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A B S T R A C T   

Obeticholic acid (OCA) has been examined to treat non-alcoholic steatohepatitis (NASH), but has unsatisfactory antifibrotic effect and deficient responsive rate in 
recent phase III clinical trial. Using a prolonged western diet-feeding murine NASH model, we show that OCA-shaped gut microbiota induces lipid peroxidation and 
impairs its anti-fibrotic effect. Mechanically, Bacteroides enriched by OCA deconjugates tauro-conjugated bile acids to generate excessive chenodeoxycholic acid 
(CDCA), resulting in liver ROS accumulation. We further elucidate that OCA reduces triglycerides containing polyunsaturated fatty acid (PUFA-TGs) levels, whereas 
elevates free PUFAs and phosphatidylethanolamines containing PUFA (PUFA-PEs), which are susceptible to be oxidized to lipid peroxides (notably arachidonic acid 
(ARA)-derived 12-HHTrE), inducing hepatocyte ferroptosis and activating hepatic stellate cells (HSCs). Inhibiting lipid peroxidation with pentoxifylline (PTX) 
rescues anti-fibrotic effect of OCA, suggesting combination of OCA and lipid peroxidation inhibitor could be a potential antifibrotic pharmacological approach in 
clinical NASH-fibrosis.   

1. Introduction 

Farnesoid X receptor (FXR, encoded by NR1H4), a bile acid (BA) 
ligand-triggered transcriptional factor, has been reported to function in 
metabolic homeostasis, exemplified by liver regeneration as well as 
glucose, lipid and cholesterol metabolism [1–4]. OCA is a semisynthetic 
FXR agonist derived from chenodeoxycholic acid (CDCA) with much 
higher affinity than natural BA ligands [5]. To date, OCA has been 
developed for treating various chronic liver disorders, including biliary 
atresia, primary biliary cholangitis (PBC), non-alcoholic fatty liver dis-
ease (NAFLD), non-alcoholic steatohepatitis (NASH), and primary scle-
rosing cholangitis (PBS), and was approved for the clinical second-line 
treatment of PBC by the FDA in 2016 [6–8]. However, a recent phase III 
clinical trial of OCA for NASH with fibrosis demonstrated that OCA 
exhibited moderate anti-fibrotic effect and deficient responsive rate 
(18% on 10 mg dose and 23% on 25 mg dose, compared to 12% of 
placebo) [9,10]. Additionally, OCA cannot ameliorate PBC-induced liver 
fibrosis and may exacerbate biliary injury in obstructive cholestasis [11, 
12]. Moreover, OCA has been reported to reduce the mitochondrial 

function of hepatocytes and promote cell apoptosis [13,14]. FDA 
rejected to support accelerated approval of OCA for the treatment of 
NASH due to multiple adverse events observed in clinical trials, 
including dose-dependent pruritus, increase of LDL cholesterol and risk 
of gallstone formation, as well as rare deterioration liver function [8,9, 
15,16]. Thus, there raises an essential issue that which driver in NASH 
progression impairs anti-fibrotic effect of OCA, which may have 
important clinical significance to improve its responsive rate. 

Hepatic fibrosis is primarily resulted from activation of hepatic 
stellate cells (HSCs), in which process HSCs are transited from a quies-
cent vitamin A-rich cell to one that is fibrogenic, proliferative, and 
proinflammatory [17]. HSCs are mainly activated by 
hepatocyte-derived and inflammatory cell-derived fibrogenic signals, 
and lipotoxic response to hepatocellular injury contributes to release of 
ROS, which in turn stimulates fibrogenic expression of HSCs [18,19]. 
Primarily, regulated cell death (RCD) in metabolic liver disease is 
comprised of apoptosis, necroptosis, pyroptosis and ferroptosis [20,21]. 
Among these types of death, ferroptosis, which linking lipid metabolism, 
redox state and iron balance, has been recognized as major type of RCD 
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to initiate cell death and inflammation in NASH [22]. Further, hepatic 
iron overload and abnormal deposition have been detected in approxi-
mately one-third of NAFLD patients, which is regarded as one of the 
critical factors to induce NASH and subsequent fibrosis [20,22–24]. 
Nevertheless, the specific mechanism and key driver of ferroptosis in 
NASH need further exploitation and whether OCA can alleviate ferrop-
tosis remains unknown. 

In this study, we investigated whether OCA could alleviate various 
pathological alternations of NAFLD, and verified the role of OCA- 
derived microbiome and lipidome in its unsatisfactory anti-ferroptotic 
and anti-fibrotic effect. We verified OCA-shaped gut microbiota induced 
ROS accumulation, for Helicobacter was related with gut peroxidation 

state, and Bacteroides could elevate liver ROS levels through generating 
CDCA. Moreover, OCA reduced hepatic levels of triglycerides containing 
polyunsaturated fatty acids (PUFA-TGs), whereas increased free PUFAs 
and phosphatidylethanolamine-anchored arachidonic acids (ARA-PEs), 
which triggered lipid peroxidation and subsequent ferroptosis. Mecha-
nistically, ARA-derived lipid peroxide, notably 12-HHTrE, was accu-
mulated and contributed to hepatocyte ferroptosis, which in turn 
activated HSCs and ultimately impaired the anti-fibrotic effect of OCA. 
These results tap a potential therapeutic approach to liver fibrosis 
through combining OCA with lipid peroxidation inhibitors. Importantly, 
we demonstrate that OCA synergized with pentoxifylline (PTX) addi-
tively alleviate OCA-unresponsive liver fibrosis in NASH mice. 

Fig. 1. OCA ameliorates hepatic lipid accumulation but exhibits limit impact on insulin resistance. (a) Experimental design. (b) Body mass change after OCA 
administration (n = 8 per group). (c) Representative images of liver sections stained with HE and Oil red O (upper channel) and corresponding NAS score and Oil red 
O area index (n = 8 per group) (lower channel), scale bar 80 μm. Arrows indicate inflammatory cell infiltration in the liver. (d) Levels of TC and TG in the liver (n =
7–8 per group). (e) Liver expressions of lipid metabolism gene SREBP-1c, ChREBP, PPAR-γ and PPAR-α (n = 6 per group). (f) Intravenous glucose tolerance test 
(IGTT), area under the curve (AUC) and serum insulin levels (n = 7–8 per group). Data are presented as mean ± SEM. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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2. Results 

2.1. OCA ameliorated hepatic lipid accumulation and inflammation 

FXR agonist, notably OCA, has been proved to ameliorate key com-
ponents of NASH activity including impaired glucose and lipid homeo-
stasis as well as inflammasome activation [25–27]. However, there are 
lack of systematic studies to conclude specific impacts of OCA on NASH 
profiles. To address this concern, the effects of OCA on NASH were 
evaluated in WD-fed mice (Fig. 1a). In line with the previous studies, 
OCA significantly reduced body mass and relieved hepatic lipid accu-
mulation, presenting as lowered NAS score and Oil red O (ORO) area 
based on HE and ORO staining (Fig. 1b and c). Compared with the 
WD-fed mice, mice administrated with OCA exhibited decreased total 
cholesterol (TC) and TG levels in the liver and serum (Fig. 1d, Fig. S1a) 
and increased ratio of HDL to VLDL and LDL (Fig. S1b), while free fatty 
acid (FFA) remained unchanged. Consistently, hepatic mRNA levels of 
lipid metabolism genes SREBP-1c, ChREBP, PPAR-γ and PPAR-α further 
indicated that OCA elicited activation of lipogenesis that is motivated by 

WD (Fig. 1e). 
Insulin resistance was proved to interact with glucose and lipid 

metabolism and contribute to fibrosis in NASH [18,28]. Previous studies 
demonstrated contradictory findings about whether OCA alleviates in-
sulin resistance [26,29,30]. To elucidate interrelationship between OCA 
treatment and insulin resistance, intraperitoneal glucose tolerance test 
(IGTT) was employed, which indicated no difference in glucose toler-
ance and serum insulin levels (Fig. 1f). Conversely, serum GLP-1 and 
PPY levels exhibited uptrends (Fig. S1d). 

We further investigated inflammatory activity, which participates in 
NASH progression. OCA-treated mice were characterized with normal-
ized serum ALT and AST levels and improved neutrophil infiltration 
compared with WD-fed mice (Fig. 2a and b). Consistently, systemic 
inflammation was ameliorated by OCA treatment, characterized by 
reduced levels of IL-1β, IL-3, IL-5, IL-6 and elevated anti-inflammatory 
cytokine IL-10 (Fig. 2c). Similar results were observed in the hepatic 
mRNA expressions of inflammatory genes IL-1β, IL-6, IL-18, TNF-α, MCP- 
1 and CXCL2 (Fig. 2d). 

These findings indicated that OCA reversed WD-induced lipid 

Fig. 2. OCA alleviates hepatic and systemic 
inflammation. (a) Serum ALT and AST levels (n = 8 
per group). (b) Representative images of liver sections 
with MPO immunohistochemistry staining, scale bar 
40 μm. Arrows indicate neutrophil infiltration in the 
liver. (c) Serum concentrations of inflammatory cy-
tokines IL-1β, IL-3, IL-5, IL-6 and IL-10 (n = 8 per 
group). (d) Liver expressions of inflammatory genes 
IL-1β, IL-6, IL-18, TNF-α, MCP-1 and CXCL2 (n = 6 per 
group). Data are presented as mean ± SEM.   
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accumulation and inflammation, whereas had limited effects on insulin 
resistance. 

2.2. OCA exerted limited anti-oxidative and anti-fibrotic effects 

Oxidative stress has been recognized as a key driver in development 
of NASH-related fibrosis [31,32]. To identify whether OCA modulates 
oxidative stress status in the NASH, levels of reactive oxygen species 
(ROS) were assessed. Dihydroethidium (DHE) staining revealed no sig-
nificant alternations in the hepatic ROS concentrations (Fig. 3a and d). 
Consistent with histological analysis, oxidative genes NOX2 and MPO, 
anti-oxidative genes GSTM1 and CAT, and peroxidation indexes GSH, 
MDA and SOD activity also exhibited no difference (Fig. 3c and d). 
Likewise, OCA is not effective in decreasing WD-induced ileum ROS 
levels (Figs. S2a and b) and normalizing serum levels of anti-oxidants 
(Fig. S2c). 

Previous researches on various animal models as well as in a phase III 
clinical study demonstrated that OCA exhibits dose-dependent and 
modest anti-fibrotic effect [9,33–36]. Thus, we further evaluated the 
anti-fibrotic effects of OCA on WD-fed mice. Sirius red and α-SMA 
staining presented no difference upon OCA treatment (Fig. 3a and b), 
and expressions of fibrotic genes ACTA2 and TGF-β1 were not signifi-
cantly reduced (Fig. 3c). 

These results demonstrated that OCA was not effective in modulating 
oxidative stress and lipid peroxidation, which we supposed may 
contribute to its inadequate anti-fibrotic effects. 

2.3. OCA modulated bile acid metabolism to induce liver lipid 
peroxidation 

Accumulated bile acids in the liver and blood are associated with 
hepatocyte apoptosis, oxidative damage and HSC activation [36–38]. 
Thus, we verified the effect of OCA on FXR signal and BA homeostasis. 
As predicted, OCA notably reduced serum and fecal total BAs levels 
(Fig. 4a). In detail, conjugated and secondary BAs were enriched in the 
serum; unconjugated BAs were presented as declined CA, LCA and DCA 
and elevated CDCA, α-MCA, β-MCA and UDCA (Fig. 4b and c, Fig. S3a). 
Similarly, fecal BAs spectrum was characterized as decreased CA, CDCA, 
HDCA and DCA (Fig. 4c). Primarily, taurine-conjugated BAs rather than 
glycine-conjugated BAs were reduced upon OCA treatment (Fig. S3b). 
Consistent with BA profiles, signals in hepatic and ileum FXR axis (FXR, 
SHP, BSEP and FGF15) were up-regulated and elevated BA synthetic 
enzymes (CYP7A1, CYP27A1, CYP7B1 and CYP8B1) induced by WD 
were reversed upon OCA treatment (Fig. 4d and e). Interestingly, BA 
synthetic enzymes in the classic pathway (CYP7A1, CYP8B1) exhibited 
greater reduction compared to those in the alternative pathway 
(CYP27A1, CYP7B1) (Fig. 4d and e). We further investigated whether 
accumulated CDCA could induce oxidative damage. We found CDCA 
dose-dependently induced ROS accumulation in the mitochondria of the 
human hepatocyte cell lines L-02 and elevated MDA levels (Fig. 4f and 
g). These results strongly supported that OCA-enriched CDCA could 
induce liver ROS accumulation and lipid peroxidation. 

Fig. 3. OCA exerts limited anti-oxidative and anti-fibrotic effects. (a) Representative images of liver sections with dihydroethidium (DHE) (scale bar 40 μm), 
Sirius Red and α-SMA (scale bar 80 μm) immunohistochemistry staining. Arrows indicate collagen fibers and α-SMA expressions in the liver. (b) Fibrosis score based 
on Sirius Red staining according to NAS scoring system and α-SMA positive area (n = 8 per group). (c) Liver expressions of oxidative-damage-related genes NOX2, 
MPO, GSTM1 and CAT, and fibrosis-related genes ACTA2 and TGF-β1 (n = 6 per group). (d) Hepatic concentrations of oxidative stress biomarkers GSH, MDA, SOD 
and ROS (n = 8 per group). Data are presented as mean ± SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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2.4. OCA-shaped gut microbiota was associated with lipid peroxidation 

Crosstalk between the gut epithelia and some commensal bacteria 
induces the generation of ROS, which participates in NASH progression 
[39–41]. Considering OCA targets intestine, we hypothesized that OCA 
mediates alternations in gut microbiota, which contributes to lipid 
peroxidation. To this end, 16S rRNA sequencing was conducted focused 
on the stool and mucosa-related microbiome. OCA obviously elevated 
microbial richness (Chao1, Shannon) impaired by WD intervention and 
mediated shifts in community compositions (Fig. 5a and b, Figs. S4a and 
b). These alternations included an increase in phylum Bacteroidota and 
decreases in Desulfobacterota and Fimicutes (Fig. 5c). Further, enriched 
family Helicobacteraceae and depleted Lachnospiraceae were detected in 
the OCA-treated group (Fig. 5c and d). Similarly, LEfSe revealed that 
OCA-derived microbiome was characterized as oxidative stress corre-
sponding taxa Bacteroides and Rikenellaceae under phylum Bacteroidota 
along with genus Helicobacter (Fig. 5e, Figs. S4c and d). Subsequent 
correlation analysis revealed significant positive association between 
liver ROS levels and Bacteroides enrichment, and Helicobacter enrich-
ment was positive related with ileum ROS levels (Fig. 5f). To further 
elucidate the role of the gut microbiota in lipid peroxidation, we con-
ducted intestinal decontamination in OCA-tread mice to remove gut 
microbes, and found OCA remarkably reduced WD-induced ROS accu-
mulation and MDA levels in the presence of antibiotics (ABX) (Fig. 5g 
and h, Fig. S4e). We also tested the bile salt hydrolase (BSH) activity of 
OCA-shaped microbiota to generate CDCA, and found BSH activity 
elevated by OCA was abolished upon ABX co-treatment (Fig. 5i). 
Together, these results indicated that the effect of OCA on lipid 

peroxidation was, at least partially, influenced through altering the gut 
microbiota. Bacteroides and Helicobacter were two 
oxidative-corresponding microbes related with liver and gut ROS 
accumulation, respectively. 

2.5. OCA selectively mediated hepatic lipid profiles susceptible to lipid 
peroxidation 

OCA has been reported to regulate TG (main component of lipid 
droplet) synthesis and intestinal absorption of lipids dependent of FXR 
pathway [42]. However, the impact of OCA on hepatic lipid profiles has 
not been extensively characterized. Thus, we utilized UPLC-ESI-MS/MS 
to detect OCA-modified lipid classes in the liver and filtered 1788 in-
dividual lipid species. As predicted, OCA mediated selective changes in 
hepatic lipid profiles, characterized by reduced TG and ceramides 
phosphate (CerP) classes as well as elevated PE, dimethylphosphatidy-
lethanolamine (dMePE), fatty acid (FA), ceramides (Cer) and sphingo-
myelin (SM) classes (Fig. 6a). Further identification of key lipid species 
revealed that OCA reduced majority of TGs containing fatty acid with 
two or more double bonds (PUFA) (Fig. 6b). Conversely, free ω-3 PUFAs 
doco-sahexaenoic acid (DHA), docosa-pentaenoic acid (DPA) and ω-6 
PUFAs linoleic acid (LA) and ARA were detected to concentrate after 
OCA treatment (Fig. 6c and d). KEGG analysis also revealed that OCA 
up-regulated metabolism of PUFAs, predominantly ARA (20:4 ω-6), LA 
(18:2 ω-6) and alpha-linolenic acid (ALA, 18:3 ω-3) (Fig. 6e). Notably, 
compared to the reduction of ARA-TGs and unchanged free ARA, 
ARA-containing glycerophospholipid PEs (ARA-PEs) were significantly 
elevated by OCA treatment (Fig. 6f), while other glycerophospholipids 

Fig. 4. OCA-derived CDCA induces mitochondrial ROS accumulation. (a) Total bile acid (TBA) levels in the serum and stool (n = 7–8 per group). (b) Com-
positions of BA in the serum (n = 7–8 per group). (c) BA profiles in the serum and stool (n = 7–8 per group). (d) Expression of FXR signals and its target genes SHP, 
BSEP and FGF15 (n = 6 per group). (e) Hepatic mRNA expression levels of BA synthetic enzymes CYP7A1, CYP27A1, CYP7B1 and CYP8B1 (n = 6 per group). 
Mitochondrial ROS detected by Mito-Tracker Red CMXRos (red, scale bar 10 μm) (f) and MDA levels (g) in the human hepatocyte cell line L-02 treated with different 
concentrations of CDCA (n = 3 per group). Data are presented as mean ± SEM. *p < 0.05. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 5. OCA-shaped gut microbiota induces lipid peroxidation. (a) α-diversity indexes Chao1 and Shannon (n = 8–9 per group). (b) PCoA analysis based on 
Weighted UniFrac distance (n = 8–9 per group). Relative abundance at the phylum (c) and family (d) level (n = 8–9 per group). (e) Linear discriminant analysis 
(LDA) Effect Size (LEfSe) related LDA score of differential taxa. Only the taxa whose LDA score ＞ 4 is displayed. (f) Correlation heatmap between ROS levels and gut 
microbial taxa based on the Spearman analysis. Color key and square size indicates the strength of correlation between microbes (r value). Color key (r value) and 
line width (p value) indicates the strength of correlation between microbe and ROS levels. Dark red indicates a more positive correlation; dark blue indicates a more 
negative correlation; white indicates no correlation. Thicker line indicates a more significant difference. (g) Representative images of liver sections with DHE staining 
in mice treated with OCA with or without antibiotics, scale bar 40 μm. (h) Hepatic MDA levels in mice treated with OCA with or without antibiotics (n = 8 per group). 
(i) Gut microbial BSH activity analyzed by ninhydrin assay (TCDCA to CDCA) (n = 8 per group). Data are presented as mean ± SEM. ABX, antibiotics. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

A. Zhuge et al.                                                                                                                                                                                                                                   



Redox Biology 59 (2023) 102582

7

containing ARA (ARA-PIs and ARA-PCs) remained unchanged (Fig. S5). 
Moreover, OCA elevated hepatic concentration of C16:0 ceramides, 
which mediate most of lipotoxic effects of ceramides (Figs. S6a and b) 
[43]. Based on the lipidomic results, we could conclude that OCA 
elevated levels of free ω-6 PUFAs and ARA-PEs, which are susceptible to 
lipid peroxidation and subsequently result in lipitoxicity. 

2.6. Lipid peroxide-mediated ferroptosis accounted for HSC activation 

ω-3 PUFAs and ω-6 PUFAs are precursors for lipid peroxides and have 
been reported to result in ferroptosis [44–46], thus we assumed that 
ARA-PEs enriched by OCA were peroxided, further inducing ferroptosis 
and lipitoxicity. To verify whether hepatic ferroptosis exists in NASH, 
TUNEL staining was conducted, suggesting OCA treatment could not 
alleviate WD-induced hepatocellular death (Figs. S7a and b). Further, 
hepatic iron concentration indicated OCA slightly aggravated Fe2+

overload in NASH (Fig. 7a). Consistently, hepatic mRNA levels of 
anti-ferroptosis genes SLC7A11 and GPX4 were down-regulated 
(Fig. 7b), while their ileum mRNA levels were not significantly regu-
lated (Fig. S7c). Anti-apoptosis genes also exhibited no difference among 
groups, demonstrating that apoptosis seldomly participated in NASH 
progression in this model (Fig. S7d). 

To further identify key lipid peroxide participating in hepatic fer-
roptosis and fibrosis, we employed targeted oxylipin omics using UPLC- 
ESI-MS. Results exhibited that WD-induced elevations in serum levels of 
ARA and its pro-inflammatory products PGE2 and LXA4 were reversed 
by OCA (Fig. S8a). DHA-derived, EPA-derived and ARA-derived 

oxylipins were concentrated in circulation after OCA treatment, 
among which 8,9-diHETE, 17,18-EpETE and 12-HHTrE (12-HHT) were 
the most enriched (Fig. 7c and d). Spearman’s analysis indicated gut 
microbes Bacteroides and Helicobacter were positively related with 12- 
HHT (Fig. S9). Additionally, OCA significantly up-regulated expres-
sions of ARA-metabolizing enzymes (notably COX2 and LOX5, respon-
sible for generating 12-HHT and HETEs, respectively) (Fig. S8b), 
suggesting that gut microbiota-derived signals may interact with liver 
lipid peroxidation to generate oxylipin 12-HHT and induce ferroptosis. 

To verify the toxic impact of ARA-derived 12-HHT on hepatocytes 
and HSCs, we incubated human hepatocyte cell lines L-02 and human 
HSC cell lines LX-2 with 12-HHT for further cell viability and ferroptotic 
gene expression experiments. Surprisingly, an evident decrease in cell 
viability was detected when 12-HHT concentration was increased to 1 
μM, which also exhibited dose-dependent inhibitory effect, while LX-2 
exhibited no significant difference (Fig. S10a). In line with the cell vi-
tality assay, mRNA levels of SLC7A11 and GPX4 were higher in LX-2 
(Fig. 7e), suggesting hepatocytes were more sensitive to 12-HHT- 
induced ferroptosis than HSCs. Further, 12-HHT-induced elevations in 
MDA levels, lipid peroxidation and ferroptotic gene expressions as well 
as reductions in cell viability were similar to the phenotype induced by 
erastin, a ferroptosis inducer, which could be reversed by ferroptosis 
inhibitor Fer-1 and NAC (Fig. 7f and g, Figs. S10b and c). Interestingly, 
we adopted a lipid peroxidation inhibitor PTX, which exhibited 
considerable effects in decreasing MDA levels and regulating ferroptotic 
gene expressions comparable with Fer-1 or NAC (Fig. 7f and g, 
Fig. S10c). 

Fig. 6. OCA selectively alters hepatic lipid profiles. (a) Heatmap of hepatic lipid classes. (b) Lipidomic analyses of triglycerides (TG) species containing fatty acid 
with two or more double bonds (PUFA). (c) Free ω-3 and ω-6 PUFAs quantification. (d) Classes of ω-3 and ω-6 PUFAs. (e) KEGG enrichment analysis between WD-fed 
and OCA-treated mice. (f) Hepatic concentrations of ARA, ARA-containing TG and ARA-containing PE. n = 6 per group. Data are presented as mean ± SEM. LA, 
linoleic acid. DPA, docosa-pentaenoic acid. ARA, arachidonic acid. DHA, doco-sahexaenoic acid. EPA, eicosapentaenoic acid. TG, triglycerides. PE, 
phosphatidylethanolamine. 
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We further investigated whether 12-HHT directly activates HSCs, 
and elevated expressions of fibrotic genes were detected regardless of 
TGF-β1 presence (Fig. 7h). To provide a crosstalk between ferroptotic 
hepatocytes and activated HSCs, we asked whether ferroptotic L-02, 
which is a typical event witnessed in the process of liver fibrosis, may 
represent the key triggers in activating HSCs. The effect of hepatocyte 
ferroptosis on HSC activation was further assessed in a co-culture model 
(Fig. 7i). As expected, LX-2 incubated with ferroptotic L-02 exhibited 
elevated expressions of fibrotic genes TGF-β1 and COL1A1 (Fig. 7j). 

To conclude, these results indicated that ω-6 PUFA ARA-derived 12- 
HHT activated HSCs either directly or indirectly by inducing hepatocyte 
ferroptosis. 

2.7. Combined OCA and lipid peroxidation inhibitor PTX ameliorated 
NASH-related ferroptosis and advanced fibrosis 

Considering ferroptosis is a key pathological stimulus in the devel-
opment of NASH-related liver fibrosis and the impact of OCA against 
hepatocellular ferroptosis is limited, it is reasonable to predict that OCA 
combined with lipid peroxidation inhibitor may exhibit additively anti- 
fibrotic effect. Thus, we further assessed synergistic anti-fibrotic effect of 
OCA and PTX on WD-fed mice (Fig. 8a). ARA-derived oxylipins, pre-
dominantly 12-HHT, was significantly reduced after PTX supplement 
(Fig. 8b, Fig. S11). Notably, supplement of PTX ameliorated hepatic ROS 
overload (Fig. 8c) and regulated hepatic expressions of oxidative genes 
and ferroptotic genes (Fig. 8d), which were in line with elevated GSH 
and reduced MDA levels (Fig. 8e). Importantly, combination of OCA and 
PTX considerably reduced deposition of collagen fiber and α-SMA 
expression as well as down-regulating expressions of fibrotic genes 

Fig. 7. PUFA-derived lipid peroxide 12-HHTrE induces hepatocyte ferroptosis and activates HSCs. (a) Hepatic Fe2+ quantification (n = 8 per group). (b) 
Relative mRNA expressions of ferroptosis genes (n = 8 per group) (c) Fold change of differential lipid peroxides between OCA-treated and WD-fed mice based on 
targeted peroxide omics (n = 6 per group). (d) Metabolic diagram of ARA-derived oxylipins. (e) Expressions of ferroptosis genes of 12-HHT-treated L-02 or LX-2 cells 
(n = 3 per group). (f) MDA levels of L-02 treated with erastin or 12-HHT with or without ferroptosis inhibitor Fer-1, NAC and PTX (n = 3 per group). (g) Lipid 
peroxidation of L-02 with different treatments detected by C11-BODIPY, scale bar 10 μm. (h) Expressions of fibrotic genes of LX-2 treated with 12-HHT (n = 3 per 
group). (i) Co-cultrue model using transwell assay. (j) Expressions of fibrotic genes of LX-2 co-cultured with 12-HHT-treated L-02 (n = 3 per group). Data are 
presented as mean ± SEM. *p < 0.05. 12-HHTrE, 12S-hydroxy-5Z,8E,10E-heptadecatrienoicacid. Fer-1, ferrostatin-1. NAC, N-Acetyl-L-cysteine. PTX, Pentoxifylline. 
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(Fig. 8f and g). 
Nevertheless, combination of OCA and PTX exhibited no further 

alleviation on liver function and hyperlipidemia compared to OCA 
treatment (Fig. S12a). In addition, PTX evidently improved glucose 
dysfunction, while the combination abolished this metabolic benefit of 
PTX (Figs. S12b and c). This may be explained by elevations in insulin- 
resistance-related lipid Cer due to OCA (Fig. S12d). 

3. Discussion 

FXR agonist OCA is a novel treatment for NAFLD, which has 
exhibited beneficial effects in hepatic lipogenesis, steatosis and gluco-
neogenesis by modulating BA metabolism [5,47], whereas specific 
mechanisms on how OCA improves NASH have not been systematically 
elucidated. Additionally, liver fibrosis of NASH patients was only 
slightly reduced upon OCA treatment in recent phase III clinical trial [9]. 
Therefore, it’s essential to identify which driver in NASH progression 

impairs the anti-fibrotic effect of OCA, and the underlying mechanism 
may be significant in determining the efficiency of OCA in clinical 
practice. 

Overloaded oxidative stress and impaired antioxidant defense have 
been documented to induce hepatocyte death and promote progressive 
NASH fibrosis [31,48]. We indicated that OCA cannot evidently 
ameliorate imbalance between pro-oxidative and anti-oxidative systems 
in the liver, ileum and serum, suggesting its limited anti-oxidative effect. 
However, these findings are not consistent with former studies showing 
that OCA could prevent mitochondrial dysfunction and oxidative stress 
by activating liver FXR pathway [49,50]. Considering that OCA obvi-
ously activates liver FXR-SHP axis, we postulate that there may exist 
other mechanisms weakening the FXR-mediated anti-oxidative effect of 
OCA. 

BA, especially secondary BA could perturbate cell membrane owning 
to their fat-soluble capacity, which causes the release of ARA from the 
membrane and ultimately contributes to accumulated ROS in the 

Fig. 8. Combined OCA and lipid peroxidation inhibitor PTX impede ferroptosis and advanced fibrosis in NASH. (a) Experimental design. (b) Serum levels of 
12-HHT (n = 6–7 per group). (c) Representative images of liver sections with dihydroethidium (DHE) staining, scale bar 40 μm. (d) Liver mRNA expressions of 
oxidative-damage-related genes NOX2, MPO, GSTM1, CAT and ferroptosis-related genes GPX4, SLC7A11 (n = 5–6 per group). (e) Hepatic concentrations of oxidative 
stress biomarkers GSH and MDA (n = 5–8 per group). (f) Representative images of liver sections with Sirius Red and α-SMA immunohistochemistry staining, scale bar 
80 μm. (g) Liver mRNA expressions of fibrosis biomarkers ACTA2 and TGF-β1 (n = 5–6 per group). Data are presented as mean ± SEM. 12-HHTrE, 12S-hydroxy- 
5Z,8E,10E-heptadecatrienoicacid. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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hepatocyte [51]. We demonstrated that OCA evidently inhibits classical 
pathway of BA synthesis rather than alternative pathway, characterized 
by depleted CA and elevated CDCA. CDCA has been recognized as a toxic 
BA which will bind to mitochondria, causing mitochondrial dysfunction 
and ROS accumulation [51–53]. Similarly, we found CDCA 
dose-dependently induced mitochondrial ROS overload and lipid per-
oxidation in the hepatocytes. Additionally, tauro-conjugated BAs were 
declined either in the serum or stool in response to the OCA treatment. 
Since microbiota-derived BSH mediated deconjugation of conjugated 
BAs in the enterohepatic circulation of bile acids [51], these results 
indicate that the gut microbiota may be associated in CDCA production 
and the pro-oxidative effect of OCA. 

Intestine is the primary target of OCA absorption where gut microbes 
colonize, and the gut microbiota is recognized to participate in NAFLD 
progression through mediating fat storage and redox signals [40,54]. 
Our results demonstrated that OCA reshaped community composition, 
especially enriching Bacteroides and Helicobacter. Bacteroides is a major 
BSH bacteria which could deconjugate TCDCA to generate CDCA [55], 
and Helicobacter is recognized as a key microbial stimulus of gut ROS 
production through interaction with intestinal epithelial cells [56]. To 
support, these two microbes were positively correlated with liver and 
ileum ROS levels, respectively. And intestinal decontamination with 
ABX abolished microbiota-mediated oxidative stress and rescued 
anti-oxidative effect of OCA. These data may partly explain another 
mechanism on OCA influencing liver oxidative stress via gut 
microbiota-liver axis independent of FXR activation. 

In our study, WD-induced MDA accumulation was not improved by 
OCA, suggesting that hepatic lipitoxicity of lipid peroxides under 
oxidative stress may be a key mediator deteriorating liver fibrosis. Lip-
otoxicity in NASH is primarily caused by increasing hepatic levels of 
saturated fatty acids (SFAs), free cholesterol (FC), glycerophospholipids, 
sphingolipids and ω-3 PUFAs, or PUFA-derived specialized proresolving 
mediators [57,58]. Coincidentally, OCA has been reported to primarily 
reduce hepatic concentration of TG containing PUFAs [42]. Our lip-
idomic data suggested that OCA selectively modulated hepatic lipid 
profiles, particularly lowering TG containing PUFAs whereas elevating 
free PUFAs in the liver. Free ω-6 PUFAs (LA, DPA and ARA) were 
concentrated after OCA treatment, which provides materials for lipid 
peroxidation induced by oxidative stress. Oxylipin omics additionally 
indicated that oxylipins, primarily ω-6 PUFA ARA-derived HHTs, EETs 
and HETEs, were produced in response to microbial signals in this 
process. 

Generally, vast majority of ARAs exist in the form of glycer-
ophospholipids including PC, PE and PI, and these anchored ARAs could 
be peroxided under oxidative stimuli, further impairing cell membrane 
and leading to ferroptosis [59,60]. Notably, we found ARA-PEs were 
enriched by OCA treatment. TG is a major lipid class forming lipid 
droplet in NAFLD, and they could protect against lipitoxicity due to lipid 
overload by combining the toxic fatty acids (FAs) [45,57]. Moreover, 
FAs storage in LDs could be mobilized and oxidized to fulfill cellular 
needs [61]. Therefore, we hypothesize that OCA lipolyzed ARA-TGs to 
release ARAs, which were further incorporated to glycerophospholipids 
for utilization. ARA-PEs or its elongation product, adrenic acid (C22:4), 
are regarded as key phospholipids that undergo oxidation and drive cells 
towards ferroptosis [62]. Previous studies have demonstrated the 
reduction of ARAs in FFA, TG and PC and elevation of ARA-derived 
lipoxygenase (LOX) oxylipins 5-HETE, 8-HETE, 11-HETE and 15-HETE 
during NASH progression [63,64]. Moreover, acute-on-chronic liver 
failure patients harbors higher plasma levels of free ARA but not other 
PUFAs [65], which indicates the vital role of ARA and associated oxy-
lipins in liver lipidoxicity. 

In this study, we identified up-regulation of ARA-metabolizing en-
zymes and enrichments of ARA-derived oxylipins HETEs and 12-HHT 
mediated by OCA. Since HETEs have been widely studied to induce 
cellular membrane rupture and ferroptosis [66,67], we further investi-
gated the potential lipidoxicity of microbiota-related 12-HHT and 

identify ferroptosis as the primary type of hepatic cell death mediated by 
12-HHT. The role of ferroptosis is contradictory, as hepatocyte ferrop-
tosis is a manifestation of liver fibrosis whereas targeting HSC ferrop-
tosis is an emerging therapy for inhibiting HSC activation [68]. We 
found HSCs showed stronger resistance to 12-HHT-mediated ferroptosis 
than hepatocytes at the pathological concentration of 12-HHT (1 μM). 
Further, 12-HHT could upregulate profibrotic expressions of HSCs in 
two ways: directly or trigger hepatocyte ferroptosis to activate HSCs. 
These evidence indicated that lipid peroxidation may serve as a key 
driver of NASH-related fibrosis which reverses the anti-fibrotic effect of 
OCA. 

Till now, there is no effective treatment for NASH due to its 
complicated profiles implicating lipid metabolism, BA homeostasis, 
oxidative stress, insulin resistance, lipotoxicity, etc. [69]. Thus, com-
bined therapy targeting multiple aspects is necessary for the treatment 
of NASH. Considering that OCA could induce lipid 
peroxidation-mediated ferroptosis, we assume that inhibition of lipid 
peroxidation could be a potential therapeutic strategy for NASH-related 
fibrosis. The feasibility of this strategy was subsequently illustrated by 
PTX, a lipid peroxidation inhibitor proved to reduce plasma levels of ω-6 
PUFAs-derived oxidized lipids HETEs, HODEs and oxoODEs [70]. 
Consistently, our data indicated that PTX significantly decreased lipid 
peroxidation and subsequent ferroptosis similar to ferroptosis inhibitor 
Fer-1 or NAC. Meanwhile, PTX could rescue the unsatisfactory effect of 
OCA on lipid peroxidation and ferroptosis, and PTX supplement addi-
tively alleviates OCA-unresponsive liver fibrosis. 

Additionally, we found PTX ameliorates insulin resistance, which 
could be offset by OCA when combined used, indicating its contradic-
tory effect on glucose homeostasis. One possible explanation is that 
accumulated ceramides in the liver, which is associated with activation 
of gut FXR pathway by OCA [71], accounts for poor insulin resistance 
[72,73]. Lipid peroxidation inhibitor PTX undermining ferroptosis could 
not rescue poor effect of OCA to restore insulin resistance, demon-
strating this may be related with Cer elevations rather than ferroptosis. 

A major limitation in this study is that we demonstrated the critical 
role of the gut microbiota mediated by OCA in hepatic lipid peroxidation 
and identify related microbes, yet specific mechanisms on how OCA 
mediates shifts in microbial composition remains unclear. Considering 
BAs and short chain fatty acids (SCFA) are key determinants in main-
taining the dynamic communication between the host and microbiota 
[74,75], mechanisms on how OCA-mediated BA and SCFA spectrum 
reshapes microbiota worth further elucidation. Germ-free mice could be 
considered to mine underlying mechanism and verify the effect of spe-
cific microbes on lipid peroxidation at species level. Our lipidomic data 
showed reductions in ARA-TGs and elevations in free ARAs and 
ARA-PEs, thus we assume that ARAs may be released from TG to 
incorporate into PE to be further oxidized, this hypothesis should be 
further verified with ARA isotope-tracing analysis in the subsequent 
study. Since we note that OCA induces ARA-derived ferroptosis with 
alternations in BA spectrum, gut microbiome and hepatic lipid spec-
trum, we clarify that humans and mice have different BA pools, gut 
microbial compositions and hepatic lipid profiles. Similarly, humans 
and mice share distinctive mass-specific metabolic rate, and this results 
in different pools of ROS, a by-product of energy metabolism in the 
mitochondria, and different capacity to maintain cellular homeostasis, 
which finally contributes to different susceptibility to ROS-induced cell 
death [76]. Therefore, there may have additional mechanism in humans 
compared to mice experiment, indicating further random clinical trial 
should be processed to prove the synergy of this combination on 
NASH-fibrosis patients. 

In summary, the pro-fibrotic effect of ARA-derived oxylipin 12-HHT 
underpins a critical contribution of lipid peroxidation and ferroptosis to 
liver fibrosis in NASH. Our results demonstrate the unsatisfactory anti- 
fibrotic effect of OCA on NASH-fibrosis may be due to ferroptosis 
induced by its mediated oxylipin spectrum. Crosstalk among BA meta-
bolism, gut microbiota and lipid metabolism identifies a vital role of gut 
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microbiota on OCA-mediated ferroptosis. Importantly, we found OCA 
synergized with lipid peroxidation inhibitor PTX additively alleviate 
OCA-unresponsive fibrosis (Fig. 9). 

4. Method 

4.1. Drug preparation 

OCA (Sunshine Chemical, Wuhan, China) was freshly suspended in 
0.5% methyl cellulose (MC) in a dosing volume of 6 g/L and ultra-
sonicated prior to use. Pentoxiphylline (PTX, Alarddin, Shanghai, China) 
was dissolved in normal saline solution at a dose of 10 g/L and filtered 
through a 0.22 μm filter before use. 

4.2. Animal administration 

Male specific pathogen free (SPF) C57BL/6J mice were kept at room 
temperature with a controlled 12-12 h light-dark cycle. All mice were 
administrated after an one-week acclimatization. 

To investigate the impact of OCA on NASH-related fibrosis, mice 
were treated with (a) control diet with vehicle (CD group); (b) western 
diet (high fat diet plus high fructose/glucose in drinking water) with 
vehicle (WD group); (c) western diet with OCA (30 mg/kg). OCA were 
administrated by oral gavage daily from the 20th week for 5 weeks. 

To investigate the role of microbiota in OCA-mediated lipid peroxi-
dation, WD-fed mice were pretreated with a 7-day antibiotics cocktail to 
remove gut microbes, including vancomycin (100 mg/kg), neomycin 
sulfate (200 mg/kg), metronidazole (200 mg/kg) and ampicillin (200 

mg/kg). Then mice were treated with OCA (30 mg/kg) for 7 days. 
To investigate the synergetic effect of OCA and lipid peroxidation 

inhibitor on oxidative-stress-associated fibrosis in NASH, mice were 
treated with (a) western diet with vehicle; (b) western diet with OCA 
(30 mg/kg); (c) western diet with PTX (100 mg/kg); (d) western diet 
with OCA (30 mg/kg) and PTX (100 mg/kg). PTX was intervened by 
intraperitoneal injection daily. OCA and PTX were administrated from 
the 20th week for 5 weeks. 

4.3. Cell culture 

The human hepatocyte cell line L-02 and HSC cell line LX-2 were 
purchased from ATCC (Manassas, VA, USA). Both cells were cultured 
with Dulbecco’s modified Eagle’s medium (DMEM, Gibco, MD, USA) 
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% peni-
cillin/streptomycin (Beyotime, Shanghai, China) in a 37 ◦C incubator 
with 5% CO2. 

To investigate whether CDCA induces liver ROS accumulation, L-02 
cells were treated with 0, 20, 50, 100, 200 μM CDCA for 24 h, and 
harvested for lipid peroxidation assays. 

To investigate whether 12-HHT induces ferroptosis in hepatocytes 
and HSCs and directly activates HSCs, LX-2 and L-02 cells were cultured 
with 1 μM 12-HHT for 24h, respectively, and harvested for further 
assays. 

To investigate whether 12-HHT-induced hepatocellular death could 
be reversed by ferroptosis inhibitor, L-02 cells were cultured with erastin 
(5 μM) or 12-HHT (1 μM) in the presence or absence of Fer-1 (1 μM), 
NAC (2 mM) or PTX (1 mM) for 24 h, and harvested for further assays. 

Fig. 9. Proposed mechanism for poor anti-fibrotic 
effect of OCA against NASH. OCA alters gut micro-
bial composition, notably enriching oxidative stress- 
corresponding Helicobacter and Bacteroides. Heli-
cobacter is related with gut ROS accumulation, and 
Bacteroides induces liver ROS overload through BSH- 
mediated excessive CDCA generation from deconju-
gation of conjugated bile acids. Additionally, OCA 
selectively regulates hepatic lipid profiles, character-
ized as reductions in ARA-TGs and elevations in ω-6 
PUFAs and ARA-PEs, which are susceptible to lipid 
peroxidation. 12-HHT is identified as a key effector 
impairing anti-ferroptotic and anti-fibrotic effect of 
OCA.   
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4.4. Transwell assay 

To investigate whether 12-HHT promotes HSC activation by fer-
roptotic hepatocytes, a modified co-culture model was enrolled using 
transwell chambers with 8-μm pores. Briefly, LX-2 cells were plated in a 
6-well plate, while L-02 cells were plated on the upper permeable 
chamber in another 6-well plate. L-02 cells were incubated with 1 μM 
12-HHT or vehicle for 24 h. Then the cell-culture inserts were washed 
with PBS, replaced with new medium and transferred onto the plate 
containing LX-2 cells. After co-culture for 24 h, LX-2 cells were har-
vested for further assays. 

4.5. Serum biochemistry 

Seral levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), total cholesterol (TC), triglyceride (TG) and total bile 
acid (TBA) were quantified through the automatic blood biochemical 
analyzer (SRL., Tokyo, Japan). 

4.6. Serum cytokine and chemokine assay 

Seral concentrations of cytokines and chemokines including IL-1β, 
IL-3, IL-5, IL-6 and IL-10 were quantified through a Bio-plex Mouse 
Cytokine kit (Bio-Rad, CA, USA) according to the manufacturer’s 
instructions. 

4.7. Liver ELISA assays 

Hepatic concentrations of TC, TG, superoxide dismutase (SOD) and 
glutathione (GSH) were quantified by commercial ELISA kits (Abcam, 
MA, USA; Sigma-Aldrich Corp, MO, USA). Briefly, liver sections were 
homogenized and centrifuged to harvest supernatant for further 
measurement. 

4.8. Serum ELISA assays 

Seral levels of free fatty acid (FFA), glucagon-like peptide-1 (GLP-1), 
peptide YY (PYY), GSH and SOD activity were assessed by commercial 
ELISA kits (Abcam; RayBiotech, GA, USA). 

4.9. Lipid peroxidation assays 

The lipid peroxidation level was evaluated by malondialdehyde 
(MDA) quantification, C11-BOPIY and Mito-Tracker Red CMXRos 
staining. 

Briefly, MDA quantification was conducted using a commercial 
ELISA kit by homogenizing 10 mg of liver sections or 106 cells. To assess 
intracellular ROS, cells were harvested and incubated with 2 μM C11- 
BODIPY or 200 nM Mito-Tracker Red CMXRos at 37 ◦C for 30 min. 
Then, images were obtained by an LSM T-PMT confocal microscope 
(Zeiss). 

4.10. Intraperitoneal glucose tolerance test (IGTT) 

IGTT was conducted one week before sacrifice as previously 
described [77]. Briefly, mice were fasted for 16 h and then injected with 
2 g/kg glucose intraperitoneally. Blood glucose levels were assessed at 0. 
15, 30, 60, 90, 120 min after injection with a glucometer (Roche, Basel, 
Switzerland). 

4.11. Histopathology analysis 

Fresh liver sections were fixed in 10% paraformaldehyde for 24 h, 
embedded in paraffin and cut into 2 μm-thickness slices. Slices were then 
stained with hematoxylin and eosin (H&E) and Sirius Red. We applied a 
NAFLD activity score (NAS) system to estimate the degree of NAFLD 

progression as previously described [78]. Fibrosis index was evaluated 
based on Sirius Red staining according to NAS. 

Frozen liver sections in 4 μm-thickness were fixed in 4% neutralized 
formaldehyde and stained with Oil Red-O, and the area of lipid droplet 
was calculated to assess hepatic lipid accumulation by ImageJ. 

Hepatocyte death was detected by a terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay (Vazyme, Nanjing, 
China) according to the protocol. The percentage of positive cells was 
counted using Image J. 

4.12. Dihydroethidium (DHE) staining and reactive oxygen species (ROS) 
quantification 

Frozen liver and ileum sections were stained with DHE to assess ROS 
concentrations. 

A ROS ELISA kit was employed to quantify ROS levels in the liver and 
ileum (Biolab, Beijing, China). 

4.13. Immunohistochemistry staining 

Paraffin-embedded liver sections were successively incubated with 
α-SMA and MPO antibodies (Abcam) and HRP-conjugated secondary 
antibodies (Beyotime). The positive area of α-SMA was measured using 
ImageJ IHC profiler to evaluate fibrosis progression. 

4.14. Cell viability assay 

An enhanced Cell Counting Kit-8 (CCK-8; Beyotime) was used to 
measure cell viabilities. L-02 and LX-2 cells were seeded in 96-well 
plates at a density of 5000 per well and cultured with 0–5 μM 12-HHT 
for 24h. Cells were incubated with CCK8 assay for 2 h, and the absor-
bance were measured at 450 nm. For each condition, 6 independent 
biological duplicates were assessed. 

4.15. BSH activity assay 

Bacterial BSH activity was measured via quantifying the liberated 
taurine released from tauro-conjugated bile salts based on the previous 
study with several modifications [79,80]. Briefly, 50 mg of stool was 
homogenized, lysed on ice and centrifuged to extract fecal total proteins. 
Then the protein extract was quantified by a BCA assay and diluted to 1 
mg/ml in 3 mM sodium acetate. BSH reaction was carried out by adding 
170 μL of 3 mM sodium acetate and 20 μL of 1 mM TDCA or TUDCA to 
10 μL of protein extract under incubation at 37 ◦C for 30 min. Then 
reactions were stopped by plunging the samples into dry ice. For the 
second reaction, thawed mixture was centrifuged and 20 μL of super-
natant was mixed with 80 μL of distilled water and 1.9 mL of ninhydrin 
reagent (0.5 mL of 1% (wt/vol) ninhydrin in 0.5 M sodium citrate buffer, 
pH 5.5; 1.2 ml of 30% (wt/wt) glycerol; and 0.2 ml of 0.5 M sodium 
citrate buffer, pH 5.5), mixed thoroughly and boiled for 15 min. After 
subsequent cooling, the absorbance at 570 nm was determined using 
taurine as standard. BSH activity was measured based on the generation 
of CDCA from TCDCA. 

4.16. Iron assessment 

Iron quantification was conducted using a commercial iron assay kit 
(Abcam) according to the instructions. Briefly, fresh liver tissue was 
washed with PBS, homogenized and measured using a colorimetric 
microplate reader. 

4.17. RNA extraction and real-time quantitative PCR 

Total RNA of liver or cells were extracted by a RNeasy Mini Kit 
(Qiagen, CA, USA) following manufacturer’s protocols and assessed by 
VIIA7 real-time PCR system (Applied Biosystems, CA, USA). Relative 
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mRNA expressions were normalized to the levels of the gene GAPDH. 
The primer sequences are listed in Supplementary Table 1. 

4.18. Statistical analysis 

Kolmogorov-Smirnov test was employed to evaluate the normality of 
the data. One-way ANOVA was used to check differences among more 
than two groups with normal distributions, and Turkey’s test was per-
formed to adjust for multiple comparisons; otherwise, the Kruskal-Wallis 
test was used. Statistical significances in pairwise comparisons were 
analyzed using Student’s t-test with normal distribution; otherwise, a 
Mann-Whitney U test was used. ANOSIM was used to test for clustering 
of microbial communities. Correlations between two parameters were 
checked by Spearman’s rank correlation. IBM SPSS Statistics 20 (SPSS 
Inc., Chicago, IL, USA), GraphPad Prism 6 (GraphPad Software Inc., IL, 
USA) and R software were used to analyze data and draw figures. Data 
are shown as mean ± SEM, and a p value < 0.05 was recognized as 
statistically significant. 
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R. Moreau, N. Planell, V. Arroyo, C.E. Wheelock, J. Clària, Targeted lipidomics 
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