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Elevated systemic total bile acids escalate
susceptibility to alcohol-associated liver disease

Devendra Paudel,1 Fuhua Hao,2 Umesh K. Goand,1 Sangshan Tian,1 Anthony M. Koehle III,1 Loi V. Nguyen, Jr.,1

Yuan Tian,2 Andrew D. Patterson,2 and Vishal Singh1,3,4,5,*
SUMMARY

Excessive alcohol consumption is a major global health problem. Individuals with alcoholic liver disease
often exhibit elevated serum total bile acids (TBAs). Nevertheless, the extent to which high TBA contrib-
utes to alcohol-associated liver disease (AALD) remains elusive. To investigate this, wild-type mice were
categorized into normal (nTBA) and high (hTBA) TBA groups. Both groups underwent chronic-binge
ethanol feeding for 4 weeks, followed by additional weekly ethanol doses. Ethanol feeding worsened
AALD in bothmale and female mice with elevated serum TBA, characterized by liver dysfunction and stea-
tosis. Decreased hepatic expression of genes involved in mitochondrial b-oxidation and lipid transport in
ethanol-fed hTBA mice suggests that altered fatty acid metabolism contributed to AALD. Our findings,
which represent the first to link high serum TBA to increased AALD susceptibility, underscore the impor-
tance of proactive serum TBA screening as a valuable tool for identifying individuals at high risk of devel-
oping AALD.

INTRODUCTION

Excessive alcohol consumption currently ranks as the seventh leading cause of premature death and disability.1 The National Institute on

Alcohol Abuse and Alcoholism (NIAAA) defines binge drinking for men as consuming five or more drinks within 2 h, whereas for women,

it is four or more drinks within the same time frame, potentially raising the blood alcohol concentration (BAC) to 0.08 gm/dL or higher.2 Binge

drinking is frequently observed among young individuals, wherein copious amounts of alcohol are consumed within a short time frame, often

with the sole purpose of achieving a state of intoxication.3 On average, approximately 21.5% of the US population—roughly 60 million indi-

viduals—engage in binge drinking each month.4 Such excessive amounts of alcohol consumption significantly increase the risk of various

health complications, including liver disease.

Cholemia is a condition characterized by high systemic total bile acids (TBAs). This condition arises due to changed physiological states,

such as pregnancy (intrahepatic cholestasis of pregnancy [ICP]),5 or due to congenital portosystemic shunts (CPSSs)6,7 and specific liver dis-

eases, including alcoholic and viral hepatitis.8 Serum TBA level above 10 mM indicates ICP. Severe cases of ICP have bile acids above 40 mM9

and pose a greater risk for pregnancy complications such as preterm labor and respiratory issues after birth.10 In humans, CPSS7 is caused by

the presence of an obstructed blood vessel, resulting in diversion of portal flow to the systemic circulation.11 Such an abnormal obstruction

leads to an increased bile acid level in the bloodstream, giving rise to various symptoms such as lethargy, vomiting, and diarrhea, causing

disruptions in metabolic and physiological processes.12 Patients with portosystemic shunts (PSSs) frequently exhibit elevated bile acids in

blood tests, and a subset of these individuals also show increased markers of liver dysfunction.7 In severe cases, PSS can lead to the devel-

opment of conditions such as hepatic encephalopathy, variceal bleeding, and portal vein thrombosis.13 Current prevalence of PSS is not well

established, as this condition can be congenital or acquired due to prior liver health issues13 and can be asymptomatic as well.14 However, few

studies have reported the average incidence of congenital portosystemic shunt to be 1 in 30,000 to 50,000 live births.15,16

Elevated systemic TBA levels are frequently observed in patients with acute and chronic liver diseases.17 Such an increase in serum bile

acid, specifically during hepatitis, results from amalfunction of multiple hepatic mechanisms, including dysfunction of sinusoidal liver cell up-

take, impaired transport within hepatocytes, and dysfunction of bile acid efflux at the bile duct domain.18,19 Although patients with hepatitis

exhibit elevated serum TBA levels, the extent to which this elevation contributes to liver disease remains unclear. To elucidate this, we studied

the effects of elevated serum TBA on liver function in the presence or absence of chronic alcohol exposure using a mouse model. About 8%–

15%of C57BL6/J strains ofmice are bornwith PSS,making them valuablemodels to study the physiological implications of cholemia.20 Similar

to humans, the elevated serum TBA in these mice with PSS is due to obstructed liver vasculature, namely PSS. We categorized mice based on
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their pre-existing TBA: normal TBA (nTBA) and high TBA (hTBA). Liver function markers in the vehicle-treated groups (nTBA and hTBA) were

comparable, suggesting that elevated serum TBA alone does not impact liver function. Notably, upon ethanol feeding, liver dysfunction

markers substantially increased only in the hTBA group, not in the nTBA group. This observation suggests that pre-existing elevated TBA

levels escalate susceptibility to alcohol-associated liver disease (AALD).
RESULTS
Ethanol consumption induces liver injury and hepatic steatosis in both male and female mice with cholemia

Elevated serum TBA regulating the AALD progression remains largely unexplored. Therefore, to determine the impact of high systemic

TBA on AALD progression, 12-week-old, both male and female wild-type (WT) mice with normal TBA (nTBA, average: 9.87 mM; confidence

interval [CI] [95%]: 8.92–10.82) and high TBA (hTBA, average: 102.02 mM; CI [95%]: 88.96–115.07) (Figure 1A) were maintained on a standard

chow diet and fed either water (vehicle) or ethanol (20%, v/v, Alc) ad libitum. After 1 week, the ethanol-fed group also received four weekly

ethanol (3.2 g/kg b. wt.) oral gavage (Figure 1B). High TBA mice fed ethanol (hTBA+Alc) exhibited greater body weight loss compared to

the hTBA+Veh group and the normal TBA groups (nTBA+Veh and nTBA+Alc) (Figure 1C). Notably, the biomarkers of liver dysfunction

alanine transaminase (ALT) and aspartate transaminase (AST) were significantly elevated in hTBA+Alc compared to the other groups

(hTBA+Veh, nTBA+Veh, and nTBA+Alc) (Figures 1D and 1E). The histological analysis revealed hepatic micro-steatosis in hTBA+Alc group

(Figure 1F). Mice in the high TBA ethanol group (hTBA+Alc) had significantly higher levels of alkaline phosphatase (ALKP) compared to the

other groups (Figure 1G). However, albumin (ALB) and total bilirubin (TBIL) levels were comparable across all groups (Figures 1H and 1I).

Research studies have revealed sex-specific differences in alcohol-induced liver disease.21,22 We employed the similar ethanol intervention

regime in female WT (C57BL/6) mice. The female mice cohort displayed similar findings: the hTBA group exhibited hepatic steatosis and

liver dysfunction upon ethanol feeding (Figures 2A–2I). To determine whether elevated serum TBA independently affects liver function, we

measured liver function markers (ALT and AST) prior to any intervention in mice with normal TBA and high TBA. Intriguingly, high TBA mice

exhibited reduced levels of ALT and AST prior to ethanol intervention (Figures S1A and S1B), indicating that elevated TBA alone is not

sufficient to cause liver dysfunction in mice. However, upon ethanol feeding, both male and female mice with high TBA displayed hepatic

lipid accumulation and liver dysfunction. Collectively, our results demonstrate that pre-existing cholemia (elevated serum TBA) predisposes

mice to AALD.

Patients with alcoholic hepatitis display elevated serumTBA levels.23 Therefore, we evaluated the serumTBA in bothmale and femalemice

and found that alcohol feeding increased bile acid levels specifically in mice with cholemia (Figures S2A and S2B), suggesting that alcohol-

induced liver injury in cholemic mice further potentiated systemic accumulation of TBA in mice with pre-existing cholemia.

To further confirm our findings, we used Lieber-DeCarli liquid diet model, developed by the National Institute on Alcohol Abuse and Alco-

holism (NIAAA),24 which is considered as a gold-standard model in studying the effect of alcohol consumption on liver dysfunction. This

model is based on liquid diet feeding where ethanol is mixed with liquid diet, forcing the mice to consume ethanol while eating diet. As a

result, thesemice display a strong disease phenotype. Notably, in agreement with the long-term ethanol feedingmodel, the high TBA group

maintained on ethanol-supplemented Lieber-DeCarli liquid diet exhibited extensive liver injury and lipid accumulation (Figures S3A–S3H).

This observation in the Lieber-DeCarli liquid diet model further strengthens our finding that cholemia predisposes mice to AALD.
Ethanol feeding exacerbates hepatic lipid accumulation in mice with pre-existing cholemia

Disruptions in lipid metabolism play a pivotal role in the pathogenesis of alcohol-related steatotic liver disease, as alcohol stands out among

the toxins capable of inducing disturbances across various lipid metabolic processes in the liver.25 This, in turn, leads to heightened hepatic

fatty acid uptake, decreased b-oxidation, and increased synthesis of triglycerides via de novo lipogenesis. Next, we investigated the hepatic

lipid profile in both male and female mice cohort using 1H NMR spectroscopy to assess the extent of lipid accumulation in response to

ethanol intervention. We observed significantly higher levels of triglycerides, total cholesterol, saturated fatty acids, unsaturated fatty acids,

and total fatty acids in hTBA+Alc, compared to the other groups (Figures 3A–3E), suggesting that pre-existing cholemia potentiated ethanol-

induced hepatic steatosis. Of note, the ethanol groups exhibited heightened levels of unsaturated fatty acids, including monounsaturated

fatty acid (MUFA), polyunsaturated fatty acids (PUFAs) such asu-3 fatty acid, docosahexaenoic acid (DHA), and linoleic acid (LA)—commonly

recognized as beneficial or healthy fats (Figures 3F–3I). Phosphatidylcholine, a type of phospholipid widely used to treat steatotic liver dis-

ease,26 was significantly decreased in ethanol-fed mice with high TBA compared to other groups (Figure 3J). We did not observe differences

in total polyunsaturated fatty acid (PUFA), arachidonic and eicosapentaenoic acid (ARA and EPA), and other lipids in the liver such as free

cholesterol (FC), cholesterol ester (CE), phosphatidylethanolamine (PE), and sphingomyelin (Figure 3K). Ethanol-fed hTBA female group,

like male, exhibited elevated levels of triglycerides, total cholesterol, and fatty acids (Figures 4A–4I). Femalemice also had reduced phospha-

tidylcholine (Figure 4J). Consistent with the male mice, the female hTBA+Alc group also showed no significant changes in PUFA, ARA and

EPA, FC, CE, PE, and sphingomyelin levels (Figure 4K). Notably, the female nTBA+ Alc group displayed significant elevation of hepatic tri-

glycerides, saturated fatty acids, unsaturated fatty acids, and total fatty acids compared to respective control (nTBA+ veh) (Figures 4A–4D).

Although these lipid species showed an upward trend in male nTBA+Alc group, these changes were not statistically significant (Figures 3A–

3D). Collectively, ethanol consumption in cholemic mice led to a distinct accumulation of lipid species that are linked to promote AALD pro-

gression, suggesting that pre-existing cholemia significantly amplified ethanol’s detrimental effects on liver fat metabolism and potentially

accelerated AALD development.
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Figure 1. Ethanol feeding increases susceptibility to hepatic steatosis in male mice with cholemia

(A) Screening of male mice for TBA levels (each dot represents one mouse; n = 134).

(B) Experimental layout for ethanol intervention.

(C) Percent change in body weight. Serum levels of (D) ALT and (E) AST.

(F) Gross liver and representative H&E images of liver [original magnification, x200].

(G–I) Serum levels of ALKP, ALB, and TBIL. (ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALKP, alkaline phosphatase; ALB, albumin; TBIL,

total bilirubin). Data are represented as mean G SEM (n = 5–7 mice/group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s post

hoc test).
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Ethanol consumption induces Mcp1 and alters the expression of genes related to liver lipid metabolism in cholemic mice

The level ofmonocyte chemoattractant protein-1 (MCP1), a chemokine involved in immune cell recruitment, is elevated in patients with AALD,

and the mice lackMcp1 gene exhibit protection against alcohol-induced liver injury.27 As a potent inducer of monocyte recruitment and acti-

vation, Mcp1 is primarily regulated at the transcriptional level and can be triggered by factors such as lipopolysaccharides, tumor necrosis

factor alpha (TNF-a), and interleukin-1 (IL-1).28 Previous studies have linkedMcp1 to hepatic lipid dysregulation.29,30 Therefore, we estimated

the mRNA transcripts of hepaticMcp1 and genes involved in lipid metabolism using quantitative RT-PCR. Our analysis showed a substantial

upregulation in the hepatic Mcp1, particularly in hTBA+Alc group (Figure 5A). Concurrently, a distinctive reduction of peroxisome prolifer-

ator-activated receptor alpha (Ppara), a transcriptional regulator of genes associated with lipid metabolism, was observed in the hTBA+Alc

group compared to other groups (Figure 5B). The hepatic expression of farnesoid X receptor (Fxr), a bile acid receptor, remained unaltered

(Figure 5C). Moreover, a higher expression of Cd36, a scavenger receptor involved in hepatic fatty acid uptake, was observed in ethanol-fed

hTBA group (Figure 5D). Expression of genes implicated in mitochondrial b-oxidation, namely sirtuin-1 (Sirt1) and carnitine
iScience 27, 110940, October 18, 2024 3



Figure 2. Female mice with pre-existing cholemia displayed ethanol-induced hepatic dysfunction

(A) Screening of female mice for TBA levels (each dot represents one mouse; n = 138).

(B) Experimental outline for ethanol intervention.

(C) Percent change in body weight. Serum levels of (D) ALT and (E) AST.

(F) Gross liver and representative H&E images of liver (original magnification, x200).

(G–I) Serum levels of ALKP, ALB, and TBIL. (ALT, Alanine aminotransferase; AST, aspartate aminotransferase; ALKP, alkaline phosphatase; ALB, albumin; TBIL,

total bilirubin). Data are represented as meanG SEM (n = 5–7 mice/group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s post hoc

test).
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palmitoyltransferase 1 (Cpt1), was substantially decreased in the hTBA group (Figures 5E and 5F). Furthermore, the ethanol-fed hTBA mice

exhibited decreased hepatic expression of genes related to hepatic fatty acid transport, including microsomal triglyceride transfer protein

(Mtp) and apolipoprotein B (Apob) (Figures 5G and 5H). Surprisingly, hTBA group showed reduced expression of lipogenic gene stearoyl-

CoA desaturase 1 (Scd1), whereas ethanol-fed mice with normal bile acid (nTBA group) displayed increased Scd1 (Figure 5I). Similarly, fatty

acid synthase (Fas), another crucial lipogenic gene, also showed a decreased expression in the ethanol-fed hTBA group (Figure 5J). The

expression of sterol regulatory element-binding protein-1c (Srebp1c), a transcription factor that regulates lipogenesis in the liver, remained

unaltered in all groups (Figure 5K). We further confirmed the expression of these markers in the female mice cohort. Interestingly, mirroring

the findings in males, ethanol-fed female hTBA+Alc group also exhibited increased hepatic expression of Mcp1 and Cd36 (Figures 6A and

6D). Likewise, the levels of Ppara, Sirt1,Mtp, and Apob were decreased (Figures 6B–6E, 6G, and 6H). No significant change was observed in

Fxr (Figure 6C), although a decreasing trendwas noted forCpt1 (Figure 6F). Notably, female hTBA+Alc group displayed increased expression
4 iScience 27, 110940, October 18, 2024



Figure 3. Cholemia aggravates liver lipid accumulation in male mice following chronic ethanol feeding

Hepatic levels of (A) triglycerides, (B) saturated fatty acids, (C) unsaturated fatty acids, (D) total fatty acids, (E) total cholesterol, (F) monounsaturated fatty acids, (G)

u-3 fatty acid, (H) docosahexaenoic acid, (I) linoleic acid, and (J) phosphatidylcholine.

(K) Heatmap showing lipid profile. (TC, total cholesterol; SFA, saturated fatty acid; u-3 FA, omega-3 fatty acid; FC, free cholesterol; CE, cholesterol ester;

ARA+EPA, arachidonic + eicosapentaenoic acid; MUFA, monounsaturated fatty acid; DHA, docosahexaenoic acid; LA, linoleic acid; PUFA, polyunsaturated

fatty acid; PE, phosphatidylethanolamine; PC, phosphatidylcholine; TG, triglycerides; UFA, unsaturated fatty acid; SM, sphingomyelin; TFA, total fatty acid).

Data are represented as mean G SEM (n = 6 mice/group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s post hoc test).
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Figure 4. Chronic ethanol feeding promotes hepatic lipid accumulation in female mice with elevated TBA

Hepatic levels of (A) triglycerides, (B) saturated fatty acid, (C) unsaturated fatty acid, (D) total fatty acids, (E) total cholesterol, (F) monounsaturated fatty acid, (G)u-

3 fatty acid, (H) docosahexaenoic acid, (I) linoleic acid, and (J) phosphatidylcholine.
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Figure 4. Continued

(K) Heatmap showing lipid profile. (TC, total cholesterol; SFA, saturated fatty acid; u-3 FA, omega-3 fatty acid; FC, free cholesterol; CE, cholesterol ester;

ARA+EPA, arachidonic + eicosapentaenoic acid; MUFA, monounsaturated fatty acid; DHA, docosahexaenoic acid; LA, linoleic acid; PUFA, polyunsaturated fatty

acid; PE, phosphatidylethanolamine; PC, phosphatidylcholine; TG, triglycerides; UFA, unsaturated fatty acid; SM, sphingomyelin; TFA, total fatty acid). Data are

represented as mean G SEM (n = 6 mice/group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s post hoc test).
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of hepatic Srebp1c compared to nTBA+Alc (Figure 6K). In the nTBA+Alc group, hepatic expression of Scd1 and Fas was increased. However,

the female hTBA+Alc group did not show any changes in hepatic Scd1 or Fas levels compared to their respective controls (Figures 6I and 6J).

To gain mechanistic insight into how ethanol feeding induces hepatic injury and lipid accumulation in the mice with elevated TBA, we

examined the extent of necrosis/apoptosis and inflammation via terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay

and ELISA (Table 1), respectively. Surprisingly, we did not observe any significant difference in TUNEL-positive cells between ethanol- and

vehicle-treated normal or high TBA groups (Figure S4), suggesting that necrosis/apoptosis may not be a primary driver of injury in these

groups. Although elevated Mcp1 mRNA expression (Figure 5A) suggests immune cell infiltration, we did not observe elevated levels of in-

flammatory cytokines TNF-a and IL-1b in ethanol-fed groups (Figures S5A and S5B), indicating that hepatic inflammation is likely not occur-

ring. Interestingly, the hepatic level of lipocalin 2 (Lcn2), an acute-phase protein previously shown to have a detrimental role in AALD,31 was

significantly increased in the ethanol-fed high-TBAgroup (Figure S5C). Altogether, these data suggest that a 4-week ethanol feeding regimen

primarily induces steatosis without significantly inducing apoptosis or necrosis and progressing to inflammation.

Ethanol disrupts liver metabolic activity in cholemic mice

The ethanol exposure impacts various hepatic metabolic processes beyond lipids, including the modulation of several amino acids,32 pro-

teins,33 carbohydrates,34 and bile acid.35 To comprehensively understand the consequence of alcohol consumption under conditions of

elevated serum TBA, we investigated the alterations in hydrophilic compounds within liver tissues using 1H NMR and hepatic bile acid via

LC-MS. Our analysis revealed significant changes in the levels of hepatic metabolites linked to alcoholic steatotic liver disease. Notably,

the level of adenosine monophosphate (AMP) was specifically decreased in the hTBA+Alc group compared to other groups (Figure 7A).

Moreover, we observed significantly decreased glucose levels in the hTBA+Alc group compared to other groups (Figure 7B). Glutamate,

a metabolite involved in the production of free ammonia (a hepatotoxic molecule), showed a marked elevation in the hTBA+Alc group (Fig-

ure 7C). Furthermore, hypoxanthine, a purine derivative that consumes NAD+,36 was notably higher in the hTBA+Alc group (Figure 7D). He-

patic 3-hydroxybutyrate levels were also increased in the hTBA+Alc group (Figure 7E). Remarkably, mannose levels were significantly

decreased by ethanol feeding in both the nTBA and hTBA groups (Figure 7F). Hydrophilic compounds in the female mice cohort followed

a similar pattern, indicating identical metabolic activity changes. These changes included decreased glucose and mannose levels

(Figures 8B and F) and increased levels of glutamate and hypoxanthine (Figures 8C and 8D). The female hTBA+Alc group showed a

decreasing trend in hepatic AMP and an increasing trend in 3-hydroxybutyrate levels (Figures 8A and 8E). However, these differences did

not reach statistical significance compared to their respective controls. Interestingly, the levels of hepatic bile acids, including primary and

secondary bile acids, were comparable among all groups in malemice (Figure S6), suggesting that the observed elevation in liver dysfunction

markers in the hTBA group was not primarily driven by differences in hepatic bile acid concentrations.

DISCUSSION

Chronic and binge drinking are prevalent patterns of alcohol abuse, characterized by excessive alcohol consumption that can lead to a

cascade of health problems, including liver dysfunction and evenmortality.37 The initial phase of liver impairment due to chronic alcohol con-

sumption manifests as steatotic liver, progressing through inflammation, apoptosis, fibrosis, and finally culminating in the advanced stage of

cirrhosis. Cholemia is a condition characterized by elevated serum TBAs observed in humans, including patients with AALD.38 Although

various physiological and pathological conditions like cholestasis of pregnancy and acute hepatitis can raise serum bile acid levels, the extent

to which this elevation contributes to liver dysfunction during ethanol consumption remains largely unknown. Present study demonstrated

that pre-existing cholemia predisposes mice to ethanol-induced liver dysfunction. Notably, the chronic ethanol intervention regime used

in the current study specifically triggered hepatic dysfunction in mice with high serum TBA, highlighting that substantially elevated serum

TBA accelerates the development of AALD. Existing literature suggests sex-specific differences in the consequences of alcoholic liver

injury.21,22,39 Hence, we extended our inquiry to female cholemic mice and observed similar effects.

Hepatic steatosis is the first manifestation of alcoholic liver injury and is characterized by the excessive deposit of fat inside the liver cells.40

In the liver, there are two major ways of alcohol metabolism: alcohol dehydrogenase and cytochrome P-450 2E1 (CYP2E1). Alcohol dehydro-

genase (ADH) is an enzyme in hepatocyte, which converts alcohol into acetaldehyde and further metabolized to acetate by the mitochondrial

enzyme acetaldehyde dehydrogenase (ALDH). The CYP2E1 pathway metabolizes only about 10% of alcohol at normal state; however, its ac-

tivity increases with increased blood alcohol concentration.33 Both of these pathways are linked to the reduction of NAD+ to NADH, causing

elevation in the NADH/NAD+ ratio. This imbalance significantly influences the hepatic carbohydrate and lipid metabolism.25 Specifically, this

leads to inhibited gluconeogenesis, diverting acetyl-CoA away from the Krebs cycle toward ketogenesis and de novo lipogenesis.41,42 Along

with inhibition of mitochondrial b-oxidation, these changes contribute to hepatic steatosis.43,44 In our study, we observed significantly

elevated hepatic triglycerides, total cholesterol, and saturated fatty acids specifically in the hTBA group, consistent with the known effects

of chronic alcohol consumption on the liver.45,46 Interestingly, we also observed significant elevation of unsaturated fatty acids including
iScience 27, 110940, October 18, 2024 7



Figure 5. Ethanol consumption alters genes related to lipid metabolism in male mice with high TBA

Hepatic expressions of (A) Mcp1, (B) Ppara, (C) Fxr, (D) Cd36, (E) Sirt1, (F) Cpt1, (G) Mtp, (H) Apob, (I) Scd1, (J) Fas, and (K) Srebp1c. (Mcp1, monocyte

chemoattractant protein-1; Ppara, peroxisome proliferator-activated receptor a; Fxr, farnesoid X receptor; Cd36, cluster of differentiation 36; Sirt1, Sirtuin 1;

Cpt1, carnitine palmitoyltransferase 1; Mtp: microsomal triglyceride transfer protein; Apob: apolipoprotein B; Scd1: stearoyl-CoA desaturase 1; Fas: fatty acid

synthase; Srebp1c: sterol regulatory element-binding protein 1). Data are represented as mean G SEM (n = 5–6 mice/group, *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s post hoc test).
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MUFAs and different types of PUFAs such as DHA (type of u-3 fatty acid) and linoleic acid (type of u-6 fatty acid), which are generally consid-

ered as healthy fats. However, the role of u-3 fatty acids in AALD has been controversial, with reports of both protective47–49 and exacer-

bating50,51 liver dysfunction. Interestingly, total PUFA levels were not significantly different among groups in our study. Triglycerides are

the predominant forms of lipids accumulated in the liver and are produced in large amounts due to the alcohol’s effect on lipid metabolism.

Alcohol abuse causes lipolysis in the adipose tissue by inhibiting lipogenic response of adipocytes to insulin52 and catecholamines release,53

which increases non-esterified fatty acids in the circulation, thereby facilitating increased hepatic fatty acid uptake via fatty acid transporters.

In our study, we observed increased expression of fatty acid scavenger receptor,Cd36, consistent with its known role in alcohol-induced stea-

totic liver disease.54

Most significant effect of alcohol that initiates hepatic steatosis is through inhibition of mitochondrial b-oxidation process.55,56 Various fac-

tors such as increase in NADH/NAD+ ratio43 and inhibition of carnitine palmitoyltransferase 1 (CPT1) activity, an enzyme crucial for
8 iScience 27, 110940, October 18, 2024



Figure 6. Ethanol consumption modifies lipid-metabolism-related genes in female mice with cholemia

Hepatic expressions of (A) Mcp1, (B) Ppara, (C) Fxr, (D) Cd36, (E) Sirt1, (F) Cpt1, (G) Mtp, (H) Apob, (I) Scd1, (J) Fas, and (K) Srebp1c. (Mcp1: monocyte

chemoattractant protein-1; Ppara: peroxisome proliferator-activated receptor a; Fxr: farnesoid X receptor; Cd36: cluster of differentiation 36; Sirt1: Sirtuin 1;

Cpt1: carnitine palmitoyltransferase 1; Mtp: microsomal triglyceride transfer protein; Apob: apolipoprotein B; Scd1: stearoyl-CoA desaturase 1; Fas: fatty acid

synthase; Srebp1c: sterol regulatory element-binding protein 1). Data are represented as mean G SEM (n = 5–6 mice/group, *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s post hoc test).
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mitochondrial b-oxidation via reduced AMP-activated protein kinase (AMPK) activity,57 inhibit the b-oxidation process. Peroxisome-prolifer-

ator-activated receptor alpha (Ppara) is a nuclear receptor that functions as a transcriptional regulator of many genes involved in mitochon-

drial b-oxidation, and alcohol suppresses the Ppara signaling by decreasing Ppara binding activity, thereby decreasing AMPK activity.57 In

hepatic lipid metabolism, the interdependent regulation of AMPK and Sirtuin 1 (Sirt1), a recognizer of NAD+, is well established where

Sirt1 expression stimulates the activity of AMPK and AMPK increases the NAD+ levels, which subsequently activates Sirt1.58 Chronic alcohol

consumption is shown to impair the Sirt1-AMPK axis and mitochondrial b-oxidation process. In our study, mice with cholemia exposed to

ethanol showed decreased hepatic mRNA transcripts of Sirt1,Cpt1, and Ppara, suggesting that compromised Sirt1 signaling and diminished

b-oxidation activity may have mediated ethanol-induced hepatic steatosis in both male and female mice.

Chronic alcohol abuse has been shown to heighten the activities of enzymes associated with de novo lipogenesis, including

stearoyl-CoA desaturase 1 (Scd1) and fatty acid synthase (Fas) mediated by the increased expression of transcription factor
iScience 27, 110940, October 18, 2024 9



Table 1. Primer sequences

Target genes Forward (5’—30) Reverse (5’—30) Reference

36B4 GAAAGAAGCCGAGGACCAC TCTGTCACCGCCTTACCAAT Singh et al.74

Mcp1 ATCCCAATGAGTAGGCTGGAGAGC CAGAAGTGCTTGAGGTGGTTGTG Singh et al.73

Ppara TCACAAGTGCCTGTCTGTCG CAGGTAGGCTTCGTGGATTC Battiprolu et al.75

Fxr GAAAGAGTGGTATCTCTGATGAG ACCGCCTCTCTGTCCTTGATG Liu et al.76

Cd36 GGAACTGTGGGCTCATTGC CATGAGAATGCCTCCAAACAC Zhou et al.54

Sirt1 ATCGGCTACCGAGACAAC GTCACTAGAGCTGGCGTGT Cai et al.31

Cpt1 TTGCACGAGGGAAAAATAAGC CCCTGCATGCGGTGGAAAAGGC Kim et al.77

Mtp GAGCGGTCTGGATTTACAACG GTAGGTAGTGACAGATGTGGCTTTTG Kim et al.77

Apob TCACCCCCGGGATCAAG TCCAAGGACACAGAGGGCTTT Kim et al.77

Scd1 CCGGAGACCCTTAGATCGA TAGCCTGTAAAAGATTTCTGCAAACC Singh et al.78

Srebp1c GGTTTTGAACGACATCGAAGA CGGGAAGTCACTGTCTTGGT Goand et al.79

Fas CGGAAACTTCAGGAAATGTCC TCAGAGACGTGTCACTCCTGG Goand et al.79
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Srebp1c.59,60 In agreement, nTBA+Alc group displayed increased expression of Scd1 (in both male and female groups) and Fas (fe-

male only) (Figures 5 and 6). Surprisingly, hTBA+ Alc group displayed reduced Scd1 and Fas expression, specifically in male mice

cohort (Figure 5), despite increased hepatic lipid accumulation. However, we observed a decrease in hepatic expression of the lipid

transport genes microsomal triglyceride transfer protein (Mtp) and apolipoprotein-B (Apob), both known to be regulated by

Ppara.61,62 Consistent with this observation, we also found reduced hepatic expression of Ppara. Mcp1, a pro-inflammatory chemokine

that has been reported to inhibit the Ppara activity,27,63 was found elevated in ethanol-fed cholemic groups. Moreover, studies have

reported a link between Mcp1 and disrupted hepatic lipid regulation.29,30 Altogether, increased accumulation of hepatic lipid in

response to ethanol exposure in hTBA mice partly attributed to heightened fatty acid uptake, suppressed mitochondrial b-oxidation,

and impeded export of hepatic lipids. The elevated Mcp1 expression also suggests hepatic inflammation. However, we did not

observe any notable differences in hepatic levels of TNF-a and IL-1b. Notably, the hepatic level of lipocalin 2 (Lcn2), an acute-phase

protein, was significantly increased in the ethanol-fed high-TBA group. This observation aligns with a previous study demonstrating

the detrimental role of Lcn2 in AALD.31

Rodent models of alcohol-induced liver disease reveal sex-specific differences in disease susceptibility, with female mice being more

prone to developing AALD.21 However, we did not observe a significant difference between male and female mice with elevated bile acids

(high TBA) in their susceptibility to AALD. This suggests that the primary mechanisms driving liver injury in these mice, such as impaired fatty

acid b-oxidation and very low-density lipoprotein (VLDL) excretion, may have masked potential sex differences in response to alcohol. Dys-

regulation of bile acids itself could also contribute to making both sexes susceptible to AALD.

An elevatedNADH/NAD+ ratio not only impacts lipidmetabolism but also impedes carbohydratemetabolism by inhibiting gluconeogen-

esis through the reduction of pyruvate’s steady-state concentration.64 Consequently, acetyl-CoA is diverted toward ketogenesis and lipogen-

esis, bypassing entry into the Krebs cycle. The quantification of hydrophilic compounds in the liver revealed a notable decrease in glucose

levels, suggesting compromised gluconeogenesis in the ethanol-fed high TBA group compared to the other three groups. This decrease

in hepatic glucose could be due to increase in the NADH to NAD+ ratio, which leads to a reduction in hepatic gluconeogenesis through

a decrease in pyruvate, which lowers pyruvate carboxylase activity.64 However, this possibility requires further investigation in our future

studies. Consistent with previous research,36,65,66 we observed a significant increase in glutamate, hypoxanthine, and 3-hydroxybutyrate, a

major ketone body in the liver, in the hTBA+Alc group. Furthermore, hepatic AMP andmannose levels were significantly reduced, particularly

in ethanol-fed mice with elevated serum TBA. AMP is a crucial regulator of AMPK activity,67 whereas mannose prevents ethanol-mediated

suppression of hepatic b-oxidation.68 Collectively, these observations suggest that ethanol-induced metabolic shifts might have contributed

to alcoholic steatotic liver development in mice with cholemia.

Altogether, our study demonstrates that elevated systemic bile acid increases susceptibility to alcohol-induced liver dysfunction by impair-

ing hepatic b-oxidation and lipid transport and by shifting liver metabolism toward steatosis. This finding highlights the importance of pro-

active serum bile acid testing for identifying individuals at risk for early hepatic dysfunction upon alcohol consumption.

Limitations of the study

The gutmicrobiome is increasingly recognized as a criticalmodulator of liver function by exerting profound influence on bile acidmetabolism.

This study did not elucidate the contributory role of the gut microbiota, particularly in the context of pre-existing cholemia, in increasing sus-

ceptibility to AALD.Our future researchwill delve deeper into the complex interplay between the gutmicrobiome, ethanol exposure, and bile

acid metabolism in the development of AALD in mice with elevated bile acid levels. Moreover, although we identified that ethanol feeding

elevated hepatic steatosis by impairing hepatic b-oxidation and lipid transport, the underlying mechanisms primarily deduced from alter-

ations in hepatic mRNA transcript levels. Thesemechanistic pathways require further confirmation through protein expression and enzymatic
10 iScience 27, 110940, October 18, 2024



Figure 7. Ethanol consumption disrupts hepatic metabolic activity in male mice

Hepatic levels of (A) adenosine monophosphate, (B) glucose, (C) glutamate, (D) hypoxanthine, (E) 3-hydroxybutyrate, and (F) mannose. Data are represented as

mean G SEM (n = 6 mice/group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s post hoc test).
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activity assays. Studies have shown that the selection of euthanasia techniques in rodents can affect metabolic factors, leading to elevated

serum triglyceride levels, glycogen breakdown, and glucose utilization.69,70 This can potentially overestimate serum and liver parameters,

posing a limitation in our study. However, since all experimental groups were euthanized using CO2, the influence of the euthanasia method

would likely be consistent across all groups, mitigating its effect on comparisons between the groups.
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Figure 8. Ethanol consumption interferes with liver metabolic function in female mice with elevated TBA

Hepatic levels of (A) adenosine monophosphate, (B) glucose, (C) glutamate, (D) hypoxanthine, (E) 3-hydroxybutyrate, and (F) mannose. Data are represented as

mean G SEM (n = 6 mice/group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s post hoc test).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

RNA Later Sigma Life Science Cat# R0901

qScriptUltra supermix Quanta Bio Cat# 95217-100

PerfeCTa SYBR� Green FastMix Quanta Bio Cat# 95072-250

RIPA cell lysate buffer Sigma Life Science Cat# R0278-500ML

3-(Trimethylsilyl) propionic-2,2,3,3-d4 acid

sodium salt

Sigma Life Science Cat# 269913-1G

Chloroform-d (contains 0.03% TMS, v/v) Sigma Life Science Cat# 225789-100G

Critical commercial assays

Total bile acid assay Diazyme Laboratories Cat# DZ042A-K01

RNA extraction kit Cytiva Cat# 25050071

BCA Protein Assay kit Thermofisher Scientific Cat# 23225

Mouse Tumor necrosis factor alpha (TNFa) R&D Systems Cat# DY410

Mouse Interleukin-1 beta (IL-1b) R&D Systems Cat# DY401

Mouse Lipocalin-2/NGAL Duoset R&D Systems Cat# DY1857

One-step TUNEL In Situ Apoptosis Kit Elabscience Cat# E-CK-A324

Experimental models: Organisms/strains

C57BL/6 WT Mice Animal facility: The Pennsylvania State

University (PSU) and The Jackson Laboratory

Strain#: 000664

Software and algorithms

Graphpad Prism Graphpad Version 10.1.2

Biorender BioRender www.biorender.com

Chenomx software Chenomx Inc www.chenomx.com
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice and diets

C57BL/6J background wild-type (WT) mice, both male and female were bred andmaintained under specific pathogen-free conditions at The

Pennsylvania State University, University Park, Pennsylvania. Mice were housed in standard cages with corncob bedding and nestlets, with 3–4

mice per cage. Throughout the study period, mice had unrestricted access to food, water and ethanol based on the group treatment. All

experimental procedures were conducted in compliance with the ethical guidelines and standards approved by the Institutional Animal

Care and Use Committee at The Pennsylvania State University (protocol #: PROTO202101953). The minimum required number of mice

per genotype to achieve statistically significant results was 5–7 and was determined through sample size calculation, using a significance level

(a) of 0.05 and a statistical power (b) of 0.80.

METHOD DETAILS

Serum total bile acid (TBA) analysis

The concentration of serum total bile acids served as an indicator for cholemia and portosystemic shunt.20,71,72 Bloodwas collected frommice

one-week post-weaning via submandibular bleeding into serum separator tubes. The serum was isolated after centrifugation. Subsequently,

TBA level was determined in the serum samples using a TBA analysis kit (Diazyme Laboratories) according to the manufacturer’s protocol.

Chronic binge ethanol feeding

For chronic binge ethanol feeding, both male and female wild-type mice (n = 5–8/group, 12 weeks old) were initially screened for serum TBA

levels and categorized into two groups: normal TBA (nTBA) and high TBA (hTBA). Within each group, mice were further divided to receive

either unrestricted tap water (Veh) or 20% ethanol (Alc) for 4 weeks of experimental period. After one week of habituation, all mice were
16 iScience 27, 110940, October 18, 2024
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subjected to 4 weekly oral gavages with either Veh or Alc (3.2 g/kg body weight) based on their treatments. After each weekly gavage, mice

were put over heating pad for 24 h to prevent hypothermia due to ethanol consumption. Continuousmonitoring of the experiment’s progress

was maintained by recording the weekly body weights. On the day of euthanasia, each mouse in the ethanol group received a morning

gavage administration of the 20% ethanol solution between 8 and 10 a.m. Subsequently, euthanasia was conducted in the evening, typically

between 5 and 7 p.m., to collect pertinent tissue samples. The time interval of 8–9 h between the gavage administration and euthanasia was

designed to facilitate peak liver injury, characterized by elevated levels of alanine transaminase (ALT) and aspartate transaminase (AST). To

assess the impact of chronic binge drinking of alcohol on various aspects of liver injury, physiological andmetabolic alterations, the expression

of inflammatory cytokines, gross liver morphology, overall body weight, as well as histological staining characteristics were measured.
National institute on alcohol abuse and alcoholism (NIAAA) model of ethanol administration

Following the guideline of the National Institute on alcohol abuse and alcoholism (NIAAA) mouse model of chronic and binge ethanol

feeding,24 mice were maintained on standard chow diet until they reached 12 weeks of age. To acclimate the mice to tube feeding, they

were provided with a nutritionally adequate liquid diet for 5 days. Then mice were provided with either control or 5% ethanol containing

diet for a period of 11 days with ad libitum liquid diet feeding. The body weight was monitored daily throughout the alcohol intervention

period. On the morning of the 11th day, mice in the ethanol groups were administered a single dose of ethanol [5 g/kg body weight,

�31.5% (v/v) ethanol] via oral gavage, while mice in the control groups received isocaloric dextrin maltose. After the gavage procedure,

mice were placed on water heating pads to prevent hypothermia and were monitored for a minimum of 3 h to ensure proper administration,

as indicated by resumption of normal behavior and movement. Approximately 9 h post-gavage, mice were euthanized when they reached

peak levels of serum alanine aminotransferase (ALT) and aspartate transaminase (AST) indicating maximum levels of liver injury.
Mouse euthanasia and sample collection

Euthanasia of experimental mice was conducted using a humane method, involving exposure to carbon dioxide (CO2). Following the eutha-

nasia procedure, blood specimens were collected from the inferior vena cava, deposited into specialized serum separator tubes (BectonDick-

inson) and centrifuged to obtain hemolysis-free serum. Liver tissue was systematically perfused with ice-cold phosphate buffered saline (PBS)

and promptly transferred to a container pre-chilled with liquid nitrogen or dry ice for protein extraction. Liver tissues for RNA analysis were

stored at �20�C in RNA later solution (Sigma Aldrich). For histology, liver tissue was carefully excised and subsequently immersed in neutral

buffered formalin (NBF) for a 24-h fixation period. After this fixation, it was transferred to 70% ethanol and submitted to Penn State University

animal diagnostic laboratory facility for embedding in paraffin blocks, generating 5mm cross-sections and for hematoxylin and eosin (H&E)

staining.
Serum biochemical analysis

About 120 mL of serum aliquots were submitted to Animal Resources Program at Penn State University. Serum levels of aspartate aminotrans-

ferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALKP), albumin (ALB) and total bilirubin (TBIL) were measured using an

IDEXX Catalyst One chemistry analyzer (IDEXX Laboratories Inc. Westbrook, ME).
Enzyme linked immunosorbent assay (ELISA)

About 35–50mgof liver tissue stored at�80�Cafter euthanasia was used to extract liver protein as described previously.73 The levels of TNFa,

IL-1b, and Lcn2weremeasured through ELISA according to themanufacturer’s protocol (R&D Systems). The levels of hepatic TNFa, IL-1b, and

Lcn2 were normalized to tissue protein content and reported as per mg tissue protein.
RNA isolation, cDNA preparation and quantitative reverse transcription polymerase chain reaction

Quantitative reverse transcription PCR (qRT-PCR) was used to evaluate hepatic gene expression related to fatty acid uptake, lipogenesis,

inflammation, b-oxidation, and lipid transport. Liver tissues, preserved in RNA later (Sigma) solution, were used for total RNA extraction (Il-

lustra RNAspinMini, GE Healthcare). The concentration and purity of the extracted RNAwas assessed using a NanoDrop spectrophotometer

(Thermo Scientific). Next, RNA was converted into complementary DNA (cDNA) using the qScriptTM XLT cDNA supermix kit (QuantaBio),

following the manufacturer’s protocol. Specifically, 1.5 mg of RNA was reverse-transcribed. The gene expression was assessed using the

QuantStudio 3 Real-Time PCR System (Applied Biosystems). Primer sequences for the target genes used in this study are provided in Table 1.

Transcript levels were normalized with the housekeeping gene 36B4, and the results are presented as 2�ddCT.
Histochemical and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining

Hematoxylin and Eosin (H&E)-stained sections along with unstained slides were prepared at the animal diagnostic laboratory, The Pennsyl-

vania State University. H&E-stained sections were utilized to visualize the fat deposition in the liver sections. Unstained slides were used for

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining as per manufacturer’s instructions (Elabscience, USA). The

imaging process was executed using a Leica DMi8 microscope, Leica Microsystems.
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In this study, 1H nuclear magnetic resonance (NMR)-based analysis was employed to quantify aqueousmetabolites and nonpolar lipids in the

liver fromboth control and ethanol-fedmice, encompassing both normal TBA (nTBA) and high TBA (hTBA) groups. As previously described,80

the three-phase extraction method with chloroform/methanol/water (2.5:2.5:2.1, v/v/v) was used to extract liver metabolites with some mod-

ifications. Specifically, approximately 50mg of liver (wet weight) was homogenized and centrifuged, resulting in three distinct layers: an upper

aqueous phase containing metabolites, an intermediate phase composed of protein and cellular debris, and a lower nonpolar lipid phase.

The aqueous and lipid phases were collected into different 1.7 mL EP tubes and spin-evaporated to dryness in a SpeedVac vacuum concen-

trator. Dried metabolites and lipids were resuspended in 500 mL of phosphate buffer saline (0.1 M, 50% D2O, pH 7.4) containing 0.005% TSP

(w/v) as internal standard and 600 mL of Chloroform-d with 0.03% TMS (v/v) as internal standard, respectively. After vortex and centrifugation,

the supernatant was transferred into 5 mm NMR tubes for NMR analysis.

The proton (1H) spectra were recorded at 298 K on a Bruker AvanceNEO 600MHz spectrometer equipped with a 5mmTCI cryoprobe and

a SampleJet sample changer. The noesygppr1d pulse sequence was utilized for the data acquisition for both aqueousmetabolites and lipids

with slightly different parameter sets, including spectral width, time domain data points, acquisition time, relaxation delay,mixing time, scans,

and dummy scans. After acquisition, all 1H NMR spectra underwent automated processing using Chenomx NMR Suite 10.0 software (Che-

nomx Inc. Canada), followed by manual inspection for phase, baseline, and chemical shift reference adjustments (with TSP for aqueous

metabolites and TMS for lipids set at 0.00 ppm) to ensure adherence to quality standards. The aqueousmetabolites were identified and quan-

tified utilizing the in-built metabolite library and the fitting algorithm in the Chenomx software, with concentrations determined relative to the

internal standard (TSP, 0.29 mM). For lipids, the binning values for each spectrum were obtained via Chenomx Profiler and the concentration

was calculated for each lipid species according to themethod used by Amiel et al.80 against the known concentration of the internal standard

(TMS, 0.22 mM) in excel.
Liver bile acid analysis

The examination of bile acids in liver samples involved the utilization of a Vanquish UHPLC system coupled with a TSQ Quantis Triple Quad-

rupolemass spectrometer (ThermoFisher Scientific) with an ACQUITYC8 BEHUPLC column (2.13 100mm, 1.7 mm) (Waters). Liver specimens

(50 mg) underwent extraction using 1 mL of ice-coldmethanol containing 0.5 mMdeuterated internal standards, followed by homogenization

step. The quantification of bile acids was accomplished through multiple reaction monitoring and selected ion monitoring modes, and the

concentrations were determined via calibration using standard curves with Skyline (MacCoss Lab Software).81
QUANTIFICATION AND STATISTICAL ANALYSIS

Details regarding each experiment can be found in the accompanying figure legends. The normality of the data distribution was assessed

using the D’Agostino-Pearson omnibus normality test. Descriptive statistics are presented as the Mean G Standard Error of the Mean

(SEM). Statistical significance between two groups was evaluated using an unpaired, two-tailed t-test. For comparisons involving more

than two groups, a one-way analysis of variance (ANOVA) was initially conducted, followed by Tukey’s multiple comparison tests. A signifi-

cance threshold of p< 0.05 was applied to determine statistical significance. All statistical analyses were performed using theGraphPad Prism

10.1.2 software (GraphPad, Inc.).
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