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Introduction: Patients with alcohol use disorder (AUD) exhibit symptoms such as alcohol withdrawal, depression, and cravings. The gut-immune response may play a significant role in manifesting these specific symptoms associated with AUD. This study examined the role of gut dysfunction, proinflammatory cytokines, and hormones in characterizing AUD symptoms.

Methods: Forty-eight AUD patients [men (n = 34) and women (n = 14)] aged 23–63 years were grouped using the Clinical Institute Withdrawal Assessment of Alcohol Scale (CIWA) as clinically significant (CS-CIWA [score > 10] [n = 22]) and a clinically not-significant group (NCS-CIWA [score ≤ 10] [n = 26]). Clinical data (CIWA, 90-day timeline followback [TLFB90], and lifetime drinking history [LTDH]) and blood samples (for testing proinflammatory cytokines, hormones, and markers of intestinal permeability) were analyzed. A subset of 16 AUD patients was assessed upon admission for their craving tendencies related to drug-seeking behavior using the Penn-Alcohol Craving Score (PACS).

Results: CS-CIWA group patients exhibited unique and significantly higher levels of adiponectin and interleukin (IL)-6 compared to NCS-CIWA. In the CS group, there were significant and high effects of association for the withdrawal score with gut-immune markers (lipopolysaccharide [LPS], adiponectin, IL-6, and IL-8) and for withdrawal-associated depression with gut-immune markers (scored using MADRS with LPS, soluble cells of differentiation type 14 [sCD14], IL-6, and IL-8). Craving (assessed by PACS, the Penn-Alcohol Craving Scale) was significantly characterized by what could be described as gut dysregulation (LBP [lipopolysaccharide binding protein] and leptin) and candidate proinflammatory (IL-1β and TNF-α) markers. Such a pathway model describes the heavy drinking phenotype, HDD90 (heavy drinking days past 90 days), with even higher effects (R2 = 0.955, p = 0.006) in the AUD patients, who had higher ratings for cravings (PACS > 5).

Discussion: The interaction of gut dysfunction cytokines involved in both inflammation and mediating activity constitutes a novel pathophysiological gut–brain axis for withdrawal symptoms and withdrawal-associated depression and craving symptoms in AUD. AUD patients with reported cravings show a significant characterization of the gut–brain axis response to heavy drinking.

Trial registration: ClinicalTrials.gov, identifier: NCT# 00106106.
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Introduction

Alcohol use disorder (AUD) is a mental health condition that is characterized by heavy and chronic drinking (1). Several pathological mechanisms could be uniquely associated with reward (2), reinforcement (3), cravings (4), withdrawal symptoms (5), and other symptoms of AUD. Most treatment/mechanistic studies have targeted AUD pathophysiology based on the influence of alcohol consumption on brain function measures (6). Recent studies have reported altered gut permeability, gut barrier dysfunction, and increased circulating lipopolysaccharides (LPS, gut-derived bacterial products) due to chronic alcohol consumption and the potentially proximal association of such markers with the behavioral presentation of AUD (7, 8).

Multiple and highly complex gut–brain axis pathways involve brain biochemistry and neuroinflammatory mediators (9). We recently reported altered proinflammatory activity and gut-barrier function in heavy drinkers (10). Excessive alcohol consumption causes altered gut dysbiosis (11), intestinal permeability, and gut-derived inflammation (7, 12, 13). This could be attributed to chronic and heavy drinking patterns (10, 14). These changes result in the translocation of gut/bacterial-derived inflammatory mediators, such as endotoxin (LPS), resulting in gut-derived inflammation (15). Both gut dysfunction and proinflammatory status are commonly encountered with alcohol consumption. Gut-derived inflammation has been postulated to be involved in the neuroinflammation of AUD (16), though the mechanism of gut-barrier dysfunction and proinflammatory response likely constituting a gut–brain axis in AUD is unclear. Thus, understanding the gut–brain axis in the pathology of AUD and its therapy is important.

Chronic and heavy drinking (17–19), as well as frequent episodes of relapse (20–22) observed in AUD, could limit the efficacy of AUD-treatment (23, 24). Alcohol withdrawal is an essential feature of AUD that could predict the rate and frequency of relapse (25). Adiponectin has been studied as a biomarker for withdrawal symptoms and adiponectin's response to the course of withdrawal symptoms, which could have possible links to cravings (26, 27). The role of neuroinflammation in depression has been extensively investigated recently (28, 29). Symptoms of depression are occasionally reported during alcohol withdrawal (11), and the explanation of withdrawal-associated depression could be rooted in the uniqueness of the neuroinflammatory response (30) found in AUD. The role of cravings in alcohol relapse (21) and the involvement of the potential neurocircuitry (31) have been reported recently. Craving for alcohol, along with alcohol withdrawal, is a well-documented risk factor for subsequent relapse in alcohol use disorder (21). Notably, craving is a standalone symptom of AUD as well (32) and could manifest as reward-related behaviors presentation (drinking patterns, scores on AUD-associated questionnaires) (14). The role of the gut–brain axis and proinflammatory activity involved with AUD symptoms such as withdrawal symptoms, depression, and cravings has largely remained understudied so far (33), especially in hypothesis-driven, well-structured clinical investigations. Identifying and characterizing such symptoms will subsequently support precision treatment management for patients with AUD who exhibit such domain/s.

The primary goal of this study was to identify the role of the gut–brain axis and proinflammatory activity in the symptoms of alcohol withdrawal, withdrawal-associated depression, and cravings, as independently observed in AUD patients. We also identified and characterized potential blood biomarkers of gut–barrier dysfunction, endotoxemia, and inflammation involved in the gut–brain axis of AUD. Finally, we evaluated the involvement of sex, age, or other demographics and drinking patterns in the gut–brain axis in patients with AUD.



Patients and methods


Patient recruitment

This study was approved by the Institutional Review Board (IRB) of the University of Louisville, Louisville, KY, USA, and the Central Neuroscience (CNS) IRB of the National Institute on Alcohol Abuse and Alcoholism, Bethesda, MD, USA. The study has been indexed on the National Clinical Trials website (clinicaltrials.gov) as NCT00106106. All AUD patients consented to participate in the study before the collection of clinical and research data and bodily samples. A total of 48 patients with AUD, men (n = 34) and women (n = 14) aged 23–63 years participated in this study. Subjects were diagnosed with AUD as the primary criteria of the study according to DSM-IV, based on the alcohol dependence module of the SCID I-Interview. Participants were considered eligible based on the following criteria: (1) clinically manifested significant alcohol withdrawal, with or without detectable blood alcohol concentrations (BACs); or (2) in the absence of the above, a current intoxication level >0.1 g/dl BAC, and a self-reported history of continuous alcohol intake for more than the past 1 month (as well as self-reported previous episodes of significantly distressful alcohol withdrawal). More information on patient participation and enrollment can be obtained in previous publications (17, 34, 35).



Clinical and research data

Forty-eight enrolled study participants were grouped categorically using the abbreviated version of Clinical Institute Withdrawal Assessment of Alcohol Scale (CIWA-Ar) into clinically significant CIWA groups (CS-CIWA [score >10] [n = 22]), and a clinically not-significant group (NCS-CIWA [score ≤ 10] [n = 26]) (36). We used ≥10 as eligibility criteria for a diagnosis based on mild and above-average severity of withdrawal symptoms for identifying withdrawal status (http://www.regionstrauma.org/blogs/ciwa.pdf). Clinical data and blood samples were collected upon enrollment. Demographics (age, sex, and body mass index [BMI]) and recent drinking history information were also recorded at the time of the study visit. CIWA (36) scores, Montgomery-Asberg Depression Rating Scale (MADRS) (37) assessment, craving assessment (Penn Alcohol Craving Scale [PACS]) (38), 90-day timeline followback (39) (TLFB90: TD90, NDD90, AvgD90, HDD90) for recent drinking profile, lifetime drinking history (LTDH) (40), and alcohol composite score [CS, from the Addiction Severity Index assessment (ASI) (41)] were also collected for analyses. MADRS criteria for reference ranges were used [Montgomery-Asberg Depression Rating Scale (MADRS)—MDCalc] from previously reported publications (37, 42). PACS was performed on a subset of 16 AUD study patients (at intake, regardless of the presence/absence of withdrawal symptoms); PACS was not collected on all the participants of this study. Its association with the markers of gut alterations, heavy drinking, and inflammation was assessed. PACS ≥ 6 was used for identifying drinking levels and the cytokine/gut-permeability measures that might predict moderate to high cravings (43).

Information on recent drinking and patterns of drinking was collected from the Timeline Followback Questionnaire (39), a self-reported inventory of alcohol intake that was collected in the clinical setting under clinical supervision. Measures were assessed for the past 90 days and included total drinks (TD90), number of drinking days (NDD90), number of non-drinking days (NNDD90), average drinking per drinking day (AvgDPD90), and heavy drinking days (HDD90). Chronic drinking (as the number of years) was assessed using the LTDH (in years) questionnaire (40). We also used the “Controlling Nutritional Status Test” (CONUT) to establish the nutritional status (44) of our patients.



Blood samples and laboratory testing

Blood samples were collected during the study visit for each enrolled patient. Blood samples were processed for plasma and frozen at −80°C until assayed. Plasma samples were analyzed for the proinflammatory cytokines (interleukin-6 [IL-6], interleukin-8 [IL-8], tumor necrosis factor-α [TNF-α], interleukin-1β [IL-1β], and monocyte chemoattractant protein-1 [MCP-1]), adiponectin, and leptin by multianalyte chemiluminescent detection using Multiplex kits (Millipore, Billerica, MA, USA) on the Luminex platform (Luminex, Austin, TX, USA) based on the manufacturers' instructions. Plasma LPS and LPS binding protein (LBP) and soluble cells of differentiation type 14 (+sCD14) were assessed using the Kinetic Chromogenic Limulus Amoebocyte Lysate Assay (Lonza, Walkersville, MD, USA) following the manufacturer's instructions.



Statistical analyses

A univariate factorial ANOVA was used to evaluate the group differences in the demographic and drinking history markers, scores of CIWA, and other alcohol-associated symptoms such as depression, gut-permeability measures, and levels of various cytokines. The primary factor used to group the patients was the presence or absence of clinically significant withdrawal symptoms. A univariate ANOVA was used for coding to evaluate these differences, with an additional discrete secondary factor of sex as a between-group response and statistical interaction for sub-set assessments. Sex-based association effects within each sex were also evaluated as per the scope. Drinking history and other demographic factors were tested as confounders of inflammation in AUD. A linear regression analysis was used to characterize the association between drinking symptoms, drinking measures, and laboratory biomarkers. The laboratory markers of AUD symptoms, such as hormones and proinflammatory cytokines (adiponectin, IL-1β, IL-6, IL-8, TNF-α, MCP-1, leptin, and other proinflammatory cytokines and hormones), were tested for the within-group associations with the clinical and drinking markers and with gut-permeability measures (LPS, LBP, and sCD14) using the linear regression analysis (as univariate or multivariate independent variable models).

Individual gut–brain axis models specific for each AUD domain of this study were constructed for withdrawal symptoms and depression, including immunological status. A multivariate stepwise predictive model was used using SPSS software using a multivariate regression model with stepwise addition of variable(s) sequenced by the level of compartmentalization of the gut-immune-brain pathway (primary independent variables belonging to the altered markers of the gut compartment; intermediate as immune and resulting in a dependent variable as the output). A predictive model for a sub-set of the study patients was also developed for characterizing the gut–brain axis of cravings based on the PACS score using a multivariate regression model with stepwise addition of variable/s contributing at various steps of the gut–brain pathway. The PACS score was also used as a factor to assess the prediction model of heavy drinking patterns and candidate gut-immune measures. SPSS 27.0 (IBM, Chicago, IL, USA) and the Microsoft 365 Excel application (MS Corp., Redmond, WA, USA) were used for statistical and analysis data computation. GraphPad Prism was used to build Figures 1–3, 6, and Supplementary Figure 1 was made in MS 365. Figures 4–6 were developed in MS PowerPoint. Statistical significance was established at p ≤ 0.05. Data are expressed as M ± SD (mean ± standard deviation) unless otherwise specified.


[image: Figure 1]
FIGURE 1
 Proinflammatory cytokine and protein hormone activity in AUD patients grouped by clinically significant (CS) level of alcohol withdrawal identified using CIWA scores. (A) Adiponectin levels. (B) IL-6 levels. Data presented as M±SD. Statistical significance was set at p < 0.05. **p < 0.01. *p < 0.05.





Results


Demographics, drinking, and nutritional assessment

Demographic measures (age and BMI) were similar in both study groups and showed no remarkable numerical or statistical difference. The CIWA score in the CS (with clinically significant [CS] CIWA scores) patients (45.34% of the overall study participants) was 3-fold higher than in NCS (clinically not significant) patients (Table 1), as expected. Moreover, as expected, all heavy drinking markers were numerically higher in the CS group. Notably, the HDD90 and NDD90 (based on the TLFB90 assessment), along with the LTDH (longitudinal/chronic drinking) drinking markers, were significantly higher in the CS group (Table 1). Additionally, the men in the CS group had significantly higher LTDH levels (p = 0.050) compared to women. However, recent drinking assessments revealed that women in the CS group exhibited more severe patterns of alcohol consumption (Table 1). We found no other sex differences in drinking markers in the CS group.


TABLE 1 Demographics, markers of recent and long-term drinking history, withdrawal score, and gut permeability measures in AUD patients grouped by the presence of clinically relevant withdrawal symptoms.

[image: Table 1]

The women in the CS group consumed more than twice as much alcohol in the past 90 days and over the past number of years compared to the women in the NCS group (Table 1). The women in the CS group also had 37.5% higher Montgomery-Asberg Depression Rating Scale (MADRS) scores and a significant ~5-fold higher CIWA scores compared to the women in the NCS group. The men in the CS group exhibited ~3-fold elevated CIWA scores compared to the men in the NCS group. On the other hand, the men in the NCS group drank almost twice the amount that the women in the NCS group drank in the past 90 days (there was a trend of higher volume of drinking, TD90, p = 0.052), as well as of NDD90 in the NCS group men vs. women (p = 0.056). LTDH and Alcohol Composite Score (ACS) were significantly higher in the men of the NCS group compared to their female counterparts, as well (Table 1). There were no differences in the CONUT scores between the two groups or sex differences within each group.



Withdrawal markers, proinflammatory activity, and gut-dysfunction response

Adiponectin, a biomarker for alcohol withdrawal (26), was significantly (p = 0.013) elevated in the CS group. The increase was also approximately 2-fold higher compared to the NCS group (Figure 1A). The women in Group 1 exhibited ~37% higher adiponectin levels than the men in the CS group (Table 1). Importantly, the women in the CS group also had more than 2-fold higher adiponectin levels than the women in the NCS group (Table 1). This difference was not as well-defined in the men.

The CS group had a 2-fold higher IL-6 level compared to the NCS group (Figure 1B). Notably, in the CS group, the women exhibited a ~57% higher level of IL-6 than their male counterparts (Table 1). The women in the CS group showed numerically higher IL-8 levels (trend level of significance, p = 0.070) than the men in the CS group (Table 2); however, due to huge variability, it did not reach statistical significance.


TABLE 2 Candidate proinflammatory cytokines and hormones in AUD patients grouped by the presence of clinically relevant withdrawal symptoms.

[image: Table 2]

Gut permeability markers (especially LBP) were numerically higher in the CS group (albeit did not reach statistical significance, likely due to a larger standard deviation in both groups, Table 1). LBP was ~2.3-fold higher in the men in the CS group compared to the men in the NCS group (There was a trend level of statistical significance, p = 0.077). The women in the CS group showed significantly higher +sCD14 levels than their CS group male counterparts (Table 1).

In the CS group, LBP was significantly associated with heavy drinking patterns, specifically HDD90 (R2 = 0.351 p = 0.010); p = 0.022 for the association).

HDD90 and TNF-α values showed a statistically significant, albeit mild, correlation across all the study patients (Figure 2A). However, the underlying effect of this association was due to the modest effect size between HDD90 and TNF-α (R2 = 0.207), which was significant (r = 0.454 at p = 0.050) but limited in the CS group (Figure 2B). Assessment of such an association was not significant in the NCS group.


[image: Figure 2]
FIGURE 2
 Association of heavy drinking and proinflammatory activity. (A) TNF-α and HDD90 in all AUD patients. (B) TNF-α and HDD90 in CS-AUD patients with clinically relevant withdrawal scores. r denotes the correlation coefficient of the relation. Statistical significance was set at p < 0.05.




Alcohol withdrawal, drinking patterns, and gut–brain axis markers

The withdrawal score CIWA and adiponectin were significantly associated with the chronic drinking marker LTDH in all patients with AUD (Figures 3A, B, respectively). CIWA was also significantly associated with adiponectin in all AUD patients (Figure 3C).


[image: Figure 3]
FIGURE 3
 Association of withdrawal score with chronic drinking measures and levels of adiponectin in all the AUD patients. (A) Association of chronic drinking (LTDH) and CIWA. (B) Association of chronic drinking (LTDH) and adiponectin. (C) Association of CIWA and plasma adiponectin level (A laboratory marker of withdrawal symptoms). Statistical significance was set at p < 0.05.


To establish the gut–brain axis in our cohort for withdrawal symptoms, we used a multivariable regression model. We tested adiponectin and LPS as predictors for gut dysfunction, IL-6, and IL-8 for proinflammatory activity. CIWA (a continuous dependent variable) was mildly associated with LPS, adiponectin, IL-6, and IL-8 at R2 = 0.279 at p = 0.013. Further, we independently used the same statistical model for the CS and NCS groups. Only the CS patients showed a stepwise increase in the strength of the association between CIWA scores, adiponectin, and LPS (R2 = 0.474, p = 0.006). The effect size of this association augmented further with respect to proinflammatory activity in a stepwise manner for IL-6 (R2 = 0.494, p = 0.015) and IL-8 (R2 = 0.510, p = 0.031) (Figure 4A, schematic). The patients in the NCS group did not exhibit such an arrangement of gut-immune-brain responses (Figure 4B).


[image: Figure 4]
FIGURE 4
 Model for the gut–brain axis illustrating effects and schema of gut dysfunction, proinflammatory, and adiponectin activity on alcohol withdrawal in (A) AUD patients with clinically significant CIWA scores and (B) patients without clinically significant withdrawal symptoms. Statistical significance was set at p < 0.05. Arrows indicate higher levels of specific measures observed in CS than in the NCS group. Upward arrows show a comparative increase between the two sub-figures. The red cross sign denotes no effect. Effect size ranges: mild <0.2; 0.2<moderate>0.7; robust>0.7.




Depression associated with alcohol withdrawal, drinking patterns, and gut–brain axis markers

The MADRS score was significantly associated with +sCD14 response (a gut-dysfunction measure that facilitates cellular responses to LPS) with mild effects (R2 = 0.208 at p = 0.038) in the CS group that were augmented (R2 = 0.217 at p = 0.043) in conjunction with the confounder LPS (circulating LPS indicates gut barrier dysfunction/leakiness). Ultimately, this arrangement of gut dysfunction on MADRS showed much higher effects in the context of candidate proinflammatory activity in a stepwise increasing fashion, with IL-6 (R2 = 0.546, p = 0.007) and IL-8 (R2 = 0.563, p = 0.015), respectively (Figure 5A). Increased levels of endotoxemia-associated proinflammatory cytokine responses were evident. Notably, there were significantly higher levels of +sCD14 in women than men in the CS group. Such a strong gut–brain axis signature on the depression domain was not present in the NCS group (Figure 5B).
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FIGURE 5
 Model for the gut–brain axis involving gut-dysfunction proinflammatory activity on MADRS scores in (A) AUD patients with clinically significant withdrawal symptoms (CS) and (B) AUD patients without clinically significant withdrawal symptoms (NCS). Statistical significance was set at p < 0.05. Upward arrows indicate higher levels of specific measures observed in CS than the NCS values. The red cross sign denotes no effect. Effect size ranges: mild <0.2; 0.2<moderate>0.7; robust>0.7.




Craving and leptin response, drinking patterns, and gut–brain axis markers

Leptin levels in the CS group, a marker of cravings (45), were lower, approximately 2/3 times those of the NCS group levels (Table 2). An inverse relationship between LTDH and leptin levels was significant only in the patients in the CS group (R2 = 0.201, p = 0.047) (Figure 6A). In the NCS AUD patients without any withdrawal symptoms, higher levels of leptin and lower HDD90 values showed a significant association p = 0.038 at mild effects, R2 = 0.14; this association was not significant in the patients in the CS group. Notably, leptin and HDD90 showed a significant inverse, albeit mild, association exclusively among the men of this study (regardless of withdrawal symptoms), R2 = 0.181 at p = 0.017 (Figure 6B). Leptin levels also showed sexual dimorphism, showing a particular vulnerability in men with AUD (46) (especially those in the CS group who had clinically significant withdrawal symptoms). These values were less than half of those found in women of the same CS group at p = 0.021 (Table 2).
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FIGURE 6
 Association of patterns of alcohol intake and leptin in AUD patients. (A) Lifetime drinking history (LTDH) chronic drinking markers showed a negative association with leptin in CS-AUD patients exhibiting withdrawal symptoms. (B) Recent heavy drinking patterns in the past 90 days (HDD90) showed a negative relationship with leptin in this study's male AUD patients. (C) HDD90 and leptin showed a higher negative association among the AUD patients who reported on the PACS score. Statistical significance was set at p < 0.05.


A subset analysis involving 16 AUD patients was conducted to assess cravings. This analysis revealed unique and significant gut–brain responses, as well as the involvement of proinflammatory cytokines when assessed using PACS scores. There were 13 men and 3 women who did not show much numerical or statistical sex difference in PACS scores. AUD patients, whose cravings were recorded using PACS scores, showed a significant inverse association between leptin and HDD90, R2 = 0.328 at p = 0.026 (Figure 6C). PACS was also significantly and positively associated p = 0.011 (R2 = 0.40) with the gut-permeability marker LBP.

We evaluated the gut-immune-brain connection, specifically in the context of craving. Our focus was to identify the role of LBP and leptin in gut dysfunction, as well as TNF-α and IL-1β in proinflammatory immunological status. This combination of gut dysfunction and proinflammatory markers had a significant impact, strongly predicting the PACS score (Figure 7A). When we applied the same gut–brain model to evaluate the drinking response, as measured by the heavy drinking marker, HDD90, we found an even higher effect size (Figure 7B) in AUD patients with higher cravings (PACS > 5, n = 11, model tested on n = 9 with complete data on all variables). This model was tested on 9 patients who had complete data on all variables. Interestingly, this association was not observed in patients with PACS scores <5. A highly robust effect size at significant levels showed high reproducibility and a closely fitted arrangement of unique gut dysfunction and immune responses that are both triggered by heavy drinking. In return, such patients keep drinking heavily and report higher cravings, likely spiraling into a vicious cycle.


[image: Figure 7]
FIGURE 7
 (A) Model for the gut–brain axis involving gut-dysfunction proinflammatory activity on the craving scale (PACS) in a sub-set of AUD patients in this study. (B) The corresponding model for heavy drinking days (HDD90), a marker of heavy drinking, exhibited very high effects in AUD patients who exhibited PACS > 5 (N = 11, though the model was run on 9 patients who had data for all the variables). Statistical significance was set at p < 0.05. Effect size ranges: mild <0.2; 0.2<moderate>0.7; robust>0.7.





Discussion

Our study revealed that AUD patients with clinically significant CIWA scores and symptoms of withdrawal-associated depression and craving symptoms presented with exacerbated patterns of heavy and chronic drinking. The unique interplay between heavy and chronic drinking, gut dysfunction, and proinflammatory response levels reveals a complex cascade. This cascade characterizes various aspects of AUD, including specific withdrawal symptoms, depression, and cravings. Several gut-dysfunction biomarkers were detected that corresponded well with the changes in cytokine concentrations, indicating proinflammatory activity. The gut-immune changes ultimately characterize the phenotypic (either exogenous as clinical symptoms [behavioral responses and observations/assessments] constituting the clinical symptoms and/or endogenous as research/clinical laboratory markers) presentation of AUD.


Role of alcohol consumption in the gut–brain axis of AUD

The study has clearly shown that excessive alcohol consumption leads to both increased circulating levels of LPS derived from gut bacterial products and increased gut permeability (47). Subsequent dysregulation in gut permeability and function that we addressed in the context of LPS and other proinflammatory changes (increase in adiponectin, cytokines, etc.) could follow up with the establishment of the proinflammatory status. Alteration in immune response with alcohol consumption leads to proinflammatory status (48). The drinking profiles of the study patients exhibited uniquely heavy drinking patterns, especially HDD90, NDD90, and TD90. These acutely elevated drinking patterns suggest remarkable changes in drinking behavior reported in the past 90 days.

Under normal circumstances, the human gut maintains its microbiome (49). Functional changes in this commensal microbiota led to several pathogenetic conditions. We identified a corresponding increase in the level of withdrawal symptoms with lifetime drinking. Several findings suggest that changes in the gut microbiome (dysbiosis) largely contribute to certain deleterious effects of chronic excessive alcohol intake (50, 51), and attenuating these changes is a therapeutic option that has great interest (52). These reports revealed an important biological association between gut dysregulation and alcohol intake, emphasizing the need for therapeutic intervention on gut microbial targets to treat AUD.



Key findings on sex differences

We found that the female AUD patients with clinically significant withdrawal symptoms drank more heavily than their male counterparts (with similar withdrawal scores), suggesting that they drink at levels that might go unnoticed if overall drinking is only considered. Women exhibit more severe heavy drinking patterns (53), which can be corroborated by the fact that women can develop the clinical presentation of AUD even with a shorter duration of reported drinking. Thus, the severe form of heavy drinking observed among women facilitates a rapid pathological course (including other predispositions (54) among the women) (55), reaching a comparable clinical presentation (56). Importantly, the ongoing adverse influence on other symptoms of AUD and alcohol-associated organ injury may well be progressing simultaneously, either independently or in a comorbid form. Evidently, we found that this group of female patients also showed correspondingly higher MADRS scores (depression symptoms). These findings may be related to the sex-specific vulnerability of female patients, more so when compared with their male counterparts (19, 57, 58). We also want to mention that in the CS group, the women with withdrawal symptoms showed a more weakened immune activity response.



Assessment of the gut–brain axis in the context of withdrawal symptoms

Patients with AUD exhibiting withdrawal symptoms exhibited a close association between proinflammatory cytokines and adiponectin. The interaction of adiponectin and LPS and higher proinflammatory cytokine levels supports the role of proinflammatory activity in the context of withdrawal symptoms and a possible pathogenic role of the gut–brain axis in exacerbating withdrawal symptoms. In our study, women with high withdrawal symptoms showed a greater predisposition (57), indicated by changes in gut permeability and proinflammatory cytokine responses. Previous studies showed adiponectin levels (7.94 μg/ml) in patients with moderate alcohol drinking histories (59). Our study on heavy drinkers with withdrawal symptoms showed adiponectin levels that were approximately five times higher than those without withdrawal symptoms, which nonetheless were 2.5 times higher. Increased adiponectin levels have also been reported as a possible link to cravings in alcohol-dependent patients, specifically male patients (27). There could be a relationship between the higher levels of adiponectin that we report as an outcome of higher chronic alcohol drinking and the positive, strong association that we discussed between adiponectin and lifetime drinking years. Adiponectin may play an important role in metabolic signaling (especially after binding to AdipoR1), activating various downstream events associated with adiponectin function (such as AMP-activated protein kinase, etc.) (60). Since the assessments of adiponectin were performed at admission among the patients, the likelihood of elevated levels was observed in both cohorts exhibiting clinically significant withdrawal symptoms as well as those with non-clinical levels of withdrawal symptoms. Thus, patients with reported non-clinical levels of withdrawal symptoms may have had a drop in withdrawal scores over time prior to admission when they showed a corresponding drop in adiponectin levels. This observation is consistent with previous reports on heavy drinkers (26) who show a lowering of the withdrawal score over time. This study reported that adiponectin was significantly higher (19.4 μg/ml) in alcohol-dependent patients and that it subsequently started lowering along with the corresponding alcohol withdrawal in the CS groups over the course of observation (26). We find this in our patients, who showed a lowering of adiponectin while maintaining abstinence during inpatient detox. In our study, TNF-α (which was not significantly different from the levels found in our other cohort of AUD patients without withdrawal symptoms (61), Table 2) and HDD90 were associated with AUD patients exhibiting withdrawal symptoms. This supports the unique characterization of proinflammatory activity with a heavy drinking marker indicating a relationship with alcohol-associated neuroinflammation (50, 62), leading to or contributing to withdrawal symptoms (11). Notably, our patients had both chronic (over the years) and recent heavy drinking, which was unique.



Withdrawal-associated depression in the context of the gut–brain axis

We identified a proinflammatory response originating from gut dysfunction primarily due to LPS (63) and soluble cells of differentiation type 14 (+sCD14) (64) activity in the presentation of symptoms of depression. +sCD14 either appears after the shedding of mCD14 or is directly secreted from intracellular vesicles (65). Immunodepletion of +sCD14 may not be able to prevent inflammatory responses within the blood (66). Thus, the endotoxemia-related macrophageal production of IL-6 (to recruit and engage other cells) and IL-8 (a response to endotoxemia-related defense and increased oxidative stress) can be initiated. Furthermore, IL-8 subsequently facilitates leukocyte transmigration across the blood–brain barrier under both normal (67) and neuropathological conditions (68). Thus, this could facilitate other proinflammatory cytokines reaching CSF and brain tissue. TNF-α response is an early cell-signaling proinflammatory factor that has been reported at lower levels (58) or without significantly different levels (59) in neurological conditions such as depression. These cytokines are capable of crossing the blood–brain barrier (69). IL-6 (60) and IL-8 (70) have been reported to be elevated in AUD patients who reported depression. These two cytokines were observed to play a significant role in the proinflammatory status of the study cohort, especially those who had clinically significant levels of depression (reported by MADRS).



Gut–brain activity in alcohol craving

Cravings associated with alcohol withdrawal are a well-documented risk factor for subsequent relapse in AUD (21). Many of the neurotransmitters and hormones may regulate and influence the way individuals drink alcohol as an outcome of their response to cravings or other presentations of AUD (71). Leptin is an appetite-regulating hormone produced by adipose, brain, and gut cells and is known for its association with cravings (45). Leptin can be synthesized by the stomach and brain (72, 73), and peripheral leptin can also reach the central nervous system via cellular transportation through the blood-brain barrier (74). Our findings showed a negative relationship between the markers of alcohol intake and leptin, which has also been reported in one previous study (75). Studies have shown that alcohol administration lowered leptin levels in alcohol-preferred rat and mouse model experiments (76, 77). This finding was consistent with our patient population, which reported heavy and chronic drinking. This lowering has been observed in human studies (78) previously. One study supported the diurnal and nocturnal effects of alcohol on leptin concentrations (79), while another suggested that its availability is higher in cerebrospinal fluid (76). We noticed that the women had higher levels of leptin than the men in patients with AUD, regardless of the presence/absence of withdrawal symptoms. This is consistent with recent findings on sex differences in alcohol-drinking behavior (46, 80). Nonetheless, lowering leptin seemed more reflective of heavy drinking in men with AUD (regardless of the presence/absence of withdrawal symptoms) in our study patients.

Cravings are an important domain of AUD that may occur independently of withdrawal symptoms (58). It may occur at non-clinical stages even in social drinkers (81), but how it differs in manifestation when AUD is diagnosed may be explained by the modifying factors that come into play subsequently. Thus, investigating the role of the gut–brain axis specific to craving assessments provided unique reward-associated findings. Our findings shared specific commonalities for precursor gut-permeability factors and proinflammatory cytokine responses with other symptoms. However, subsequent changes in specific metabolites likely contributed to the development of the specific symptoms. Gut dysfunction that is marked by an LBP response coupled with leptin (likely originating from alcohol-associated gut dysfunction) could develop cravings with the ongoing dysregulation of proinflammatory cytokine activity. Hillmer et al. showed that acute alcohol consumption (that could be indicative of cravings or some other presentation of AUD) alters the levels of peripheral cytokines such as IL-8 and TNF-α (82). The proinflammatory activity involved in cravings could originate from the dysregulated cytokine response of both TNF-α and IL-1β, uniquely adhered to in AUD patients with high cravings. As discussed earlier, TNF-α could be involved in triggering the gut-dysfunction-associated immunological dysregulation (83), which perpetuates further with the involvement of IL-1β (84) to uniquely identify the immune signaling response of cravings in AUD patients. Craving, as described by the PACS score in our study, also showed a gut–brain response with the involvement of immune activity. An exogenous phenotype character (behavior responses, clinical assessments) of cravings was highly reproducible with the heavy drinking marker, HDD90, with the same gut–brain axis model. However, the most concerning explanation of such a strong response could present a vicious cycle of the heavy drinking pattern that may be self-feeding to exacerbate through the gut–brain axis.



Immune dysregulation: relaying gut responses to the brain

Our findings also highlight the elevated levels of IL-6 and IL-8 that are observed with alcohol intake (56). Overproduction of IL-6 [which passes through the blood–brain barrier (57)] and IL-8 [which increases the blood-brain barrier permeability (58)] proceed the initial TNF-α signaling response in patients with AUD, which might not be as contributing to AUD patients without withdrawal symptoms. This could be a major neurobiological key or gateway to withdrawal symptoms (59) and other symptoms of AUD (60), such as withdrawal-associated depression (61). However, how these cytokines may manifest in the domain/s of AUD could be a turning point and, thus, become a highly important area of investigation. Some of these correlations of cytokine levels and the arrangement of gut permeability factors coincide with our earlier observations of hyperhomocysteinemia, gut dysfunctions, and markers of excessive drinking (21). As reflected by the alterations in blood markers, these intestinal changes also lead to behavioral changes that could correspondingly be observed with the severity of alcohol abuse (7, 8, 62). In our study, we found that the derangement of gut-permeability factors and the role of proinflammatory cytokines constituted the gut–brain axis of AUD. Thus, we could identify a three-compartment response system that represents the characterization of the gut–brain axis for such AUD symptoms (with their own uniqueness), with immune status as an intermediate state for neuroinflammatory consequences. These changes were also uniquely representative of withdrawal symptoms and withdrawal-associated depression in a domain-specific manner, along with the gut–brain axis that could represent cravings.



Limitations in this study

There are some limitations to this study. First, as this was a proof-of-principle study, it had a relatively small sample size. Consequentially, many underlying effects are not addressed in this study and should be the scope of future investigations. NCS patients had only a small sub-group of w (n = 5); thus, the interpretations for women are limited. However, the focus was on the patients with AUD and withdrawal symptoms, for which the study included a sufficient number of patients (N = 22 [CS] and N = 26 [NCS]) to run between-group analyses. Many studies have shown significant elevation of specific cytokines, such as TNF-α, with AUD; however, the current findings support a slight lowering, which we have justified with the available literature suggesting lowering TNF-α.

There is also another explanation for it, which is that with neuroinflammation, once the blood-brain barrier (BBB) has increased permeability, a lot of cytokines influx into the brain. Thus, there may have been a relative lowering of certain cytokines in the blood, an investigation beyond this study's scope. A similar limitation could be associated with leptin levels, where a comparative proportion of the leptin may have crossed the BBB in AUD patients with withdrawal symptoms. Our study was focused on assessing three symptoms in AUD patients with clinically significant domain criteria: CIWA scores, depression ratings, and cravings. Further, we had a subset of patients who reported cravings.

Thus, the assessment of the full cohort was not possible. The direct assessment of reward and reinforcement was not within the scope of this study. We did not see a remarkable interdomain association that could be described conclusively in this study, and it is an area of future research. The identification/role of specific pathogenic gut microbiota was also not investigated. The latter is an area for future investigation. How changes in the various markers might be interrelated and contribute to the different phenotypes detected herein would have been helpful to further support our study. The scope of such findings could be enhanced by fecal metabolomics. We do not have such data in this study, and we hope to analyze the fecal samples in forthcoming studies. PACS was performed only on a subset of participants; thus, the data need to be validated on a larger participant pool in similar studies. We would also like to point out that this is a multi-pronged study, and many foundational findings have been discussed in this investigation. CSF data would be a driver, and we are working on the CSF assessments that will be published to support our findings in subsequent papers.




Concluding remarks

Gut dysfunction due to heavy alcohol drinking and the gut–brain axis seemed to express the derangement of relevant biomarkers and specific clinical presentation/s in AUD patients in unique arrangements. In this study, we have begun to characterize the gut–brain axis of alcohol withdrawal, associated depression, and cravings, developing a gut–brain model of alcohol pathology with three major realms. The three major realms we have identified are as follows: (1) the direct consequences of drinking on withdrawal marker(s), (2) candidate markers related to gut dysfunction, and (3) specific dysregulation of cytokines as biological compartments of interest. Even though this investigation is a proof-of-principle study, it provides substantial evidence for the pathological differences originating in the gut, spreading up as inflammation, altering the way people feel, and clinically presenting with chronic and heavy drinking. This study also suggests that treating patients with AUD could gain further efficacy with more directed medical management relating to the gut–brain axis. Based on the clinical presentation observed in AUD, the underlying causes can be identified in the gut and immune system. The results of this study warrant the need for further in-depth investigations in the area of the gut–brain axis of AUD.
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AUD patients are divided by sex within each of the primary groups. CS, Clinically Significant group; NCS, Clinically Not Significant group; CIWA, Clinical Institute Withdrawal Assessment
Alcohol Scale; NS, Not Significant; NA, Not Applicable. P-value in italics: trend-level response. *sex-difference within group 2.
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AUD patients are categorized by sex within each of the primary groups. CS, Clinically significant group; NCS, clinically not significant group; BMI, body mass index; CONUT, controlling
nutritional status; TLEB90, timeline follow back past 90 days: markers (recent drinking history [unit score]) (1) TD90: total drinks in 90 days; (2) AvgDPD90: average drinks per drinking day
in the last 90 days; (3) HDD90: heavy drinking days in the last 90 days; (4) NDD90: number of drinking days in the last 90 days; ACS, alcohol composite score; LTDH, lifetime drinking history
(retrospective drinking history of life); MADRS, Montgomery-Asberg Depression Rating Scale; DCS, Drug Composite Score; CIWA, CIWA score (Unit score) for withdrawal scale; PACS,
Penn-Alcohol Craving Scale; LPS, Lipopolysaccharide; LBP, Lipopolysaccharide-binding protein; -+sCD14, Soluble Cluster of Differentiation 145 NS, Not Significant; NA, Not Applicable. P-
value i italics: trend-level response. *sex-difference within Group 1. bsex-difference within group 2. within male-sex differences between the two groups (none determined). within female-sex
differences between the two groups.
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