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Abstract

In peroxisomes, acyl-CoA oxidase (ACOX) oxidizes fatty acids and produces H2O2, and the 

latter is decomposed by catalase. If ethanol is present, ethanol will be oxidized by catalase 

coupling with decomposition of H2O2. Peroxisome proliferator-activated receptor α (PPARα) 

agonist WY-14,643 escalated ethanol clearance, which was not observed in catalase knockout 

(Cat−/−) mice or partially blocked by an ACOX1 inhibitor. WY-14,643 induced peroxisome 

proliferation via peroxin 16 (PEX16). PEX16 liver-specific knockout (Pex16Alb-Cre) mice lack 

intact peroxisomes in liver, but catalase and ACOX1 were upregulated. Due to lacking intact 

peroxisomes, the upregulated catalase and ACOX1 in the Pex16Alb-Cre mice were mislocated in 

cytosol and microsomes, and the escalated ethanol clearance was not observed in the Pex16Alb-Cre 

mice, implicating that the intact functional peroxisomes are essential for ACOX1/catalase to 

metabolize ethanol. Alcohol-associated liver disease (ALD) is a spectrum of liver disorders 

ranging from alcoholic steatosis to steatohepatitis. WY-14,643 ameliorated alcoholic steatosis 

but tended to enhance alcoholic steatohepatitis. In mice lacking nuclear factor erythroid 2-related 

factor 2 (Nrf2−/−), WY-14,643 still induced PEX16, ACOX1 and catalase to escalate ethanol 

clearance and blunt alcoholic steatosis, which was not observed in the PPARα-absent Nrf2−/− 

mice (Pparα−/−/Nrf2−/−) mice, suggesting that WY-14,643 escalates ethanol clearance through 

PPARα but not through Nrf2.
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INTRODUCTION

Ethanol metabolism is linked to alcohol-associated liver disease (ALD), a spectrum of liver 

disorders ranging from alcoholic fatty liver (steatosis) to steatohepatitis, fibrosis, cirrhosis, 

and even liver cancer. Liver is a major organ for ethanol metabolism (1). Ethanol is 

mainly metabolized to acetaldehyde, and acetaldehyde is further oxidized to acetate by 

aldehyde dehydrogenase (ALDH), especially by mitochondrial ALDH2. There are 3 major 

enzymatic systems that metabolize ethanol to acetaldehyde: alcohol dehydrogenases (ADH), 

microsomal ethanol oxidation system (MEOS), and catalase. In cytosol, ADH metabolizes 

ethanol to acetaldehyde and reduces NAD+ to NADH. The increased ratio of NADH/NAD+ 

may inhibit fatty acid β-oxidation (FAO) and lead to triglyceride (TG) accumulation in 

liver, i.e., fatty liver (1). MEOS is mainly derived from smooth endoplasmic reticulum 

(ER). Chronic ethanol consumption leads to induction of MEOS, and cytochrome P450 2E1 

(CYP2E1) is a major alcohol-inducible enzyme in MEOS (2). CYP2E1 metabolizes ethanol 

by oxidizing NADPH and produces reactive oxygen species (ROS). CYP2E1-mediated 

oxidative stress contributes to the development of ALD (2–4).

Catalase is mainly in peroxisomes. Like mitochondria, peroxisomes oxidize fatty acids (5). 

Usually, very long chain and branch chain fatty acids are oxidized in peroxisomes and 

the resultant shorter chain fatty acids will be further oxidized in mitochondria. The first 

reaction of peroxisomal FAO is catalyzed by the rate-limiting enzyme acyl-CoA oxidase 

(ACOX), which produces hydrogen peroxide (H2O2) as a byproduct, and the generated 

H2O2 is locally decomposed by peroxisomal catalase (6). There are two steps for catalase 

to decompose H2O2. First, catalase binds one molecular H2O2 to form a catalase-H2O2 

complex. When the catalase-H2O2 complex binds a second H2O2, both H2O2 will be 

decomposed by catalase and generate 2 molecules of H2O and 1 molecule of O2. If ethanol 
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is present, the ethanol will replace the second H2O2 to bind the catalase-H2O2 complex, and 

the ethanol and H2O2 are metabolized to acetaldehyde and H2O, respectively, but no O2 is 

formed (7–9). Catalase metabolism of ethanol is stimulated by free fatty acids (FFA), which 

is attributed to the increased H2O2 generation from the peroxisomal FAO (10,11).

Generally, catalase is deemed to play a minor role in ethanol metabolism. However, recently 

we and another group separately reported that catalase metabolism of ethanol was enhanced 

by WY-14,643, a potent peroxisome proliferator-activated receptor α (PPARα) agonist 

(12–15). It is well known that PPARα regulates peroxisomal FAO (16,17), and PPARα 
activation by WY-14,643 prevents hepatic TG accumulation in experimental ALD model 

(18). Thus, in peroxisomes, both lipid metabolism and ethanol metabolism are enhanced by 

PPARα activation. It is plausible that an interaction between lipid metabolism and ethanol 

metabolism is present in peroxisomes.

WY-14,643 also induces peroxisome proliferation, which was not observed in PPARα 
knockout (Pparα −/−) mice (16). Peroxisomes may arise from pre-existing peroxisomes 

through division and growth. Peroxisomes are also generated de novo by budding from 

ER. Peroxisomal membrane proteins are synthesized in the ER and peroxisomal matrix 

proteins are synthesized in cytosols (19). Peroxisomes require a group of proteins called 

peroxins (PEX) for their assembly and division. PEX16, PEX3, and PEX19 are critical for 

the assembly of the peroxisomal membrane and import of peroxisomal membrane proteins. 

PEX16 acts as a docking site on the peroxisomal membrane for recruitment of PEX3. PEX3 

functions as a docking receptor for PEX19, and PEX19 is a soluble chaperone to function 

as an import receptor for newly synthesized peroxisomal membrane proteins (20). Thus, 

PEX16 plays a pivotal role in the peroxisome biogenesis. The loss of PEX16 results in the 

complete absence of any peroxisomal structures in patients (21). In this study, we examined 

the effects of peroxisome proliferation on ethanol metabolism and lipid metabolism in mice.

MATERIALS and METHODS

Animals and Treatment

Colonies of Pparα−/− mice (#008154, ref. 22), nuclear factor erythroid 2-related factor 

2 (Nrf2) knockout (Nrf2−/−) mice (#017009, ref. 23), Pex16 flox mice (Pex16fl/fl mice; 

#034155) and Alb-Cre mice (#003574) were purchased from Jackson Laboratory. Catalase 

knockout (Cat−/−) mice were derived from Cat+/− mice (cryo recovered from Mutant Mouse 

Resource & Research Center (MMRRC # 036739-MU, ref. 24). The Pex16fl/fl mice were 

crossed with the Alb-Cre mice to create liver-specific Pex16 knockout (Pex16Alb-Cre) mice. 

The Pparα−/− mice were crossed with Nrf2−/− mice to create Pparα−/−/Nrf2−/− mice. All 

the mice were housed in temperature-controlled animal facilities with 12-hour light/dark 

cycles and were permitted consumption of tap water and Purina standard chow ad libitum. 

The mice received humane care. All in vivo experiments were approved by the Institution 

Committee of Animal Use and Care (IACUC) at Marshall University.

Eight to ten weeks old female mice were selected for the Lieber-DeCarli model. Female 

mice were selected because they reveal a propensity to more severe ALD (25). The mice 

were fed the control liquid diet (Bio-Serv, Frenchtown, NJ) for 3 days followed by the 
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ethanol liquid diet for 18 or 25 days (indicated in legends). The concentrations of ethanol in 

the liquid diet were gradually increased from 10% calories from ethanol to 35%. The control 

group was continually fed the control liquid diet. WY-14,643 (Cayman, Ann Harbor, MI) 

was mixed in the liquid diet at 10 mg/L. After overnight fasting, the mice were sacrificed. 

Blood was collected for serum biochemical assays. The livers were weighted, and liver index 

was calculated as liver weight/100g body weight. The liver aliquots from the same lobes 

of different mice were put in neutral Formalin buffer for preparing paraffin sections for 

Hematoxylin & Eosin staining (H&E). The other liver tissue aliquots were stored at −80°C.

Male mice have been suggested for acute or acute-on-chronic model because they are more 

resistant to the mortality than female mice (26). The 8–9 weeks old male mice were fed 

the Lieber-DeCarli ethanol diet containing 0–20 mg/L WY-14,643 for 2 weeks followed by 

a gavage of 5 g/kg ethanol. Some WY-14,643-fed mice were treated with ACOX1 specific 

inhibitor 10,12-tricosadiynoic acid (TrA) (27), which was injected intraperitoneally (10 

mg/kg) twice at 24h and 30 min before the ethanol gavage. Seven hours later blood was 

collected for serum ethanol assay.

Time course of WY-14,643 induction of peroxisome proliferation: C57BL/6J mice were 

fed the control liquid diets containing WY-14,643 (0–20 mg/L) for 1–5 days. The liver 

was collected for peroxisomal membrane protein and matrix protein detection by Western 

blotting analysis.

Ethanol clearance test: The 8–9 weeks old mice were fed the control liquid diets containing 

WY-14,643 (0–20 mg/L) for 1 day or 2 weeks, followed by a single dose of ethanol at 

2.5 g/kg by gavage. The blood was collected for ethanol assay in various time points via 

retro-optical sinus under anesthesia by isoflurane.

Biochemical assays and Western Blotting analysis: The isolated serum was used 

for measuring TG, ethanol, FFA, β-hydroxybutyrate and alanine transaminase (ALT). The 

liver tissues were homogenized in 0.15M KCl to make homogenates. The liver homogenates 

were subjected to 10,000 rpm (Rotor 75Ti) for 20 min, and the supernatants were further 

centrifuged at 40,000 rpm for 1 h, the final supernatants are cytosols, and the pellets are 

microsomes. The homogenates, cytosols and microsomes were used for Western blotting 

analyses. Rabbit anti-CYP2E1 is a generous gift from Dr. Jerome Lasker (Hackensack 

Biomedical Research Institute, Hackensack, NJ). Commercially available assay kits and 

primary antibodies are listed in Supplemental Table 1.

Statistical analysis—Results are expressed as mean ± S.D. Statistical evaluation was 

carried out by using two-way analysis of variance (ANOVA) with subsequent the Student-

Newman-Keuls post hoc test. P<0.05 was considered as statistical significance.

RESULTS and DISCUSSION

Peroxisome matrix protein ACOX1 and catalase are upregulated in the Pex16Alb-Cre mice

In the Pex16Alb-Cre mice, peroxisomal membrane protein PEX16 was undetectable, but 

peroxisome matrix protein ACOX1 and catalase were upregulated in the Pex16Alb-Cre 
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mice (Supplemental-Fig. 1A). The upregulated ACOX1 and catalase were detected in both 

microsomes (Supplemental-Fig. 1B) and cytosol (Supplemental-Fig. 1C), but in the cytosol 

ACOX1 and catalase were increased to a greater extent than in microsomes (Supplemental-

Fig. 1D) because they are soluble matrix proteins. Hepatomegaly (increased liver index) 

was also observed in the Pex16Alb-Cre mice (Supplemental-Fig. 1E). PEX16 mutation is 

one of genetic causes of Zellweger syndrome (21). The patients with Zellweger syndrome 

also display hepatomegaly (28). In skin fibroblasts isolated from Zellweger syndrome 

patients, catalase is upregulated and located in cytoplasm (29). Thus, hepatomegaly and 

the cytosolic upregulation of peroxisome matrix enzymes in the Pex16fl/fl mice reflects the 

human pathological condition.

PEX16 was induced by WY-14,643 in the Pex16fl/fl mice (Fig. 1A). PEX16 is an integral 

membrane protein (30), so it was not detected in cytosol, but GAPDH, a cytosolic protein, 

was detected in cytosol but not in microsomes (Fig. 1B). Another peroxisome membrane 

protein PMP70, a marker of peroxisomes, was also induced by WY-14,643, which was 

observed in the Pex16fl/fl mice but not in the Pex16Alb-Cre mice (Fig. 1A). ACOX1 and 

catalase were also induced by WY-14,643 in the Pex16fl/fl mice, but in the Pex16Alb-Cre 

mice, the already increased ACOX1 and catalase were not further induced by WY-14,643 

(Fig. 1A). ACOX1 and catalase are water soluble peroxisome matrix protein, so they were 

detectable in cytosol (Fig. 1B). WY-14,643-inducible CYP4A, a PPARα-regulated protein 

located in ER rather than in peroxisomes, was also upregulated in the Pex16Alb-Cre mice 

but was not further induced by WY-14,643 (Fig. 1B). The upregulated CYP4A in the 

Pex16Alb-Cre mice was not detectable in cytosol (Fig. 1B).

Peroxisomal matrix proteins are translated in free ribosomes in the cytoplasm with 

peroxisomal targeting sequences (PTSs) allowing proteins to be shuttled to peroxisomes. 

PEX5 is the import receptor for PTS1-containing proteins and PEX7 is for PTS2-containing 

proteins (20). In Zellweger syndrome patients, catalase protein but not mRNA was 

upregulated, suggesting that a posttranslational but not transcriptional mechanism is 

involved (29). However, in C. elegans, knockdown of prx-5, the homolog of human PEX5 

coding gene, triggers transcriptional upregulation of ctl-2, the homolog of human catalase 

coding gene, in a manner dependent on NHR-49, the homolog of PPARα (31). In the 

Pex16Alb-Cre mice, PPARα is probably also responsible for the upregulation catalase and 

ACOX1 because PPARα-regulated microsomal CYP4A was also upregulated (Fig. 1B).

WY-14,643 escalates ethanol clearance in the Pex16fl/fl mice but not in the Pex16Alb-Cre 

mice

After ethanol feeding, serum levels of ethanol were comparable in the Pex16fl/fl mice and 

Pex16Alb-Cre mice, but WY-14,643 decreased serum ethanol levels in the Pex16fl/fl mice 

but not in the Pex16Alb-Cre mice (Fig. 1D). CYP2E1 was induced by ethanol in both the 

Pex16fl/fl mice and Pex16Alb-Cre mice, but the ethanol induction of CYP2E1 was blunted by 

WY-14,643 in the Pex16fl/fl mice but not in the Pex16Alb-Cre mice (Fig. 1A), implicating 

that CYP2E1 does not contribute to the lowered serum ethanol levels by WY-14,643. 

Ethanol induction of CYP2E1 is due to decreased degradation of the ethanol-bound CYP2E1 

(2), thus, WY-14,643 suppressed the ethanol induction of CYP2E1 might be due to the 
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lowered ethanol levels because the basal levels of CYP2E1 without ethanol feeding was 

not decreased by WY-14,643. ADH1 and ALDH2 expression were not affected by ethanol 

or WY-14,643 in either the Pex16fl/fl mice or Pex16Alb-Cre mice (Fig. 1A), but when 

liver index is increased, the total contents of ADH1 and ALDH2 will be increased, will 

ethanol metabolism be increased? After binge ethanol administration by gavage at 2.5 

g/kg, blood ethanol clearance was comparable in the Pex16fl/fl mice and Pex16Alb-Cre mice 

(Supplemental-Fig. 2), suggesting that liver size does not affect liver ethanol metabolism. 

WY-14,643 feeding induced hepatomegaly in the Pex16fl/fl mice to the same extent as 

in the Pex16Alb-Cre mice (Fig. 1C), but WY-14,643 decreased serum levels of ethanol in 

the Pex16fl/fl mice but not in the Pex16Alb-Cre mice (Fig. 1D). Consistently, after a single 

dose of ethanol gavage at 2.5 g/kg, ethanol clearance was escalated by a 2 weeks of prior 

WY-14,643 feeding in the Pex16fl/fl mice (Fig. 1E) but not in the Pex16Alb-Cre mice (Fig. 

1F). These results suggest that WY-14,643-enhanced ethanol metabolism in the Pex16fl/fl 

mice is not due to the enlarged liver mass, either.

Catalase is the enzyme responsible for the WY-14,643-enhanced ethanol metabolism. 

Indeed, after a single dose of ethanol gavage at 2.5 g/kg, the WY-14,643-enhanced ethanol 

clearance was observed in Cat+/+ mice (Fig. 2A) but not observed in Cat−/− mice (Fig. 

2B). Catalase metabolism of ethanol needs H2O2. However, when H2O2 concentration is 

higher, catalase will have a priority to decomposing H2O2. Only low concentration of 

H2O2 gradually and continuously released from H2O2-generating systems will be used for 

the ethanol oxidation (7,32). Peroxisomes contain many oxidases such as D-amino acid 

oxidase, uric acid oxidase, and ACOX. Thus, peroxisomes are good source of H2O2 for 

catalase metabolism of ethanol. ACOX is important considering the Lieber-DeCarli liquid 

diets containing high content of fat. ACOX continuously oxidizes FFA-derived acyl-CoA 

to release H2O2 for catalase ethanol oxidation. However, unlike ACOX1 that was induced 

dramatically, catalase was induced moderately (Fig. 1A,1B). Normally, only about 40% of 

catalase bind with H2O2 to form the catalase-H2O2 complex, when H2O2 is increased, the 

turnover number of the overall H2O2 decomposition reaction will be increased (8). It is 

possible that when ethanol replaces the second H2O2, the turnover number of the reaction of 

ethanol with the catalase-H2O2 complex will still be increased and ethanol metabolism will 

be enhanced. This might be the reason why moderately induced catalase still dramatically 

enhanced ethanol metabolism and escalated blood ethanol clearance.

When catalase is not induced yet but ACOX1 is already increased, will catalase metabolism 

of ethanol still be increased? Time course study showed that after WY-14,643 feeding, 

PEX16 was induced dramatically after 4 days, PMP70 and catalase were induced after 2 

days (Fig 2C), and liver index was also increased after 2 days (Fig. 2D). Interestingly, after 

only 1 day of WY-14,643 feeding ACOX1 was already induced but catalase was not induced 

yet (Fig 2C), and live sizes were not increased, either (Fig. 2D). After 1 day of WY-14,643 

feeding, 2.5 g/kg ethanol was treated by gavage. Within 2 hours, serum ethanol clearance 

was not enhanced by WY-14,643, but after 4 hours, serum levels of ethanol were slightly 

but significantly lowered by the 1-day WY-14,643 feeding (Fig. 2E), suggesting that when 

catalase is not increased and liver sizes were not increased, ACOX1 induction can also 

enhance ethanol metabolism, albeit to a small extent. Furthermore, in an acute-on-chronic 

model, that mice were fed the Lieber-DeCarli ethanol diet containing 0–20 mg/L WY-14,643 
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for 2 weeks followed by a gavage of 5 g/kg ethanol, decreased serum ethanol by WY-14,643 

was partially reversed by ACOX1 inhibitor TrA (Fig. 2F), indicating a pivotal role of 

ACOX1 in the enhanced ethanol metabolism.

However, ethanol metabolism was not enhanced in the Pex16Alb-Cre mice even though 

both ACOX1 and catalase were upregulated. Normally, ACOX1 and catalase are mainly 

located in peroxisomes. In peroxisome matrix, ACOX1 is physically close to catalase so 

that ACOX1-generated H2O2 is readily coupled with catalase for ethanol oxidation. The 

Pex16Alb-Cre mice lack structural peroxisomes, so the upregulated ACOX1 and catalase 

were not closely located in the peroxisomal compartment, instead they were extensively 

distributed in cytosol as shown in Fig. 1B, Supplemental-Fig. 1C and 1D. Thus, intact 

functional peroxisomes provide an intracellular environment for coupling ACOX1 with 

catalase to oxidize ethanol. Similarly, catalase also metabolizes methanol in the presence of 

H2O2, and liver fractions containing peroxisomes metabolize much more methanol than liver 

cytosols (33).

The PPARα-mediated peroxisome proliferation parallels with hepatomegaly (16). After 1 

day of WY-14,643 feeding, peroxisome marker PMP70 was not induced yet (Fig. 2C), liver 

index was not increased, either (Fig. 2D), indicating that peroxisomes were not proliferated 

yet, suggesting that peroxisome proliferation is induced by chronic treatment of WY-14,643 

but not by acute treatment of WY-14,643. Acute treatment of WY-14,643 escalated ethanol 

clearance (Fig. 2E) to a less extent than chronic treatment of WY-14,643 (Fig. 1E, 2A). 

Furthermore, WY-14,643-enhanced ethanol clearance was not observed in the Pex16Alb-Cre 

mice. Therefore, ethanol metabolism is enhanced under peroxisome proliferation.

WY-14,643 ameliorates alcoholic steatosis but enhances alcoholic steatohepatitis in the 
Pex16fl/fl mice but not in the Pex16Alb-Cre mice.

Alcoholic steatosis is a readout of abnormal lipid metabolism. Impaired fatty acid β-

oxidation is one of the causes of alcoholic steatosis. WY-14,643 ameliorated alcoholic 

steatosis and this alleviation was reversed by ACOX1 inhibitor TrA, suggesting an important 

role of peroxisomal fatty acid β-oxidation in suppressing alcoholic steatosis (15). In the 

Pex16fl/fl mice, alcoholic steatosis as indicated by lipid droplets was observed in the 

ethanol group but not in the group of ethanol plus WY-14,643 as shown in Fig. 3A H&E 

staining (its quantification in Supplemental Fig. 3A). Consistently, ethanol induced liver 

TG accumulation in the Pex16fl/fl mice was decreased by WY-14,643 (Fig. 3B). Compared 

with ethanol alone, ethanol/WY-14,643 suppressed serum TG (Fig. 3C) and tended to 

reduce serum FFA (Fig. 3D) but tended to increase serum ketone body (Fig. 3E), indicating 

that lipid metabolism was improved by WY-14,643. Lipid droplets, elevated liver TG, 

altered serum lipids were not observed in the Pex16Alb-Cre mice. These results suggest that 

WY-14,643 ameliorates alcoholic steatosis in the Pex16fl/fl mice but not in the Pex16Alb-Cre 

mice.

However, acidophilic degeneration was observed in the mice fed WY-14,643 alone or 

in combination with ethanol, which was observed in the Pex16fl/fl mice but not in the 

Pex16Alb-Cre mice as shown in Fig. 3A H&E staining (its quantification in Supplemental 

Fig. 3B). Usually, several initially unrelated lesions contribute to the development of 
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necrosis (34). WY-14,643 alone did not significantly increase serum levels of ALT yet, 

but WY-14,643 in combination with ethanol induced serum ALT, indicating an acidophilic 

necrosis in liver, which was also observed in the Pex16fl/fl mice but not in the Pex16Alb-Cre 

mice (Fig. 3F). Peroxisomes are responsible for about 20% oxygen consumption in liver 

(35). In response to WY-14,643, ACOX1 was induced to a much greater extent than catalase 

(Fig. 1B). The disproportionate induction of H2O2-generating ACOX and H2O2-scavenging 

catalase was proposed to be responsible for peroxisome-derived oxidative stress (36). 

Therefore, WY-14,643 induction of ACOX1 has dual effects on liver. On the one hand, 

the induced ACOX1 increases peroxisomal fatty acid β-oxidation to ameliorate alcoholic 

steatosis. On the other hand, the induced ACOX1 may promote oxidative liver injury. 

Usually, ALD advances from steatosis to steatohepatitis, but under peroxisome proliferation, 

spectrum of ALD is altered. i.e., steatohepatitis was developed with suppressed steatosis.

In the Pex16Alb-Cre mice, ACOX1 and catalase are upregulated to the same levels as 

WY-14,643-induced ACOX1 and catalase in the Pex16fl/fl mice. However, the Pex16Alb-Cre 

mice did not show evident alcoholic steatosis and WY-14,643-induced acidophilic 

degeneration. Thus, it is peroxisome proliferation that contributes to the altered spectrum 

of ALD.

WY-14,643 exerts effects through PPARα but not through Nrf2.

The pparα−/− mice develop more severe steatosis in response to ethanol feeding (15, 37). 

Oxidative stress is an essential factor for the transition of steatosis to steatohepatitis (38). 

Nrf2 is a redox transcription factor that regulates antioxidant responses and Nrf2−/− mice 

also developed more severe ALD (39). Interestingly, PPARα is upregulated in the Nrf2−/− 

mice (40), implying a compensation of PPARα upon the loss of Nrf2. Previously, we 

found that WY-14,643-enhanced ethanol metabolism and WY-14,643-suppressed alcoholic 

steatosis were not observed in the pparα−/− mice (13, 15), suggesting that WY-14,643 exerts 

effects through PPARα. Does Nrf2 also regulate the WY-14,643 effects? In this study, we 

found that those WY-14,643 effects observed in the WT mice were also observed in the 

Nrf2−/− mice, but when the Nrf2−/− mice were abrogated PPARα, these effects were not 

observable. Therefore, we conclude that WY-14,643 exerts all observed effects through 

PPARα but not through Nrf2.

As shown in Fig. 4A, PEX16, PMP70, ACOX1, catalase, and CYP4A11 were all induced 

by WY-14,643 in the Nrf2−/− mice as well as in the WT mice but not in the Nrf2−/− mice 

lacking PPARα, i.e., Pparα−/−/Nrf2−/− mice. Liver index was increased by WY-14,643 in 

the Nrf2−/− mice and the WT mice but not in the Pparα−/−/Nrf2−/− mice (Fig. 4B); serum 

ethanol levels were also decreased by WY-14,643 in the Nrf2−/− mice and the WT mice 

but not in the Pparα−/−/Nrf2−/− mice (Fig. 4C). Ethanol-induced liver TG accumulation 

was higher in the Nrf2−/− mice than in the WT mice, but WY-14,643 blunted the TG 

accumulation in both the WT mice and the Nrf2−/− mice (Fig. 4D). Consistently, H&E 

staining showed that alcoholic steatosis was more severe in the Nrf2−/− mice than in the 

WT mice, and WY-14,643 attenuated the alcoholic steatosis in both the WT mice and 

Nrf2−/− mice (Fig. 4E). However, in the Pparα−/−/Nrf2−/− mice, ethanol-induced liver TG 

accumulation was further increased, but WY-14,643 did not suppress the TG accumulation 
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(Fig. 4D). H&E staining showed that the alcoholic steatosis was extremely severe in the 

Pparα−/−/Nrf2−/− mice and WY-14,643 failed to ameliorate the severe alcoholic steatosis 

(Fig. 4E).

In conclusion, WY-14,643 induces PEX16 contributing to peroxisome proliferation. PPARα 
regulates both peroxisomal fatty acid β-oxidation and peroxisomal ethanol metabolism. 

Peroxisomal fatty acid β-oxidation initiated by ACOX1 couples with catalase to promote 

peroxisomal ethanol metabolism. WY-14,643 enhances ethanol metabolism via a PPARα-

PEX16-ACOX-catalase network. Absence of PEX16 leads to absence of peroxisomes 

and upregulation of ACOX1 and catalase. The upregulation of ACOX1 and catalase are 

mainly located in cytosol and fails to enhance ethanol metabolism. The induced peroxisome 

proliferation is essential for the enhanced catalase metabolism of ethanol. Nrf2 has no effect 

on WY-14,643-induced effects.
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Highlights:

• Peroxisomes provide an intracellular environment for ACOX1 coupling with 

catalase to promote ethanol metabolism.

• WY-14,643 induces PEX16 contributing to peroxisome proliferation, and 

absence of PEX16 leads to absence of peroxisomes and upregulation of 

ACOX1 and catalase.

• Due to lacking peroxisomes, the upregulation of ACOX1 and catalase are 

located in cytoplasm and fails to enhance ethanol metabolism.

• WY-14,643 exerts all effects via PPARα but not via Nrf2.
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Figure 1. 
WY-14,643 induces ACOX1 and catalase and enhances ethanol metabolism in the Pex16fl/fl 

mice but not in the Pex16Alb-Cre mice.

(A-D) The female mice were fed Lieber-DeCarli liquid control and ethanol diet containing 

0–10 mg/L of WY-14,643 for 25 days. (A) Effects of WY-14,643 on hepatic expression 

of peroxisomal enzymes and major ethanol metabolism enzymes in the Pex16fl/fl mice 

and Pex16Alb-Cre mice. (B) Microsomal and cytosolic distribution of WY-14,643-induced 

PEX16, catalase, ACOX1, and CYP4A11. (C) Liver index indicating that WY-14,643 

induced hepatomegaly in the Pex16fl/fl mice but not in the Pex16Alb-Cre mice (n=3–4). 

(D) Effects of WY-14,643 on serum ethanol levels (n=3–4). * P<0.05, compared with C 

group; # P<0.05, compared with E group. C, control; WY, WY-14,643; E, ethanol; EWY, 

ethanol+WY-14,643.

(E-F) The male mice were fed Lieber-DeCarli liquid control diet containing 20 mg/L of 

WY-14,643 for 2 weeks followed by a single dose of ethanol gavage at 2.5 g/kg. The blood 

was collected after 1, 2, 3, and 4 hours. WY-14,643 escalated blood ethanol clearance in the 
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PEX16fl/fl mice (E) but not in the PEX16Alb-Cre mice (F). * P<0.05, compared with E groups 

(n=3). E, binge ethanol; EWY, binge ethanol+WY-14,643.
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Figure 2. 
Catalase and ACOX1 contribute to escalated ethanol clearance by WY-14,643.

(A-B) The male mice were fed Lieber-DeCarli liquid control diet containing 0–20 mg/L of 

WY-14,643 for 2 weeks followed by a single dose of ethanol gavage at 2.5 g/kg. The blood 

was collected after 1, 2, 3, and 4 hours. The escalated ethanol clearance by WY-14,643 was 

observed in the Cat+/+ mice (A) but not in the Cat−/− mice (B). * P<0.05, compared with 

Cat−/− mice (n=3).

(C-D) The male mice were fed Lieber-DeCarli liquid control diet containing 0–20 mg/L of 

WY-14,643 for 1–5 days. PEX16, PMP70, catalase and ACOX1 were induced in different 

patterns (C) and liver index was increased after 2 days. * P<0.05, compared with Control 

group (n=3).

(E) The male mice were fed Lieber-DeCarli liquid control diet containing 0–20 mg/L of 

WY-14,643 for 1 day followed by a single dose of ethanol gavage at 2.5 g/kg. The blood was 

collected after 1, 2, 3, and 4 hours. * P<0.05, compared with WY-14,643 group (n=3).

(F) Decreased serum ethanol by WY-14,643 was reversed by ACOX1 inhibitor TrA. The 

male mice were fed Lieber-DeCarli liquid ethanol diet containing 0–20 mg/L of WY-14,643 

for 2 weeks followed by a single dose of 5 g/kg ethanol gavage. TrA was injected (10 
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mg/kg) twice at 30 min and 24 h before ethanol gavage. * P<0.05, compared with E group 

(n=3); # P<0.05, compared with EWY group.
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Figure 3. 
Ethanol feeding induced fatty liver in the Pex16fl/fl mice but not in the Pex16Alb-Cre mice. 

The female mice were fed Lieber-DeCarli liquid control and ethanol diet containing 0–10 

mg/L of WY-14,643 for 25 days. (A) H&E staining in liver sections indicating that ethanol 

induced fatty liver in the Pex16fl/fl mice but not in the Pex16Alb-Cre mice and WY-14,643 

blunted the alcoholic fatty liver in the Pex16fl/fl mice. Arrows show lipid droplets. Stars 

show acidophilic degeneration. Scale bars = 140 μm. (B) WY-14,643 significantly decreased 

ethanol-induced hepatic TG accumulation in the Pex16fl/fl mice (n=3–4) but not in the 

Pex16Alb-Cre mice (n=4). (C) WY-14,643 decreased serum TG in the Pex16fl/fl mice (n=3–4) 

but not in the Pex16Alb-Cre mice (n=4). (D) Serum FFA was not significantly changed by 

WY-14,643 (n=3–4). (E) WY-14,643 tended to increase serum ketone in the Pex16fl/fl mice 

(n=3–4) but not in the Pex16Alb-Cre mice (n=4). (F) WY-14,643 in combination with ethanol 

increased serum ALT in the Pex16fl/fl mice (n=3–4) but not in the Pex16Alb-Cre mice (n=4). 

* P<0.05, compared with C group; # P<0.05, compared with E group. C, control; WY, 

WY-14,643; E, ethanol; EWY, ethanol+WY-14,643.
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Figure 4. 
The effects of WY-14,643 are regulated by PPARα but not by Nrf2. The female WT 

mice, Nrf2−/− mice, and Pparα−/−/Nrf2−/− mice were fed Lieber-DeCarli liquid ethanol diet 

containing 10 mg/L of WY-14,643 for 18 days. (A) WY-14,643-induced hepatic proteins. 

(B) Liver index (n=3–4). (C) Serum ethanol levels (n=3–4). (D) Liver TG contents (n=3–4). 

(E) H&E staining. Arrows show lipid droplets. Arrowhead shows inflammatory foci. Scale 

bars =140μm.

* P<0.05, compared with E group. E, ethanol; EWY, ethanol+WY-14,643.
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