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Abstract

Background—Heavy alcohol consumption frequently causes liver inflammation/injury, and 

certain fatty acids (FAs) may be involved in this liver pathology. In this study, we evaluated the 

association of heavy drinking and the changes in the FA levels involved in the ω-6 (pro-

inflammatory) and ω-3 (anti-inflammatory) state in alcohol-dependent (AD) patients who had no 

clinical manifestations of liver injury. We aimed to identify sex-based differences in patients with 

mild or no biochemical evidence of liver injury induced by heavy drinking.

Methods—A total of 114 heavy drinking AD female and male patients aged 21 to 65 years 

without clinical manifestations of liver injury, who were admitted to an alcohol dependence 

treatment program, were grouped by the alanine aminotransferase (ALT) levels: ≤40 IU/l, as no 

liver injury (GR.1), and >40 IU/l, as mild liver injury (GR.2). Patients were actively drinking until 

the day of admission. Comprehensive metabolic panel, comprehensive FA panel, and drinking 

history data were evaluated.

Results—Elevated ALT and aspartate aminotransferase (AST) showed close association with 

markers of heavy alcohol intake. In the patients with mild biochemical liver injury (GR.2), females 

showed significantly higher AST level than males. Significant association of AST and total drinks 

in past 90 days (TD90) in females, and AST and heavy drinking days in past 90 days (HDD90) in 

males was observed. The ω-6:ω-3 ratio showed a significant pro-inflammatory response only in 
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females with mild liver injury (GR.2) when adjusted by drinking history marker, TD90. 

Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) were increased in males with liver 

injury, while females did not show any comparable rise in EPA; and DHA levels were lower.

Conclusions—Measures of heavy drinking, TD90 and HDD90, predicted changes in liver 

injury. Changes in the ω-3 and ω-6 FA levels and the ω-6:ω-3 ratio showed a pro-inflammatory 

shift in patients with biochemical liver injury with a significant effect in females. Changes in FAs 

involved in the inflammatory state may represent one mechanism for liver inflammation/injury in 

response to heavy alcohol drinking.
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Alcoholic Liver Disease (ALD) is a leading cause of chronic liver injury (Walsh and 

Alexander, 2000; World Health Organization, 2014). A majority of heavy drinkers develop 

hepatic steatosis, and up to 30% of these individuals progress to more severe forms of ALD, 

such as steatohepatitis, advanced fibrosis, and cirrhosis. Several risk factors that could 

modify the course of the disease have been identified; of relevance to this study are high 

unsaturated fat diet and drinking profile/patterns (Gao and Bataller, 2011; Kirpich et al., 

2016; Tsukamoto et al., 2009). Among the factors related to ALD progression, fatty acids 

(FAs) involved in the pro-inflammatory and anti-inflammatory responses could play a 

critical role in the onset of liver inflammation/injury (Zhu et al., 2014). Indeed, FA 

supplements (ω-3) have been shown to suppress pro-inflammatory cytokine production and 

lymphocyte recruitment (Meydani, 1996).

Consumption of long-chain ω-3 polyunsaturated fatty acids (PUFAs; such as 

eicosapentaenoic acid [EPA]) can replace arachidonic acid (AA), an ω-6 PUFA, in immune 

cell membrane phospholipids, can inhibit hydrolysis of AA from membrane phospholipids 

and can compete with AA for cyclooxygenase and 5-lipoxygenase metabolic pathways (thus 

stimulating anti-inflammatory effects) (Calder, 2001). It is important to determine whether 

FA levels are altered in heavy drinking and lead to inflammation, and whether or not FAs 

could potentially function as liver injury biomarkers. Alterations in FA levels could be 

attributed to the dysregulation of lipid metabolism due to heavy drinking (Browning and 

Horton, 2004). As alcohol drinking causes liver injury, understanding the potential 

interactions of the levels of drinking and the pattern of drinking with the changes in the FA 

levels in the context of liver injury could potentially identify the role of alcohol consumption 

in FA metabolism.

To this end, we assessed the FAs that are involved in ω-3 and ω-6 pathways as potential 

biomarkers of inflammation in mild liver injury in heavy drinkers. Our primary aim was to 

evaluate the changes in FAs with mild biochemical liver injury in alcohol-dependent (AD) 

patients vis-à-vis their association with drinking profile. Some studies have shown changes 

in the FA levels and have used FA supplementation to treat alcohol-related liver injury in 

animal models (Chen et al., 2015). However, no such corresponding changes have been 

studied in patients at the onset of liver inflammation/injury. Additionally, there are few 

studies which describe any sex differences in FA metabolism in humans. Thus, we further 
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aimed to identify and characterize the sex-based susceptibility to inflammation and liver 

injury in this cohort. Understanding these early changes in FA levels that participate in 

inflammation and associating these changes with liver injury adds value to our present 

understanding of the nature of ALD.

MATERIALS AND METHODS

Patient Population and Enrollment

This study was approved by the Institutional Review Board of National Institute on Alcohol 

Abuse and Alcoholism, National Institutes of Health, Bethesda MD, under the screening 

protocol 98-AA-0009. The study was indexed at the National Clinical Trial Web site 

(www.dinicaltrials.gov:NCT00001673). This study included 114 male and female patients, 

aged 21 to 65 years (Table 1). All the assessments included in this study were collected at 

admission. Patients were diagnosed with alcohol dependence according to DSM-IV, based 

on the alcohol dependence module of the SCID-I interview, and alcohol withdrawal for 

either: (i) clinically manifest significant alcohol withdrawal symptoms, as observed by 

CIWA-Ar scores of ≥9, with or without detectable blood alcohol concentrations (BACs); or 

(ii) in the absence of the above, current intoxication above 0.1 g/dl BAC, self-reported 

history of continuous alcohol use >1 month, and self-reported previous episodes of 

significantly distressful alcohol withdrawal symptoms. DSM-IV is a manual published by 

the American Psychiatric Association that includes all currently recognized mental health 

disorders. The SCID-I is the Structured Clinical Interview for DSM-IV axis 1 disorders. It is 

a clinical examination for diagnosis of mental conditions. More information on its reliability 

and background can be found at: http://www.scid4.org/psychometric/scidI_reliability.html. 

CIWA-Ar is a revised version of the Clinical Institute Withdrawal Assessment of alcohol 

scale that is used to evaluate severity in withdrawal. We used ≥9 as our eligibility criteria for 

a diagnosis based on the needs of the several treatment studies. Further literature on the 

CIWA can be found at: http://www.aafp.org/afp/2004/0315/p1443.html.

Patients were excluded from the study if they had clinical manifestations of liver injury/

disease. Patients were also excluded from the study if they were diagnosed with a severe 

psychiatric illness such as dementia or active psychotic disorder including delirium, 

psychotic phase of bipolar disorder; if they were currently suicidal or violent; if they had 

agitation requiring immediate clinical treatment and/or a Mini Mental Status Examination) 

of <22 (cognitive grading with at least mild deficit); or if they had other clinically significant 

psychiatric illness. Diagnosis of clinically relevant systemic illness or HIV was another 

exclusionary criterion. Day of assessment exclusionary criteria also included: confirmed 

pregnancy or ongoing breastfeeding and/or positive urine screen for any illicit drug.

Demographics, Drinking, and Laboratory Assessments

On the day of evaluation, blood samples were drawn for a serum chemistry panel and 

comprehensive FA assessment (Table 2). Serum chemistry was used to determine potential 

liver injury, and FA panel was used to assess the ω-3 and ω-6 FAs.
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Demographics (age, sex, body mass index [BMI]) and recent drinking history were collected 

and used in the analysis as factors and covariates. Recent drinking measures were collected 

from Time-line Follow-back questionnaire (Sobell et al., 2003) that included total drinks 

past 90 days (TD90), number of drinking days past 90 days (NDD90), number of 

nondrinking days past 90 days (NNDD90), average drinks per drinking day past 90 days 

(AvgDD90), and heavy drinking days past 90 days (HDD90).

Alanine aminotransferase (ALT) levels were used as the reference measure to assess 

biochemical liver injury in this study (Medline Plus-National Institutes of Health; https://

medlineplus.gov/ency/article/003473.htm). Thus, ALT was used as a primary discriminating 

factor for liver injury in this study, with values of 40 IU/l as the upper limit of normal 

(patients with ALT ≤40 IU/l were grouped as GR.1) and values >40 indicated mild liver 

injury (GR.2).

Statistical Analysis

One-way analysis of variance (ANOVA) was used to evaluate demographic characteristics 

and drinking history. Univariate analysis of covariance was used to evaluate differences in 

the FAs between liver injury groups (overall) and by sex within the liver injury groups as 

factors. Modifiers of liver injury, drinking history, and demographic factors were tested in 

this study to estimate their roles as confounders. Post hoc analysis was conducted with 

ANOVA to identify the underlying factors. Regression analysis was used to characterize the 

association between liver injury markers and drinking history measures by sex differences. 

Linear regression analysis with either single independent variable or multiple independent 

variables was used to associate liver injury and representative ω-3 and ω-6 FAs that were 

significant. SPSS 22.0 (IBM, Chicago, IL) and Microsoft Excel 2013 (Microsoft Corp, 

Redmond, WA) were used for statistical analysis and data computation. Statistical 

significance was established at p ≤ 0.05. Data are expressed as mean ± SD (standard 

deviation) in the tables and mean ± SE (standard error) in the figures.

RESULTS

Patient Description and Characterization of Drinking Profile

A total of 114 patients were assigned to 2 groups: GR.1 (males, n = 34; and females, n = 24) 

who had normal ALT; and GR.2 (males, n = 40; and females, n = 16) with elevated ALT 

levels (Table 1). There was a trend toward significance in age differences between the 2 

groups. BMI did not show any significant difference between the study arms (Table 1). 

Some markers of drinking history showed significant differences between the study arms, 

but TD90 and AvgDD90 did not (Table 1). There was no sex difference in the heavy 

drinking HDD90 marker in GR.2 patients; however, AvgDD90 measure showed a near 

significant sex difference (with 20% higher elevation in males than in females, p = 0.053). 

GR.2 males showed a near significant elevation in HDD90 values compared to GR.1 males 

(p = 0.051) while females showed a significant difference in this marker between-groups (p 
= 0.036). Males with liver injury showed a numerical elevation in the NDD90 marker 

compared to GR.1 male patients (p = 0.076).
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Characterization of Liver Injury by Sex and Drinking History

We examined liver injury in the context of drinking history markers, and further with sex 

differences using both between-group, and within-group analyses. In GR.2, females showed 

significantly higher aspartate aminotransferase (AST) levels than males (Fig. 1). There was 

no statistical difference in the ALT levels between males and females in GR.2. In the GR.2 

patients (elevated ALT group), the increase in ALT levels in females compared to the 

females without the liver injury (5-fold) was much higher than the increase observed in the 

males of the 2 groups (2.8-fold) (Table 1).

In GR.2, ALT correlated with HDD90 (adjusted R2 = 0.153, p = 0.004); and with NDD90 

(R2 = 0.174, p = 0.002). In GR.2, AST showed significant association with NDD90 (R2 = 

0.165, p = 0.001); and with HDD90 (adjusted R2 = 0.193, p = 0.001). Data not shown.

When AST was tested between the 2 sexes in the AD patients with liver injury (GR.2) using 

ANOVA and adjusted by HDD90, we found a significant elevation in females (p = 0.025) 

(Fig. 1). Post hoc testing showed that the difference is due to the underlying role of female 

sex only. Using linear regression, females showed a high association between AST and 

TD90 (Fig. 2), which males did not exhibit. On the other hand, males showed a high 

association with HDD90 (Fig. 2), which females did not. The association between ALT and 

drinking by sex was not as strong as that observed with AST.

In the GR.1 patients (without liver injury), none of the drinking history markers showed any 

significant association with the ALT levels, and this is not unexpected. GR.1 patients did 

show a significant association between AST and NDD90 (p = 0.020) and HDD90 (p = 

0.019); however, the effect size of the association was very mild and no sex differences 

could be identified. Total bilirubin and alkaline phosphatase were in the normal range and 

were not evaluated further.

FA Evaluation

Individual ω-3 and ω-6 FAs showed significant differences between the 2 study arms (those 

with and without mild liver injury) (Table 2). First, we analyzed whether an inflammatory 

shift was present with liver injury (section ω-6:ω-3 Ratio) and assessed variability by sex 

and drinking history markers. Thereafter, we examined the total ω-3 and total ω-6 FAs and 

changes in their levels that could have contributed to the inflammatory shifts (section Total 

ω-3 and Total ω-6 Changes in Liver Injury Group by Sex). Finally, we evaluated individual 

FAs involved in the ω-3 and ω-6 pathways (section Changes in the Individual FAs Involved 

in the Inflammatory Pathways) to identify the differences in the FAs that could impact the 

inflammatory response and to identify sex-based differences, if any.

ω-6:ω-3 Ratio—In GR.2 patients compared to GR.1, there was approximately a 10% 

decrease in the ω-6:ω-3 ratio. However, this decrease was not statistically significant 

without taking into account the drinking markers, suggesting that the relation was better 

explained by including the heavy alcohol drinking patterns. When correlated with HDD90, 

NDD90, TD90, and AvgDD90 (one at a time), each comparison showed significance at p < 

0.05. In the GR.2 mild liver injury arm, the ω-6:ω-3 ratio was approximately 21% higher in 
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females than in males (Fig. 3). This elevation also showed a sex difference effect with 

drinking markers as covariates: AvgDD90 (R2 = 0.124, p = 0.011) and TD90 (R2 = 0.113, p 
= 0.016). Further, when we looked at males and females separately for between-group (GR.2 

and GR.1) differences, males showed a significant decrease in the ratio (R2 = 0.110, p = 

0.004), whereas GR.2 females showed approximately a 20% increase in this ratio compared 

to GR.1 females (Fig. 3). However, these differences did not reach statistical significance.

Total ω-3 and Total ω-6 Changes in Liver Injury Group by Sex—On the one hand, 

the increase in total ω-3 levels in males of GR.2 compared to GR. 1 males was greater than 

the increase detected in females of GR.2 compared to GR.1 (Fig. 3A). On the other hand, the 

increase in ω-6 levels in females in GR.2 compared GR. 1 was higher than among the males 

between the 2 groups. A corresponding shift toward inflammation in GR.2 females was 

associated with greater increases in the levels of ω-6 FAs (Fig. 3B) and comparatively 

diminished increases in total ω-3 FA levels. There was more variability in ω-3 values in 

females with liver injury.

Lowering of the ω-6:ω-3 ratio in GR.2 males was strong (~2.9 units) (Fig. 3C). It was anti-

inflammatory compared to females who exhibited a pro-inflammatory response of 

approximately +2.2 units. This result led us to evaluate individual FAs that are known to 

participate in inflammation.

Changes in the Individual FAs Involved in the Inflammatory Pathways—We 

evaluated specific FAs of ω-3 and ω-6 pathways (Table 2) by sex and by liver injury group. 

We also looked at differences in EPA and docosahexaenoic acid (DHA) by liver injury and 

sex.

Eicosapentaenoic Acid—EPA was significantly higher in the GR.2 patients compared to 

the GR.1 (p = 0.004) (Table 2 and Fig. 4A,B). We further reviewed the sex differences in the 

liver injury group. They were no statistically significant differences in the EPA levels 

between males and females (p = 0.275); however, when TD90 and AvgDD90 were factored 

in individually, the expression of this difference became statistically significant (p = 0.048 

and p = 0.017, respectively). EPA was significantly elevated in GR.2 males compared to GR.

1 males (p = 0.008, Table 2, Fig. 4). This difference was not significant in females.

Docosahexaenoic Acid—DHA did not show any overall significant differences between 

GR.2 and GR.1 as a main effect. However, GR.2 males showed a large elevation in DHA 

levels compared to GR.1 males (p = 0.013) (Table 2, Fig. 4A,B). This elevation was not 

significant in females (p = 0.768), indicating that females with liver injury have a lower 

response in DHA (which is protective and anti-inflammatory in nature). There was no 

significant difference between the males and females in the GR.2 group with regard to the 

DHA levels.

We evaluated ω-6 FAs, and could not determine any significant differences, either clinically 

(of the normal range of values) or statistically as related to the early onset of liver injury. 

There was a 400-unit elevation in the linoleic acid levels in females with liver injury, but no 
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significant change in the males. Linoleic acid levels likely contributed to the elevation in 

total ω-6 levels in females.

Association of DHA and EPA with Liver Injury by Sex

There was a nonsignificant association in ALT levels and DHA levels in all the GR.2 arm 

patients (R2 = 0.025, p = 0.127). There was no significant difference in the DHA levels 

between the males and females in GR.2. This result supports the idea that the difference 

could be an outcome of lowered DHA levels in females with mild liver injury when 

compared to AD females without any liver injury (Table 2). In contrast, males with mild 

liver injury showed a significant (p = 0.013) 25% elevation in DHA levels compared to the 

males of GR.1.

Hence, it is important to examine the association of liver injury and specific ω-3 FAs 

separately in males and females. There was no significant association between DHA and 

ALT in females in GR.2, while in the same group, there was a significant association of 

DHA and ALT levels in males, albeit at a mild effect (Fig. 5A,B). EPA levels had a 

nonsignificant negative correlation with ALT in GR.2 females; however, GR.2 male patients 

showed a significant association with a mild effect between ALT and EPA levels (Fig. 

5C,D).

DISCUSSION

In our study of 114 heavy drinkers, we found that 40 of 74 males and 16 of 40 females had 

developed mild liver injury (ALT > 40 IU/l) in response to very heavy drinking. Importantly, 

these patients had no overt clinical signs of liver injury. As might be expected, several 

drinking history markers showed variable degrees of significant association with liver injury 

markers, ALT and AST, suggesting that the rate, frequency, and amount of alcohol intake 

were likely to be important determinants in liver injury (Table 1).

Females showed greater liver injury compared to the males, as assessed by the AST and 

ALT levels (Table 1). Sex-specific differences in the development of ALD have long been 

noted, but incompletely characterized. Results from human and animal studies suggest that 

females are more susceptible to liver injury and show a more progressive nature of ALD 

than males. Thus, females may be at greater risk of developing ALD than men, even when 

consuming a lesser amount of alcohol (Banerjee et al., 2006; Becker et al., 1996; Lieber, 

1993; Wagnerberger et al., 2013). In addition, females are often at an advanced stage of liver 

disease at the time of diagnosis, even though they have a shorter history of alcohol 

consumption and a lower intake of alcohol than men (Cheong et al., 2016; Wilkinson, 1980).

A dose-dependent relation between alcohol intake and the risk of developing ALD has been 

observed in both males and females; and the relative risk increases earlier and more sharply 

for women than men with increased alcohol intake, suggesting that the drinking pattern may 

differentially affect the progression of ALD (Becker et al., 1996). On the one hand, our data 

show that females have an elevation in AST related to the amount of drinking over the recent 

past period of time. On the other hand, for males, both the number of drinks and the pattern 

of drinking are important. Thus, assessing the pattern of drinking at a similar level of intake 
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over the same period of time in males might be more meaningful than only looking at the 

total amount. The frequency of heavy alcohol intake likely predicts negative consequences 

on the liver in men. To the best of our knowledge, the effects of sex differences on liver 

injury in response to very heavy drinking in AD patients have not been reported before. The 

mechanism(s) underlying sex-specific differences in susceptibility to ALD remain poorly 

understood. In fact, data from the National Alcohol Survey of a large cohort of drinkers 

conducted during the decade of 2000 to 2010 showed an upward trend in alcohol 

consumption in the United States, with a 25% increase by volume, which was likely due to a 

shift from a moderate drinking pattern in the first 5 years to a subsequent heavy drinking 

pattern (Kerr et al., 2014).

The dysregulated ω-6:ω-3 ratio could be attributed to either the role of alcohol intake or 

dietary intake of FAs (Simopoulos, 2002b), or perhaps a combination of both alcohol and FA 

intake. In our study, we did not see an overall statistically significant difference in this ratio 

between the 2 major study groups; however, the ratio was high (or toward inflammatory 

state) in the liver injury group (GR.2) with a distinct sex difference. In the GR.2 males, a 

pro-inflammatory response could not be detected in terms of the ω-6:ω-3 ratio. However, 

female AD patients in GR.2 showed an elevation in the ω-6:ω-3 ratio.

It could be that sex-specific FA metabolism leads to the differences in ω-3 and ω-6 FA levels 

seen. This has been supported in an in vitro study that showed sex hormones may affect FA 

synthesis by regulating FA desaturase and elongase expression epigenetically (Sibbons et al., 

2014). Omega-3 FAs were lower in females than in males among the AD patients with liver 

injury (GR.2). Female patients did not show significant differences in ω-3 levels between the 

2 groups. And importantly, we found that sex-specific differences in the severity of liver 

injury were closely related to the relative serum levels of ω-6 and ω-3 FAs.

Omega-6 and ω-3 FAs are essential FAs, and their metabolites have potentially pro-

inflammatory and anti-inflammatory roles, respectively. AA, the major source of ω-6-

derived eicosanoids, was elevated in both males and females in GR.2 compared to GR.1, and 

there was no significant difference between the 2 sexes within either GR.1 or GR.2. EPA and 

DHA were significantly higher in males in GR.2, and corresponding changes were not 

observed in females. EPA and DHA are precursors for specialized proresolving lipid 

mediators (SPMs) which stimulate resolution of inflammation and wound repair (Serhan et 

al., 2015). Females also did not show a corresponding increase in the ω-3 FAs, which may 

be a mechanistic difference contributing to the relatively greater liver injury seen in females 

as compared to males.

Our study has several limitations. Demographic data showed that race was shifted toward 

patients who reported as Caucasian (n = 61), with smaller numbers reportingas Asian (n = 

2), Latino (n = 12), and African American (n = 34). Among the African American in our 

cohort, 27 were males and only 7 were females. This created a statistical problem for 

analysis, so they were not analyzed as a separate group. Another limitation of this study is 

that we do not have the dietary history on intake of FAs. However, a previous study 

suggested that daily macronutrient and micronutrient intake does not seem to be responsible 

for the sex-specific susceptibility in the development of ALD (Wagnerberger et al., 2008). 
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Further, none of these patients was overtly malnourished to indicate a variability in nutrition 

(we tested CONUT score, there was no clinical, statistical, or numerical difference), and 

both groups (and their subgroups divided by sex) showed equivalent borderline overweight 

average BMIs. Individual variability among females was observed (Fig. 5B,D) and likely 

there are female-specific factors that might come into play that could only be identified with 

mechanistic studies. ALD is a complex disease, and there are several pathways that also 

come into play in the initiation and progression of ALD (McClain et al., 2012; Szabo, 2015). 

In this study, we found that the between-group and sex differences, and the within-group and 

within sex-based associations were significant; however, they were mild to moderate in size, 

which could indicate that FAs are only 1 of many factors involved in liver injury/repair. 

However, given the cohort size (more than 100), this study support the potential importance 

of FAs involved in liver inflammation/injury/repair. Importantly, specific ω-3 FAs (SPMs) 

play a critical role in the anti-inflammatory/wound repair process (Serhan et al., 2015). 

These specific lipids were not assayed in this study but may be reduced, especially in 

females in GR.2, due to relative decreases in EPA and DHA which are precursors for 

specific SPMs, such as resolvins.

In conclusion, we previously reported that alcohol intake increased serum levels of specific 

PUFAs (Johnson et al., 1985). The current study characterized specific markers of drinking 

that might be responsible for altered PUFA levels and delineated how these changes are 

manifested in males and females. Patients with inflammatory conditions usually respond to 

EPA and DHA supplementation by showing attenuated levels of pro-inflammatory cytokines 

(Simopoulos, 2002a). Our study is the first to report key differences in the extent of liver 

injury in heavy drinkers and the potential sex-specific roles of pro- and anti-inflammatory 

FAs (Fig. 4). An increase in ω-3 FAs could be an early compensatory anti-inflammatory 

response to the hazardous effects of heavy drinking. Markers of heavy drinking that were 

closely associated with liver injury were also found to contribute to the changes in the levels 

of FAs that are involved in ω-3 and ω-6 pathways. Last, females (regardless of the state of 

liver injury) did not show a significant increase in DHA with heavy drinking compared to 

males, and females showed increased susceptibility to liver injury.
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Fig. 1. 
Distribution of patients by the levels of liver injury markers (mean ± SE), p ≤ 0.05. 

Significant sex and drinking history-based liver injury differences were observed across the 

GR.1 and GR.2 patients by aspartate aminotransferase (AST) levels. AST levels by liver 

injury status and sex. *GR.2 study arm female patients showed significantly elevated AST at 

p = 0.016 compared to GR.2 male patients; this sex difference was absent in GR.1 

patients. #GR.2 male patients showed significant AST elevation, p ≤ 0.001 compared to GR.

1 male patients. ##Significant AST increase, p ≤ 0.001 in GR.2 female patients compared to 

GR.1.
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Fig. 2. 
Sex and liver injury progression (aspartate aminotransferase [AST] levels) characterized by 

drinking markers in GR.2 (mildly elevated alanine aminotransferase group). Females 

showed a statistically significant moderate effect with the total drinks past 90 days (TD90) 

marker; however, males showed a statistically significant moderate effect with the heavy 

drinking days past 90 days (HDD90) marker. Patient data are presented by the levels of the 

liver injury marker, AST, comparing its association with drinking history markers using 

multiple regression analysis, p ≤ 0.05.
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Fig. 3. 
(A–C) ω-6, ω-3, and ω-6:ω-3 ratio in alcohol-dependent patients by liver injury status and 

sex. In Gr.2, ω-6:ω-3 ratio analysis showed sex difference at near significance p = 0.070 

with average drinks per drinking day past 90 days as a factor. In Gr.2, ω-6:ω-3 ratio analysis 

showed higher in GR.2 females compared to males; this increase was statistically significant 

with the total drinks past 90 days as a covariate, p = 0.016. Data are plotted as mean ± SE, p 
≤ 0.05.
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Fig. 4. 
Differences in the ω-3 and ω-6 pathways in GR.1 and GR.2 study arm alcohol-dependent 

patients by sex. Overall values of all fatty acids (FAs) showed differences by liver injury 

status.  shows clinically significant levels of the FAs.  shows clinically borderline elevated 

FAs. (A, B) α-Linoleic acid (ALA) did not show a sex-based difference in the GR.1 patients. 

ALA elevation was significant in GR.2 male patients only when co-factored with the heavy 

drinking history measures, HDD90, TD90, and NDD90. Sex differences in EPA indicated a 

trend-like impact with the heavy drinking markers, TD90 and AvgDD90 as factors in 

patients with liver injury. Changes in EPA levels were both statistically and clinically 

significant in male patients with and without liver injury; in GR.2 patients, the level was 

increased by 50%. In females, this difference was clinically significant with a minor increase 

in patients with liver injury. DHA levels were reduced in females in GR.2 compared to those 

in GR.1. Sex differences in DHA levels were significant in patients with no liver injury (GR.

1); there was an increase in DHA levels in males without a similar increase in females. 

AvgDD90, average drinks per drinking day past 90 days; HDD90, heavy drinking days past 

90 days; NDD90, number of drinking days past 90 days; TD90, total drinks past 90 days.
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Fig. 5. 
Association of candidate ω-3 fatty acids and the liver injury marker ALT in males and 

females. (A) DHA and ALT association in males. (B) DHA and ALT association in females. 

(C) EPA and ALT association in males. (D) EPA and ALT association in females. Statistical 

significance was set at p ≤ 0.05. ALT, alanine aminotransferase; DHA, docosahexaenoic 

acid; EPA, eicosapentaenoic acid.
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