and highest CCGE z scores. Representative SAT regions of interest were 733 
selected from patients A) with <F2 liver fibrosis and the lowest CCGE value (-1.15) and B) with ≥F2 734 
liver fibrosis and the highest CCGE value (1.35). Paraffin embedded serial sections (5µm) were either 735 
stained with Picrosirius red (sirus red) or left unstained. Images were acquired with polarised light 736 
(PL) and bright field microscopy or with multiphoton second harmonic generation (SHG), two-photon 737 
autofluorescence (TPF) and bright-field microscopy as detailed in supplemental methods. All images 738 
were taken at 10x magnification, scale bar: 100 μm.  739 

 740 
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Abbreviations 748 

AdipoIR - Adipose tissue insulin resistance index 749 

ALT - Alanine aminotransferase 750 

APRI - AST to platelet ratio Index 751 

AST - Aspartate aminotransferase 752 

AT - Adipose tissue 753 

AUROC - Area under the receiver-operator characteristic 754 

BMI - Body mass index 755 

CCGE - Composite collagen gene expression 756 

CKD - Chronic kidney disease 757 

CVD - Cardiovascular disease 758 

DEG - Differentially expressed gene 759 

DEXA - Dual-energy x-ray absorptiometry 760 

DGE - Differential gene expression 761 

ECM - Extracellular matrix 762 

ELF - Enhanced liver fibrosis 763 

ETC - Electron transport chain 764 

FDR - False discovery rate  765 

FIB-4 - Fibrosis-4 766 

FSH - Follicle-stimulating hormone 767 

GDF-15 - Growth differentiation factor-15 768 

GLM - Generalised linear model 769 

GSEA - Gene-set enrichment analysis 770 

HA - Hyaluronic acid  771 

HbA1c - Haemoglobin A1c 772 

HDL - High-density lipoprotein 773 

HIF-1α - Hypoxia-inducible factor 1-alpha 774 

HOMA-IR - Homeostasis model assessment-insulin resistance  775 

hs-CRP - High-sensitivity C-reactive protein 776 

IL- Interleukin 777 

INSYTE - Investigation of synbiotic treatment in NAFLD  778 



IR - insulin resistance 779 

KEGG - Kyoto Encyclopaedia of Genes and Genomes 780 

kPa - Kilopascal 781 

KRAS - Kirsten rat sarcoma virus 782 

MCP-1 - Monocyte chemoattractant protein-1 783 

MetS - Metabolic syndrome 784 

MRI - Magnetic resonance imaging 785 

MRS - Magnetic resonance spectroscopy 786 

NAFL - Non-alcoholic fatty liver 787 

NAFLD - Non-alcoholic fatty liver disease 788 

NASH - Non-alcoholic steatohepatitis  789 

NEFA - Non-esterified fatty acid  790 

NFκB - Nuclear factor kappa B 791 

OR - Odds ratio 792 

OXPHOS - Oxidative phosphorylation 793 

RIN - RNA integrity 794 

RNA - Ribonucleic acid   795 

RNAseq - Ribonucleic acid sequencing 796 

ROC - Receiver-operator characteristic  797 

SAT - Subcutaneous adipose tissue 798 

SHG – Second harmonic generation 799 

SPSS - Statistical Package for the Social Sciences 800 

T2DM - Type 2 diabetes mellitus 801 

TAG - Triacylglyceride 802 

TIMP-1 - Tissue inhibitor of metallo-proteinase-1 803 

TNFα - Tumour necrosis factor alpha 804 

TPF – Two-photon fluorescence  805 

VAT - Visceral adipose tissue 806 

VCTE - vibration-controlled transient elastography 807 

WAT - White adipose tissue 808 
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