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Abstract 70 

Objective: Translocation of gut bacterial lipopolysaccharide (LPS) is associated with 71 

complications of cirrhosis. Current strategies to target bacterial translocation are limited 72 

to antibiotics with risk of resistance. This study aims to explore therapeutic potential of a 73 

non-absorbable, engineered carbon bead, Yaq-001 in cirrhosis and acute-on-chronic liver 74 

failure (ACLF) models. 75 

 76 

Design: The performance of Yaq-001 was evaluated in in vitro studies. Two-rodent 77 

models of cirrhosis (4-week, bile duct ligation (BDL): Sham (n=36); Sham-Yaq-001 (n=30); 78 

BDL (n=37); BDL-Yaq-001 (n=44)) and ACLF (BDL-LPS: Sham-LPS (n=9); Sham-LPS-79 

Yaq-001 (n=10); BDL-LPS (n=16); BDL-LPS-Yaq-001(n=12)). The treated-groups 80 

received Yaq-001 for 2-weeks. Samples were collected for assessment of organ and 81 

immune function, transcriptomics, microbiome composition and metabolomics.  82 

 83 

Results: In vitro, Yaq-001 exhibited rapid adsorption kinetics for endotoxin and bile acids 84 

without exerting an antibiotic effect. In vivo, Yaq-001 produced significant improvement 85 

in ALT, ammonia, liver cell death, portal pressure, markers of systemic inflammation and 86 

renal function in BDL animals. Yaq-001-treated ACLF animals had significantly better 87 

survival, ALT, portal pressure, brain water and creatinine. Ex-vivo LPS-induced reactive 88 

oxygen species production in portal venous monocytes and Kupffer cell populations was 89 

diminished with Yaq-001 treatment. Transcriptome analysis demonstrated a significant 90 

modulation of inflammation, cell death and senescence pathways in the liver, kidneys, 91 

brain and colon of Yaq-001-treated BDL rats. Yaq-001 impacted positively on the 92 

microbiome composition with significant modulation of Family Porphyromonadaceae and 93 

Genus Barnesiella. Urinary 1HNMR analysis suggested a shift in metabolomic signature 94 

in Yaq-001-treated BDL rats. 95 

 96 

Conclusions: This study provides strong pre-clinical rationale for developing Yaq-001 for 97 

treatment of patients with cirrhosis.  98 

  99 
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Significance of this study 100 

What is already known on this topic? 101 

Current strategies to target bacterial translocation in cirrhosis are limited to antibiotics 102 

with risk of resistance. Yaq-001 is an insoluble, non-absorbable, non-antibiotic, 103 

engineered carbon bead of tailored porosities, which works as an adsorbent in the gut 104 

and is completely excreted after oral administration. 105 

 106 

What this study adds? 107 

1. Yaq-001 rapidly adsorbs endotoxin, ammonia and bile acids without influencing 108 

bacterial growth kinetics in vitro. 109 

2. Yaq-001 reduces mortality of ACLF animals and impacts positively on markers of gut 110 

permeability, liver injury, portal pressure, brain and kidneys in rodent models of cirrhosis 111 

and ACLF. 112 

3. Yaq-001 administration was associated with positive impact on the composition of the 113 

gut microbiota, reduction in severity of endotoxemia and ammonia, which significantly 114 

reduced the severity of inflammation, cell death, signaling pathways and LPS sensitivity. 115 

 116 

How this study might affect research, practice or policy? 117 

The data provide the pre-clinical rationale to proceed to clinical trials in patients with 118 

cirrhosis aiming to prevent the occurrence of complications. 119 

  120 
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INTRODUCTION 121 

Gut-derived bacterial ligands, in particular endotoxin, drive a dysregulated inflammatory 122 

response, which has been implicated in the complications of cirrhosis such as sepsis, 123 

spontaneous bacterial peritonitis, renal dysfunction and hepatic encephalopathy1-3. This 124 

dysregulated inflammatory response is central in the development of acute-on-chronic 125 

liver failure (ACLF)4. Markers of bacterial translocation such as endotoxin and bacterial 126 

DNA have been shown to be associated with complications of cirrhosis and diminished 127 

survival highlighting their pathogenic importance5,6,7. The microbiome in cirrhosis is 128 

characterized by reduced diversity and abundance of autochthonous bacteria1. Whilst 129 

antibiotics have been shown to impact positively on complications of cirrhosis, their use 130 

is associated with bacterial superinfection and antibiotic resistance8,9. Furthermore, 131 

antibiotics reduce bacterial diversity further rendering the microbiome less resilient. 132 

 133 

One of the consequences of bacterial translocation in cirrhosis is that the endotoxin-134 

sensing pathways in different organs are known to be primed resulting in heightened 135 

susceptibility to organ injury3, 10. Adsorption of free endotoxin without exerting direct 136 

effects on bacterial growth kinetics, therefore has the potential to attenuate susceptibility 137 

to organ injury without producing the deleterious effects on the microbiome. Considering 138 

this, we developed a synthetic non-absorbable, non-antibiotic, endotoxin sequestrant and 139 

generated the hypothesis that this may be a novel therapeutic strategy to restore the 140 

microbiome, prevent bacterial translocation, systemic inflammation and cirrhosis 141 

complications. Yaq-001 is a non-absorbable, engineered, activated carbon of bimodal 142 

porosity tailored to the micro (<2nm) and meso-macroporous (30-200 nm) range and high 143 

surface area11-13. These properties confer a high adsorptive capacity for larger biologically 144 

relevant molecules such as bacterial toxins in addition to smaller intraluminal targets. The 145 

most closely associated experimental oral adsorbent is AST-120, a microporous carbon 146 

bead, which has not been shown to be efficacious in patients with hepatic 147 

encephalopathy14.  148 

 149 

In this study, we sought to determine the adsorptive capacity of Yaq-001 and its effect on 150 

bacterial growth kinetics in in vitro studies. We then evaluated the in vivo biological effects 151 
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of Yaq-001 in two animal models representing characteristics of cirrhosis and ACLF 152 

respectively. We studied the effects of Yaq-001 on measures of multiorgan function, 153 

systemic and portal hemodynamics, immune function, multiorgan transcriptomics and 154 

microbiome composition. 155 

156 
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METHODS 157 

STUDIES IN VITRO  158 

Methodological details are described in Supplementary section. Adsorption of 159 

biomolecules of varying molecular weights (albumin, myoglobin, and caffeine) was 160 

evaluated. Then, the effect of Yaq-001 on the kinetics of bacterial growth was studied for 161 

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). Scanning electron 162 

microscopy was performed to characterise the beads and pore size distribution was 163 

assessed using mercury porosimetry.   164 

 165 

STUDIES IN VIVO  166 

The methodological details are described in Supplementary section.  167 

 168 

Study design 169 

This study aimed to characterize the therapeutic potential of Yaq-001 in models of 170 

cirrhosis and ACLF. The different experiments performed are shown in Fig.S1. To 171 

evaluate the effect of Yaq-001 in cirrhosis and for prevention of ACLF, studies in two 172 

animal models were performed. 173 

 174 

Cirrhosis: Sham (n=36); Sham-Yaq-001(n=30); BDL (n=37); BDL-Yaq-001 (n=44); Sham-175 

LPS (n=9).  176 

 177 

Prevention of ACLF: Sham-LPS-Yaq-001 (n=10); BDL-LPS (n=16); BDL-LPS-Yaq-178 

001(n=12).  179 

 180 

Yaq-001 (0.4 g/100 g body weight per day) was administered for 2-weeks prior to sacrifice. 181 

At the time of sacrifice, mean arterial pressure (MAP) and portal pressure were measured. 182 

Blood and tissues were then samples for later analysis.  183 

 184 

Analysis of biosamples 185 
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Plasma levels of alanine transaminase (ALT), alkaline phosphatase (ALP), total bilirubin 186 

(TBIL), albumin, bile acids, creatinine, urea, ammonia, endotoxin, bacterial DNA, D-187 

lactate and brain water were measured.  188 

 189 

Peripheral blood cells and Kupffer cell reactive oxidant species (ROS) were measured. 190 

Hematoxylin-Eosin (H&E), Picrosirius Red (PSR) staining and TUNEL stains were 191 

performed in liver tissues. The mRNA in different organs was analyzed by using 192 

nSolver4.0 software (NanoString Technologies). To define effect on the microbiome, 16s 193 

microbiome study was performed. To determine the effect of Yaq-001 on modulating 194 

metabolism, urinary 1H-NMR analysis was performed. 195 

 196 

STATISTICAL ANALYSIS 197 

Based on the in vitro studies, we anticipated a 50% decrease in circulating endotoxin in 198 

the treatment groups with an alpha error of 0.05 and power of 80%, resulting in a minimum 199 

sample size of 5 animals/ group. As this study included several pathophysiological end 200 

points, multiple experimental groups were included over a 5-year period. All the data 201 

accrued from these studies are described in this paper. All 194 rats in eight groups from 202 

three independent batches were included in the analysis as shown in Fig.S1 and Table 203 

S1. 204 

 205 

Group comparisons for continuous variables were performed using Man-Whitney U test 206 

(no-normal distribution) or unpaired t-test (normal distribution) and for categorical 207 

variables by using Chi-squared test. The data were analysed using R package (R version 208 

4.4.4). 16s microbiome study and circos correlation were analyzed by using Wilcoxon 209 

rank sum test and spearman correlation. Software used included Graphpad Prism 9.0 210 

(GraphPad software, Inc., San Diego, CA).  211 

  212 
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RESULTS 213 

STUDIES IN VITRO  214 

Yaq-001 rapidly adsorbs endotoxin without influencing bacterial growth kinetics. 215 

Yaq-001 beads exhibited a consistent macroporous structure with a bead diameter within 216 

the 250-500μm range and an internal porosity in the nanoporous range (Fig.1A). Mercury 217 

porosimetry showed that Yaq-001 had a consistent pore size distribution plot in the meso-218 

macroporous range from 30-200 nm (Fig.S2). Yaq-001 rapidly adsorbed albumin 219 

(66.5kDa), myoglobin (16.7kDa) and caffeine (0.194kDa) representing different sized 220 

biomolecules (Fig.1B). Yaq-001 adsorbed LPS (18kDa) reducing the concentrations from 221 

2.5 to 1.5 EU mL-1 (60%) within 30 minutes. No endotoxin was detected in the control 222 

solution (0 EU mL-1) (Fig.1B). Yaq-001 also adsorbed a range of bile acids (Fig.1C). 223 

Direct co-incubation of Yaq-001 with bacterial suspensions of either E. coli or S. aureus 224 

indicated that Yaq-001 did not affect bacterial growth kinetics for either species following 225 

direct contact in comparison to the antibiotic controls (Fig.1D). 226 

 227 

STUDIES IN VIVO  228 

Studies in BDL rats 229 

Effect of Yaq-001 on liver injury and portal pressure  230 

BDL rat model was used to assess the effect of Yaq-001 in cirrhosis (Fig.2A). Significant 231 

reduction in 4-week body weight was observed in BDL rats (p<0.0001), which was 232 

prevented by administration of Yaq-001 (p=0.045) (Fig.2B). Yaq-001 was associated with 233 

a significantly lower plasma ALT (p=0.007) (Fig.2C). Alkaline phosphatase, bilirubin and 234 

albumin were not impacted by Yaq-001 (Fig.S3A, B, C). Total bile acid concentrations 235 

were not different between the BDL and Sham groups and there was no significant impact 236 

of Yaq-001 (Fig.S3E). MAP was lower in BDL animals and no effect of Yaq-001 was 237 

observed (Fig.S3F). Yaq-001 resulted in a significant reduction in portal pressure 238 

compared to untreated BDL rats [(median (IQR) 11.1 mm Hg (10.3-11.7) vs 12.4 mm Hg 239 

(10.8-13.3), (p=0.025)] (Fig.2C). TUNEL assay showed significantly more intense 240 

staining in the liver tissue of BDL compared to Sham rats (Fig.2D) (p<0.0001), which was 241 

significantly reduced in Yaq-001-treated BDL rats compared to untreated-BDL rats 242 
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(p=0.025). Collagen proportionate area (CPA) was significantly higher values in BDL rats 243 

(p=0.0007), which was unchanged with Yaq-001 (p=0.122) (Fig.S3D). 244 

 245 

Effect of Yaq-001 on ammonia, organ dysfunction, endotoxemia and bacterial 246 

translocation  247 

Ammonia: Arterial and portal venous ammonia concentrations were significantly 248 

increased in BDL rats (p<0.0001), which was significantly reduced by Yaq-001 [(p=0.003) 249 

and (p=0.004) respectively] (Fig.2E). None of the animals showed signs of hepatic 250 

encephalopathy. 251 

 252 

Kidneys: BDL animals had significantly higher plasma creatinine (p=0.049), which was 253 

significantly reduced with Yaq-001 (p=0.025) (Fig.2F). Urea was higher in BDL group 254 

(p=0.092), which was reduced with Yaq-001 treatment (p=0.095) (Fig.2F).  255 

 256 

Gut permeability, Endotoxemia, Bacterial DNA and Cytokines: The microbial metabolite, 257 

D-lactate, a marker of gut-specific intestinal barrier damage and translocation15 was 258 

significantly increased in BDL rats (p=0.032) and was significantly reduced by Yaq-001 259 

(p=0.035) (Fig.2G). BDL rats exhibited marked endotoxemia in the portal vein and the 260 

artery (p<0.0001 for each), which was significantly reduced with Yaq-001 [(p<0.0001) 261 

(p=0.003) respectively] (Fig.2H). Portal venous bacterial DNA was detectable in 262 

significantly higher number of BDL rats (p<0.05), which was markedly reduced in Yaq-263 

001 administered BDL rats (p=0.08) (Fig.2H). Plasma IL- β concentration were higher in 264 

the BDL rats but no significant differences were observed in TNF-a, IL-6 and IL-10. No 265 

significant changes were seen with Yaq-001 (Table S2). 266 

 267 

Studies in the ACLF model 268 

This experiment was performed to determine whether Yaq-001 treatment for 2-weeks 269 

prevents the occurrence of ACLF when BDL animals are administered LPS (Fig.S1, 270 

Fig.3A).  271 

 272 
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Survival: Animals were sacrificed either at coma stages (considered as a surrogate for 273 

mortality) or at 6-hours post LPS. Yaq-001 significantly reduced time to coma of BDL-LPS 274 

rats compared to untreated controls (p<0.01) (Fig.3B). All animals in the two Sham 275 

groups were alive at 6-hours following LPS (data not shown). 276 

 277 

Liver: Yaq-001 was associated with significantly lower ALT in BDL-LPS rats compared to 278 

untreated rats (p=0.004) (Fig.3C). No significant effect of Yaq-001 was observed on 279 

alkaline phosphatase, bilirubin and albumin (Fig.S4 A, B, C). The severity of fibrosis 280 

measured using CPA and the body weight were unchanged (Fig.S4D, E). 281 

 282 

Systemic and Portal hemodynamics: No significant difference in MAP was observed with 283 

Yaq-001 (Fig.S4F) but Yaq-001 produced a significant reduction in portal pressure 284 

compared to untreated controls (p=0.003), (Fig.3C).    285 

 286 

Brain: Yaq-001 significantly reduced brain water compared with untreated- rats (p=0.017) 287 

(Fig.3D). Arterial and portal venous ammonia concentrations were significantly increased 288 

in BDL-LPS rats, which was significantly reduced in Yaq-001-treated animals [(p=0.007) 289 

and (p=0.017) respectively] (Fig.3D).  290 

 291 

Kidneys: Creatinine concentrations were significantly higher in BDL-LPS animals 292 

(p=0.004), which was significantly reduced by Yaq-001 (p=0.03) (Fig.3E).  293 

 294 

Cytokines: BDL-LPS group had a significantly higher plasma IL-1β, which was 295 

significantly reduced with Yaq-001 (p=0.003) (Fig.3F). Plasma IL-10 was higher in BDL-296 

LPS and was significantly reduced with Yaq-001 (p=0.028) (Fig.3F). No significant 297 

differences were observed in IL-6 or TNF-α concentrations between any of the groups 298 

(Table S2). 299 

 300 

Effect of Yaq-001 on peripheral blood cells and Kupffer cells  301 

Significant increase in total leucocyte, neutrophil and monocyte counts in the artery and 302 

portal vein were observed with BDL rats (Fig.4A, B) (p=0.008 and p=0.016 respectively), 303 
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which was significantly reduced with Yaq-001 in the arterial blood and insignificantly 304 

reduced in the portal vein (Fig. 4B). To determine whether Yaq-001 impacts on the 305 

response of peripheral inflammatory cells and Kupffer cells to generate reactive oxygen 306 

species (ROS) to LPS ex vivo, studies using isolated cells incubated with LPS, were 307 

performed. Yaq-001 was associated with significantly lower LPS-induced ROS production 308 

in CD163- Kupffer cells in BDL rats (p=0.036) and portal venous CD43hi monocyte 309 

populations of BDL rats (p=0.029) (Fig.4C). 310 

 311 

Transcriptomic analysis of gene expression profiles from the Liver, Colon, Brain 312 

and Kidneys 313 

Multiorgan transcriptomic analysis was performed to determine the possible molecular 314 

mechanisms underlying the clinical effects of Yaq-001. The four groups studied were as 315 

follows: Sham (n=3), Sham-Yaq-001 (n=3), BDL (n=3) and BDL-Yaq-001 (n=4) (Fig.5A, 316 

Fig.6A). All differentially expressed genes (DEGs) and related pathways in the liver, colon, 317 

kidney and brain are listed in Table S3. The top 20 and significant DEGs are listed in 318 

Table S4. 319 

 320 

Effect of Yaq-001 on gene expression profiles in the liver and gut in BDL rats 321 

Liver: Analysis of liver tissue showed 82 DEGs at the threshold of 1.2-fold change and 322 

p=0.1 in the four groups (Fig.5B). Compared with the Sham group, expression of 62-323 

genes was upregulated, and 15-genes were downregulated in BDL. These significantly 324 

changed genes were associated with inflammation, cell death and senescence. 325 

Compared to the untreated BDL group, the expression of 7-genes was upregulated and 326 

12-genes were downregulated in the Yaq-001-treated BDL group, indicating the potential 327 

role of Yaq-001 in reducing inflammation, cell death and cell senescence. Furthermore, 328 

2-genes were upregulated, and 4-genes downregulated in Sham-Yaq-001 group in 329 

comparison to Sham group (Fig.5C). Functional analysis demonstrated that BDL rats had 330 

enriched pathways related to inflammation, cell senescence, cell death, TLR signaling 331 

and other related signaling pathways in comparison with Sham (Fig.5D). Yaq-001 332 

treatment targeted the altered pathways compared with untreated BDL group. Additionally, 333 
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Yaq-001 treatment also changed the pathways in the liver when compared to Sham group, 334 

demonstrating its effect in rats even without cirrhosis (Fig.5D).  335 

 336 

Colon: 43 DEGs were identified from the colonic tissue (Fig.5E). 5-genes that correlated 337 

with inflammation and cell death were upregulated and 15-genes were downregulated in 338 

BDL compared with the Sham group. Moreover, the expression of 10-genes was 339 

upregulated, and 13-genes were downregulated with Yaq-001 treatment. Only 1-gene 340 

was upregulated in the Sham-Yaq-001 group, and 16-genes were downregulated with 341 

Yaq-001 compared with the untreated Sham group (Fig.5F). Functional analysis indicated 342 

that inflammation, cell senescence, cell death, TLR signaling and intracellular signaling 343 

were associated with BDL in comparison with the Sham group (Fig.5G). Yaq-001 targeted 344 

the altered pathways, indicating the potential mechanisms in the prevention of gut 345 

dysfunction and permeability (Fig.5G). 346 

 347 

Effect of Yaq-001 on gene expression profiles in the brain and kidney in BDL rats 348 

Brain: 17 DEGs were identified from the brain tissue (Fig.6B). Compared with Sham 349 

group, expression of 2-genes was upregulated and 13-genes were downregulated in BDL 350 

animals. These significantly changed genes were associated with inflammation, cell death, 351 

and cell senescence. Compared to the untreated-BDL group, the expression of 5-genes 352 

was upregulated and 2-genes were downregulated in the Yaq-001-treated BDL group 353 

(Fig.6C). Functional analysis demonstrated that BDL rats had enriched pathways related 354 

to inflammation, cell senescence, cell death, TLR signaling and intracellular signaling 355 

(Fig.6D). Yaq-001 targeted cytokine-cytokine receptor interaction, cytosolic DNA-sensing 356 

pathway, TLR signaling pathway, NOD-like receptor signaling pathway, neutrophil 357 

extracellular trap formation, TGF-beta signaling pathway and cytokine-cytokine receptor 358 

interaction pathways compared to untreated-BDL group (Fig.6D).  359 

 360 

Kidneys: 30 DEGs were identified from kidney tissue (Fig.6E). 9-genes that correlated 361 

with inflammation were downregulated in BDL. The expression of 5-genes was 362 

upregulated and 4-genes were downregulated with Yaq-001 treatment compared to 363 

untreated-BDL group. 5-genes were upregulated in Sham-Yaq-001 group, and 3-genes 364 
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were downregulated with Yaq-001 compared with untreated-Sham group (Fig.6F). 365 

Functional analysis indicated that inflammation and TLR signaling were associated with 366 

BDL in comparison with Sham (Fig.6G). Compared with the untreated-BDL group, Yaq-367 

001 targeted the altered pathways, indicating the potential mechanisms in the prevention 368 

of renal dysfunction (Fig.6G). 369 

 370 

Effect of Yaq-001 on the gut microbiome profile 371 

The effects of Yaq-001 on the microbiome bacterial composition was assessed by 372 

metataxonomics. At the family level, an abundance of six bacteria were significantly 373 

changed at the threshold of 2-fold change and Porphyomonadaceae was significantly 374 

changed (p<0.05) comparing BDL with Sham (Fig.7A). At genus level, 19 bacteria 375 

including were significantly changed in abundance. Barnesiella was significantly changed 376 

(p<0.05) comparing BDL with Sham group (Fig.7B). These changes were reversed with 377 

Yaq-001 treatment compared to untreated-BDL rats (Fig.S5A, B, Table S5 and Fig.S5C, 378 

D). For between groups sample diversity, PERMANOVA analysis revealed a significant 379 

difference in beta diversity between groups (R2 = 0.32, p = 0.001). Yaq-001 appeared to 380 

moderately restore the beta diversity in the BDL group especially in PCoA2 axis (Fig.S5E, 381 

F). 382 

 383 

To further investigate the potential importance of the changes in the microbiome induced 384 

by Yaq-001, we correlated these with all significantly changed DEGs and the top 20 DEGs 385 

in the four organs. Circos plots indicated a significant correlation between them (Fig.7C, 386 

D and Fig.S6A, B, Fig.S6C). Porphyromonadaceae, was observed to positively correlate 387 

with three DEGs - TGFB2 and CASP1 in liver tissue, and FOS in colonic tissue. Also, it 388 

correlated negatively with five DEGs- TGFB2, IL-18 and CCR5 in brain tissue, CXCL10 389 

in colon tissue and CCL24 in kidney tissue. 390 

 391 

Effect of Yaq-001 on metabolomic profile 392 

Significant difference of acetate/creatinine, glycine/creatinine, lactate/creatinine, 393 

betaine/breatinine, trimethylamine oxide/creatinine and bile acid/creatinine ratio were 394 

observed in BDL compared to Sham. Treatment of BDL rats with Yaq-001 resulted in 395 
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significant resolution of acetate/creatinine, glycine/creatinine and lactate/creatinine 396 

compared to the untreated BDL animals (Fig.S7).  397 
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Discussion 398 

This study explored the role of Yaq-001 in models of cirrhosis and ACLF. The study 399 

showed that Yaq-001 reduced the mortality of ACLF animals and impacted positively on 400 

markers of gut permeability, liver injury, portal pressure, brain and kidneys in two BDL 401 

models. These pleiotropic effects of Yaq-001 were associated with restoration of the 402 

composition of the microbiome bacterial community, reduction in the severity of 403 

endotoxemia and ammonia, severity of inflammation, cell death, signaling pathways and 404 

LPS sensitivity. The data provide the experimental rationale to proceed to further 405 

evaluation in clinical trials. 406 

 407 

Translocation of bacteria, its products and metabolites are critically important in the 408 

pathogenesis of complications of cirrhosis16-18. Bacterial LPS plays a key role in driving 409 

systemic inflammation and the resultant organ failure in cirrhosis1,19. Indeed, selective gut 410 

decontamination using norfloxacin or rifaximin are the current standard of care for 411 

secondary prophylaxis of patients with spontaneous bacterial peritonitis and hepatic 412 

encephalopathy respectively20-21. However, the use of these antibiotic strategies induces 413 

the risk of antibiotic resistance.22 The data presented here provide an alternative gut-414 

restricted, non-antibiotic strategy, Yaq-001, which has the potential to diminish 415 

translocation and improve organ injury. The in vitro studies demonstrate that Yaq-001 has 416 

the optimal pore size distribution to bind intraluminal factors such as free endotoxin 417 

without significant effect on bacterial growth kinetics.  418 

 419 

Endotoxemia has also been implicated in immune dysfunction resulting in a dysregulated 420 

systemic inflammatory response syndrome, which is strongly associated with the 421 

progression of cirrhosis and ACLF 23. Yaq-001 reduced the severity of endotoxemia and 422 

bacterial DNA positivity, which was associated with attenuated systemic inflammation. 423 

Significant improvements in LPS-induced ROS production were observed in trafficking 424 

portal venous monocytes suggesting that Yaq-001 had attenuated the primed state of 425 

monocyte/macrophage populations within the gut-liver axis. This observed reduction in 426 

LPS-induced ROS production may be important in explaining the reduction in plasma IL-427 

1β in LPS-treated BDL rats. 428 
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 429 

Gut microbiota are important in modulating intestinal health, permeability, bacterial 430 

translocation, systemic inflammation and complications of cirrhosis24-26. BDL was 431 

associated with marked changes in the abundance of microbiota, which were reversed 432 

by Yaq-001. In particular, the abundance of Porphyromonadaceae and Barnesiella were 433 

significantly elevated in BDL rats and significantly decreased with Yaq-001. This change 434 

is potentially important as Porphyromonadaceae is a pro-inflammatory bacterium that has 435 

been positively correlated with hepatic encephalopathy27 and, Barnesiella and 436 

Porphyromonadaceae have been associated with liver cancer 28.29. Urinary NMR analysis 437 

reflects the combined metabolic status of both host and microbiota. Yaq-001 was 438 

associated with a distinct shift of acetate, glycine and lactate in metabolomic profile in 439 

BDL rats. They are products generated by mixed acid fermentation (MAF) typically by 440 

bacteria such as Enterobacter. MAF is not the preferred metabolic pathway for facultative 441 

anaerobes and may be indicative that Enterobacter populations are under conditions of 442 

metabolic stress in Yaq-001 treated BDL animals. As these species are often pathogenic 443 

in cirrhosis, this may represent a beneficial change. 444 

 445 

Plasma D-lactate, a marker of increased gut permeability was reduced by Yaq-00130. 446 

Elevated plasma D-lactate levels in cirrhosis is associated with decompensation21.  447 

Transcriptomic analysis of colonic tissue demonstrated upregulation of genes associated 448 

with necroptosis, apoptosis and inflammation in BDL animals. Functional analyses 449 

pointed to modulation of colonic inflammation by Yaq-001, IL-17 signaling, which is known 450 

to have diverse biological functions, promoting protective immunity against many 451 

pathogens, neutrophil recruitment, antimicrobial peptide production and enhanced barrier 452 

function31, 32.  453 

 454 

Yaq-001 significantly reduced the severity of liver injury and portal hypertension in both 455 

models of cirrhosis and ACLF. The lack of significant differences in CPA between 456 

untreated and Yaq-001-treated BDL groups suggests that the reduction in portal pressure 457 

is possibly due to modulation of the dynamic component of portal hypertension, in which 458 

inflammation is known to play a role 33, 34 and proposes Yaq-001 as a potential treatment 459 
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for portal hypertension. Reduction in ALT levels and histology confirmed a reduction in 460 

liver injury in the Yaq-001 treated animals. The reduction in liver injury in the LPS treated 461 

BDL animals suggests that Yaq-001 has a particular effect on endotoxin sensitivity in vivo.  462 

This hypothesis was tested in isolated Kupffer cells, which confirmed that LPS-induced 463 

ROS production was significantly impacted by Yaq-001 treatment.  464 

 465 

Transcriptomic analysis of liver tissue demonstrated that the upregulated genes, CXCL16, 466 

CASP1 and TGFB2 in BDL rats was prevented by Yaq-001 administration. Silencing of 467 

CXCL16 alleviates hepatic ischemia reperfusion injury and CXCL16 variant is also 468 

associated with Hepatitis B virus related acute liver failure35. CASP1 mediates pro-469 

inflammatory cytokine release and pyroptotic cell death in cirrhosis and its inhibition has 470 

been shown to prevent ACLF 36. TGFB2 is an important mediator of cellular senescence37, 471 

38. Of note, Yaq-001 also modified necroptosis and cytosolic DNA-sensing pathways 472 

representing cell death. Both pyroptosis and necroptosis are known to be activated by 473 

LPS and are immunogenic forms of cell death that can trigger further cell death and lead 474 

to systemic inflammation39. These effects of Yaq-001 potentially explains the effect of 475 

Yaq-001 in reducing liver injury 40, 41.  476 

 477 

Yaq-001 administration had a significant impact on time to coma of ACLF rats, which is 478 

considered as a surrogate for mortality compared to untreated controls. Yaq-001 also 479 

significantly lowered portal venous and arterial ammonia levels, which was associated 480 

with reduced brain water. Transcriptomic analysis of brain tissue showed that IL-18, 481 

TGFB2, CCR5 and IL-23A were dysregulated in BDL rats and these were corrected by 482 

Yaq-001. IL-18 is released during pyroptosis by activation of the inflammasome complex 483 

in neuroinflammatory and neurodegenerative diseases42. The effect of Yaq-001 on 484 

TGFB2 may mean that it has an impact on senescence, which is known to be associated 485 

with hepatic encephalopathy. CCR5 has been implicated in neuroprotection and is novel 486 

therapeutic target in stroke43. The impact of Yaq-001 on IL-23A indicates possible 487 

reduction in neuroinflammation.  488 

 489 
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In both cirrhosis and ACLF models, Yaq-001 reduced renal dysfunction. Transcriptomic 490 

analysis of kidney tissue showed that CCL24 was downregulated in BDL rats, which was 491 

prevented in the Yaq-001-treated animals. CCL24 protects renal function in the 492 

development of early diabetic nephropathy by exerting an anti-inflammatory effect44. Yaq-493 

001 impacted, in particular on the cytokine-cytokine receptor interactions and chemokine 494 

and toll-like signaling pathways, which were abnormal in the BDL rats.  495 

 496 

BDL animals become sarcopenic and lose weight45, which was significantly abrogated by 497 

Yaq-001. The possible mechanisms underlying this effect are likely multifactorial46. Yaq-498 

001 reduced ammonia significantly, which has been shown to induce sarcopenia. Weight 499 

loss in cirrhosis is also attributed to an increased catabolic state in the context of systemic 500 

inflammatory response and thus the observed improvement in body weight may reflect 501 

the diminished catabolic state with reduced inflammation46. These data further emphasize 502 

the lack of deleterious effects on nutritional status, but it is not possible to comment on 503 

any effect on micronutrients and vitamins, which will need to be explored in future studies.  504 

 505 

The data correlating the changes in the microbiota induced by administration of Yaq-001 506 

with changes in the gene expression of multiple relevant pathways is particularly 507 

important as it achieves the beneficial effects in the distant organs such as the liver, brain 508 

and kidneys with demonstrable changes without leaving the gut. The exact mechanisms 509 

by which this occurs cannot be directly inferred from the data derived from this study. One 510 

possibility is that alongside LPS adsorption and modulation of other unmeasured toxins, 511 

the milieu of the gut is changed allowing proliferation of more autochthonous bacteria47, 512 

which impacts on gut inflammation that reduces gut permeability leading to a reduction in 513 

endotoxemia, systemic and organ inflammation, organ priming, improvement of organ 514 

function and LPS-sensitivity. In this study, most of these changes have been described, 515 

but whether this is happening in sequence has not been studied. 516 

 517 

Limitations of this study include potential underpowering of the study for 16S rRNA gene 518 

studies. The rodent microbiome is not directly analogous to the human and further clinical 519 

studies will be required to verify the effects on the gut microbiome’s bacterial composition. 520 

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

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.15.553396doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.15.553396
http://creativecommons.org/licenses/by-nd/4.0/


 
 

21

Although Yaq-001 was effective in adsorbing a variety of bile acids in vitro and reduced 521 

bile acids significantly in Sham animals, no impact on bile acids was seen in BDL animals. 522 

This possibly reflects the effect of the BDL model, where no increase in bile acids was 523 

observed. Studies in other models will be needed to determine the role of Yaq-001 in 524 

modulating bile acid metabolism. Although, Yaq-001 was observed to impact positively 525 

on the gene expression profiles of multiple pathways, their exact relevance at the protein 526 

or cellular level has not been explored. 527 

 528 

In conclusion, the data provides compelling evidence for the potential of Yaq-001 as a 529 

novel therapy targeting the gut microbiome, bacterial translocation and gut permeability 530 

that impacts on systemic inflammation and organ function in models of cirrhosis and 531 

improves survival in ACLF. Translation to clinical studies is warranted to further assess 532 

its safety and efficacy. 533 

  534 
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Abbreviations 535 

ACLF, acute-on-chronic liver failure; LPS, lipopolysaccharides; BDL, bile duct ligation; 536 

ALT, alanine aminotransferase; ALP, alkaline phosphatase; TBIL, total bilirubin; MAP, 537 

mean arterial pressure; CPA, collagen proportionate area; PSR, picrosirus red ; PP, portal 538 

pressure; ROS, reactive oxidant species; DEGs, differential expressed genes; KEGG, 539 

Kyoto Encyclopedia of Genes and Genomes; TLR, toll-like receptor; TNF-a, tumor 540 

necrosis factor-a. 541 
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Figure legends 686 

Fig.1. Physical characteristics of Yaq-001, adsorptive capacity and effect on 687 

bacterial kinetics. (A) Physical characteristics of Yaq-001 using scanning electron 688 

microscopy demonstrating meso-macroporous domains (Scale bars: from left to right: 200 689 

μm, 40 μm, 400 nm and 400 nm) (n=3). (B) Adsorption kinetics of albumin, myoglobin, 690 

caffeine and endotoxin by Yaq-001 (n=3).  (C) Adsorption of a range of bile acids including 691 

sodium glycochenodeoxy cholate hydrate, sodium glycocholate hydrate, lithocholic acid, 692 

chenodeoxycholic acid, cholic acid and deoxycholic acid by Yaq-001(n=3). (D) Growth 693 

curves of E. coli (n=3) and S. aureus (n=3) in the presence of Yaq-001, amoxicillin and 694 

vehicle. 695 

 696 

Fig.2. Effect of Yaq-001 on organ dysfunction, endotoxemia and bacterial 697 

translocation in BDL rats. (A) Rats underwent bile duct ligation for 4-weeks as a model 698 

of cirrhosis (n=23-37/group) in Experiment 1 and the treatment groups received Yaq-001 699 

for 2 weeks before sacrifice. (B) 4-week body weight in four groups: Sham (n=31), Sham-700 

Yaq-001 (n=24), BDL (n=31) and BDL-Yaq-001 (n=38) in Experiments 1 and 2. 701 

Significantly lower final body weights were observed in BDL compared to Sham controls 702 

(p<0.001). Yaq-001-treated BDL rats had a significantly higher body weights compared 703 

to untreated-BDL rats (p<0.05). (C) Plasma alanine transaminase (ALT) concentrations 704 

in Sham (n=17), Sham-Yaq-001 (n=14), BDL (n=17) and BDL-Yaq-001 (n=26) groups. 705 

Portal pressure (PP) measurements in Sham (n=17), Sham-Yaq-001 (n=19), BDL (n=14) 706 

and BDL-Yaq-001 (n=26) groups. Significantly higher ALT and PP were observed in BDL 707 

compared to Sham controls (p<0.0001). Yaq-001-treated BDL rats had a significantly 708 

lower ALT and PP compared to untreated-BDL rats (p<0.01, p<0.05). (D) TUNEL assay 709 

of liver tissue with quantification of staining by digital image analysis. Significantly higher 710 

TUNEL staining was observed in BDL compared to Sham controls (p<0.0001). Yaq-001-711 

treated BDL rats had a significantly lower TUNEL staining compared to untreated-BDL 712 

rats (p<0.05) indicative of a reduction in liver cell death with Yaq-001 treatment. (E) 713 

Arterial ammonia concentrations in Sham (n=7), Sham-Yaq-001 (n=5), BDL (n=19), BDL-714 

Yaq-001(n=21) groups. Portal venous ammonia concentrations in Sham (n=6), Sham-715 

Yaq-001 (n=5), BDL (n=13), BDL-Yaq-001(n=18) groups. Significantly increased arterial 716 
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ammonia concentrations and portal venous ammonia concentrations were observed in 717 

BDL compared to Sham controls (p<0.0001, p=0.0001). Yaq-001 significantly decreased 718 

arterial and portal venous ammonia concentrations in BDL rats (p<0.01 for both). (F) 719 

Serum creatinine in Sham (n=19), Sham-Yaq-001 (n=17), BDL (n=20), BDL-Yaq-001 720 

(n=17) and urea in Sham (n=28), Sham-Yaq-001 (n=23), BDL (n=30), BDL-Yaq-001 721 

(n=34) groups. Yaq-001 markedly decreased serum creatinine levels in BDL rats (p<0.05). 722 

(G) Plasma D-lactate in Sham (n=7), Sham-Yaq-001 (n=8), BDL (n=6), BDL-Yaq-001 723 

(n=7). Plasma D-lactate was significantly increased in the BDL group compared with 724 

Sham animals (p<0.05). Yaq-001 resulted in a significant reduction in plasma D-lactate 725 

in BDL rats (p<0.05). (H) Portal venous [Sham (n=6), Sham-Yaq-001 (n=5), BDL (n=12) 726 

and BDL-Yaq-001 (n=7)] and arterial endotoxin concentrations [Sham (n=6), Sham-Yaq-727 

001 (n=5), BDL (n=12) and BDL-Yaq-001 (n=7)]. Portal venous [Sham (n=6), Sham-Yaq-728 

001 (n=5), BDL (n=12) and BDL-Yaq-001 (n=13)] and arterial plasma bacterial DNA 729 

positivity [Sham (n=6), Sham-Yaq-001 (n=6), BDL (n=12) and BDL-Yaq-001 (n=7)]. 730 

Significantly higher portal venous endotoxin and arterial endotoxin were observed in BDL 731 

rats compared to Sham rats (p<0.0001). Significantly higher portal venous plasma 732 

bacterial DNA positivity was observed in BDL rats compared to Sham rats (p<0.05). Yaq-733 

001 administration was associated with a significant reduction of portal venous and 734 

arterial endotoxin compared to untreated-BDL rats (p<0.0001, p<0.01). Yaq-001 735 

administration reduced bacterial DNA positivity, which was not statistically different 736 

(p>0.05). 737 

 738 

Fig.3. Effect of Yaq-001 on multiorgan function in ACLF. (A) Rats underwent sham 739 

biliary surgery or bile duct ligation (BDL) for 4-weeks. The treated group received Yaq-740 

001 for two weeks prior to LPS injection. Animals were sacrificed either at coma stages 741 

or 6 hours after LPS injection (n=9-16/group). (B) Kaplan-Meier analysis of BDL-LPS rats 742 

with (n=16) or without (n=12) Yaq-001 treatment. Yaq-001 treatment significantly 743 

improved the survival of BDL-LPS rats compared to untreated-BDL-LPS rats (log rank 744 

test, p=0.003). (C) Plasma ALT concentrations in Sham-LPS (n=7), Sham-LPS-Yaq-001 745 

(n=5), BDL-LPS (n=10) and BDL-LPS-Yaq-001 (n=9) groups. PP measurements in 746 

Sham-LPS (n=8), Sham-LPS-Yaq-001 (n=10), BDL-LPS (n=9) and BDL-LPS-Yaq-001 747 
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(n=9) groups. Yaq-001-treated BDL-LPS rats had a significantly lower ALT and PP 748 

compared to untreated-BDL-LPS rats (p<0.005). (D) Brain water percentage in Sham-749 

LPS (n=4), Sham-LPS-Yaq-001 (n=4), BDL-LPS (n=7), BDL-LPS-Yaq-001 (n=13) groups. 750 

Arterial ammonia concentrations in Sham-LPS (n=5), Sham-LPS-Yaq-001 (n=5), BDL-751 

LPS (n=7), BDL-LPS-Yaq-001 (n=7) groups. Portal venous ammonia concentrations in 752 

Sham-LPS (n=5), Sham-LPS-Yaq-001 (n=5), BDL-LPS (n=6), BDL-LPS-Yaq-001 (n=5) 753 

groups. Yaq-001 decreased brain water percentage and arterial/portal venous ammonia 754 

concentrations in BDL-LPS rats compared to untreated rats (p<0.05, p<0.01, p<0.05). (E) 755 

Serum creatinine in Sham-LPS (n=4), Sham-LPS-Yaq-001 (n=3), BDL-LPS (n=12) and 756 

BDL-LPS-Yaq-001 (n=6) groups. Serum urea in Sham-LPS (n=8), Sham-LPS-Yaq-001 757 

(n=4), BDL-LPS (n=12) and BDL-LPS-Yaq-001 (n=8) groups. Yaq-001 significantly 758 

decreased creatinine levels in BDL-LPS rats (p<0.05). (F) Plasma cytokines in Sham-759 

LPS (n=6), Sham-LPS-Yaq-001 (n=9), BDL-LPS (n=8) and BDL-LPS-Yaq-001 (n=8) 760 

groups. Yaq-001 significantly decreased plasma IL-1β and IL-10 concentrations in BDL-761 

LPS groups (p<0.01, p<0.05). 762 

 763 

Fig.4. Effect of Yaq-001 on peripheral and Kupffer cell populations. (A) Rats 764 

underwent bile duct ligation for 4-weeks as a model of cirrhosis (n=4-5/group). Yaq-001 765 

was administered to treated rats 2-weeks before sacrifice. Blood was sampled from the 766 

artery or the portal vein and the liver was perfused to isolate Kupffer cells. (B) Absolute 767 

portal venous total leukocyte, neutrophil and monocyte populations in Sham (n=5), Sham-768 

Yaq-001 (n=5), BDL (n=4) and BDL-Yaq-001 (n=4) groups. Absolute arterial total 769 

leukocyte, neutrophil and monocyte populations in Sham (n=5), Sham-Yaq-001 (n=5), 770 

BDL (n=5) and BDL-Yaq-001 (n=4) groups. BDL was associated with a significant 771 

increase in leukocyte, neutrophil and monocyte levels in portal vein and artery compared 772 

to Sham controls (p<0.05, p<0.01) respectively. Yaq-001 significantly decreased total 773 

leukocyte level in artery and neutrophil levels in both portal vein and artery (p<0.05). (C) 774 

Constitutive and LPS-induced ROS production in CD163-gated liver non-parenchymal 775 

cell fraction (n=3-5/group), portal venous monocytes (n=3-4/group) and portal venous 776 

neutrophil populations (n=3-4/group) (expressed as a percentage of the parent population) 777 

in Sham, Sham-Yaq-001, BDL and BDL-Yaq-001. BDL resulted in a significant increase 778 
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in LPS-induced monocyte and neutrophil ROS production (p<0.05). Yaq-001 significantly 779 

attenuated LPS-induced ROS production both in portal venous monocytes and Kupffer 780 

cell populations (p<0.05). 781 

 782 

Fig.5. Effect of Yaq-001 on gene expression profiles in the liver and gut in BDL rats. 783 

(A) Rats underwent bile duct ligation for 4-weeks as a model of cirrhosis (n=3-4/group) 784 

and the treatment groups received Yaq-001 for 2-weeks before sacrifice. Liver and colon 785 

were collected for transcriptomic analysis. (B) Heatmap of differentially expressed genes 786 

(DEGs) in liver tissue between Sham (n=3), Sham-Yaq-001 (n=3), BDL (n=3) and BDL-787 

Yaq-001 (n=4) groups. DEGs were identified at 1.2-fold change and p=0.1 threshold in 788 

three pairwise groups (BDL versus Sham, BDL-Yaq-001 versus BDL, Sham-Yaq-001 789 

versus Sham). (C) Volcano plot of pairwise DEGs in liver among Sham (n=3), Sham-Yaq-790 

001 (n=3), BDL (n=3) and BDL-Yaq-001 (n=4) groups. The vertical dashed lines indicated 791 

the threshold for 1.2-fold change. The horizontal dashed line indicated the adjusted 792 

p=0.05 and p=0.1 threshold. The right part indicates up-regulation of gene expression, 793 

and the left part indicates down-regulation of gene expression. The top 20 genes are 794 

indicated by gene names. (D) Functional enrichment analysis of liver genes pairwise 795 

based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The 796 

significantly changed pathways are shown in panels including inflammation, TLR 797 

signaling, cell death, cell senescence and intracellular signaling. (E) Heatmap of DEGs in 798 

colonic tissue between Sham (n=3), Sham-Yaq-001(n=3), BDL (n=3) and BDL-Yaq-001 799 

(n=4) groups. DEGs were identified at 1.2-fold change and p=0.1 threshold in three 800 

pairwise groups (BDL versus Sham, BDL-Yaq-001 versus BDL, Sham-Yaq-001 versus 801 

Sham). (F) Volcano plot of pairwise DEGs in colon among Sham (n=3), Sham-Yaq-001 802 

(n=3), BDL (n=3) and BDL-Yaq-001 (n=4) groups. The vertical dashed lines indicated the 803 

threshold for 1.2-fold change. The horizontal dashed line indicates adjusted p=0.05 and 804 

p=0.1 threshold. The right part indicates up-regulation of gene expression, and the left 805 

part indicates down-regulation of gene expression. The top 20 genes are indicated by 806 

gene names. (G) Functional enrichment analysis of colon genes in pairwise three groups 807 

based on KEGG database. The significantly changed pathways are shown in panels 808 
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including inflammation, TLR signaling, cell death, cell senescence and intracellular 809 

signaling. 810 

 811 

Fig.6. Effect of Yaq-001 on gene expression profiles in the brain and kidneys in BDL 812 

rats. (A) Rats underwent bile duct ligation for 4-weeks as a model of cirrhosis (n=3-813 

4/group) and the treatment groups received Yaq-001 for 2-weeks before sacrifice. Brain 814 

and kidneys were collected for transcriptomic analysis. (B) Heatmap of DEGs in brain 815 

tissue between Sham (n=3), Sham-Yaq-001 (n=3), BDL (n=3) and BDL-Yaq-001 (n=4) 816 

groups. DEGs were identified at 1.2-fold abundance difference and p=0.1 threshold in 817 

three pairwise groups (BDL versus Sham, BDL-Yaq-001 versus BDL, Sham-Yaq-001 818 

versus Sham). (C) Volcano plot demonstrates pairwise DEGs in the brain among Sham 819 

(n=3), Sham-Yaq-001 (n=3), BDL (n=3) and BDL-Yaq-001 (n=4) groups. The vertical 820 

dashed lines indicates the threshold for 1.2-fold abundance difference. The horizontal 821 

dashed line indicates adjusted p=0.05 and p=0.1 threshold. The right part indicates up-822 

regulation of gene expression, and the left part indicates down-regulation of gene 823 

expression. The top 20 genes are indicated by the gene names. (D) Functional 824 

enrichment analysis of brain is shown pairwise for three groups based on the KEGG 825 

database. The significantly changed pathways were shown in panels including 826 

inflammation, TLR signaling, cell senescence and intracellular signaling. (E) Heatmap of 827 

DEGs in kidney tissue between Sham (n=3), Sham-Yaq-001(n=3), BDL (n=3) and BDL-828 

Yaq-001 (n=4) groups. DEGs were identified at 1.2-fold abundance difference and p=0.1 829 

threshold in three pairwise groups (BDL versus Sham, BDL-Yaq-001 versus BDL, Sham-830 

Yaq-001 versus Sham). (F) Volcano plot demonstrated pairwise DEGs in the kidney 831 

among Sham (n=3), Sham-Yaq-001 (n=3), BDL (n=3) and BDL-Yaq-001 (n=4) groups. 832 

The vertical dashed lines indicates the threshold for 1.2-fold abundance difference. The 833 

horizontal dashed line indicates adjusted p=0.05 and p=0.1 threshold. The right part 834 

indicates up-regulation of gene expression, and the left part indicates down-regulation of 835 

gene expression. The Top 20 genes are indicated by the gene names. (G) Functional 836 

enrichment analysis of kidney shown pairwise for three groups based on the KEGG 837 

database. The significantly changed pathways are shown in panels including 838 

inflammation and TLR signaling. 839 
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 840 

Fig.7. Effect of Yaq-001 treatment on the microbiome composition. (A) Heatmap of 841 

gut microbiome associated with the effect of Yaq-001 as determined by 16S PCR at the 842 

family level. The Family Porphyromonadaveae with asterisk was statistically differently 843 

abundant between BDL (n=7) vs Sham (n=6), and between BDL-Yaq-001 (n=7) vs BDL 844 

groups (n=7) (Wilcoxon rank sum test, p<0.05). The abundance of this family was 845 

statistically higher in BDL group than in Sham group, and its abundance statistically 846 

decreased in the BDL-Yaq-001 group than in the BDL group. The other six families in the 847 

heatmap were with marked fold changes between BDL vs Sham, and between BDL-Yaq-848 

001 vs BDL groups (|log2FC|>2). Of these, five were more abundant in the BDL group 849 

than in the Sham group. The abundance largely decreased in the Yaq-001-treated group. 850 

In addition, of these, one family was less abundant in the BDL group than in the Sham 851 

group. The abundance increased in the Yaq-001-treated group. (B) Heatmap of gut 852 

microbiome at the Genus level. The Genus Barnesiella with asterisk was statistically 853 

differently abundant between BDL vs Sham, and between BDL-Yaq-001 vs BDL groups 854 

(Wilcoxon rank sum test, p<0.05). The abundance of this genus was statistically higher 855 

in BDL group than in the Sham group, and its abundance statistically decreased in the 856 

BDL-Yaq-001 group. The other 19 genera in the heatmap represent those with significant 857 

fold change values between BDL vs Sham, and between BDL-Yaq-001 vs BDL groups 858 

(|log2FC|>2). Of these, 14 were more abundant in the BDL group compared with the 859 

Sham group. The abundance decreased in the Yaq-001-reated BDL group. In addition, 5 860 

genera were less abundant in the BDL group than in the Sham group. Their abundance 861 

increased in the Yaq-001-treated BDL animals. (C, D) Correlation plots between markedly 862 

changed genes and gut microbiome at family/genus. The genes were from amongst the 863 

top 20 changed genes in BDL animals with Yaq-001 treatment. Nodes represent either 864 

genes (lower semi-circular part) or bacteria (upper semi-circular part) at the family and 865 

genus level. The nodes are colored based on the log-fold change for the differential gene 866 

expression and differences in the bacterial abundance. The red nodes indicate an 867 

increase and blue nodes indicate a decrease. Edges represent the correlation coefficient 868 

calculated between genes and microbial genus or family with red indicating a positive 869 
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correlation and blue a negative correlation. Correlation coefficients greater or equal to 0.4 870 

were plotted in plot C (Spearman’s coefficient >= 0.4), and D shows all correlations. 871 

  872 
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