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Purpose: Ethyl glucuronide (EtG), ethyl sulfate (EtS) and phosphatidylethanol (PEth) are considered specific direct biomarkers for
detecting alcohol consumption. However, PEth, which is produced in red blood cells (RBC), varies considerably between patients for
unknown reasons. We here studied various confounders of PEth elimination including fibrosis after alcohol withdrawal.

Patients and Methods: EtG, EtS and PEth together with routine laboratory and clinical parameters were studied in 100 Caucasian
heavy drinkers prior and after alcohol detoxification. In addition, fibrosis stage and degree of steatosis were assessed by transient
clastography (Fibroscan, Echosens, Paris).

Results: All three biomarkers were highly correlated (0.61-0.72) with initial serum alcohol levels, but only PEth correlated with daily
alcohol consumption. After alcohol withdrawal, PEth significantly decreased within 6.1 days from 1708 to 810 ng/mL (half-life varied
from 1.6 to 15.2 days). Both levels of serum alcohol but also EtG and EtS were higher in patients with liver cirrhosis as compared to
patients without fibrosis despite comparable alcohol consumption suggesting a decreased alcohol elimination in patients with cirrhosis.
PEth was also elevated in cirrhosis but not significantly. In contrast, PEth elimination rate was significantly higher in patients with
enhanced RBC turnover and signs of alcohol-mediated hemolytic anemia with elevated ferritin, LDH and increased mean corpuscular
volume (MCV).

Conclusion: We here demonstrate that alcohol elimination is decreased in patients with liver cirrhosis. In patients with cirrhosis, PEth
levels are both affected in opposite directions by enhanced red blood cell turnover and elevated alcohol levels. Our data have important
implications for the use and interpretation of PEth in the clinical setting.
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Introduction

According to the WHO, alcohol consumption is a worldwide health problem both for the global years of life lost but also
mortality." Chronic alcohol consumption is also the cause of alcohol-related liver disease (ALD), the most common liver
disease worldwide accounting for more than half of all liver-related deaths.” Alcohol-related liver cirrhosis is also
a major risk factor for hepatocellular carcinoma and the third leading cause of cancer mortality worldwide.? In addition,
alcohol is also known to significantly contribute to a number of other cancer types including breast cancer and colon
cancer.*”

Despite the enormous impact of alcohol on health and disease, we still lack markers to accurately assess alcohol
drinking behavior. This is not only a significant barrier for the diagnosis and treatment of alcohol abuse and related
diseases but also for our deeper understanding of alcohol-related disease mechanisms and more specific management and
decision-making eg in the context of organ distribution in the transplant setting or in forensic medicine. Although brief
surveys such as AUDIT-C® or CAGE’ are still considered the “gold standard” for assessing alcohol use patterns,® they

Hepatic Medicine: Evidence and Research 2023:15 195-208 195
Received: 21 June 2023 © 2023 Bartel et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creati org/licenses/by-nc/3.0/). By accessing the

Accepted: 14 October 2023
Published: 1 November 2023

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-3406-1613
http://orcid.org/0000-0002-5205-4129
http://orcid.org/0000-0001-5655-6778
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Bartel et al Dove

lack an objective and quantitative description of the drinking history.” Moreover, quantifiable biomarkers to unequi-
vocally assess alcohol consumption retrospectively across days or weeks have remained more elusive.'®

In contrast to indirect markers such as mean corpuscular volume (MCV), carbohydrate-deficient transferrin (CDT) or
v-glutamyl transferase (GGT), so-called direct biomarkers such as ethyl glucuronide (EtG), ethyl sulfate (EtS) or the
16:0/18:1 phosphatidylethanol homologue (normally abbreviated as PEth) are ethanol-specific.'''* While EtG and EtS
can be detected in whole blood, serum, urine and hair (only EtG), PEth cannot be measured in urine and is usually
measured in whole blood. A major limitation of EtG and EtS is that they have a rather short half-life in blood and urine
of eg 2-3 hours in the case of EtG with a renal clearance of 8.3 liters per hour'>' and 3.6 liters per hour for EtS.'® At
rather high costs and with other limitations, EtG can be extracted from hair indicating chronic drinking over several
months."”

Compared to EtG and EtS in urine, the detection window of PEth is enlarged rendering it an interesting candidate for
long-term alcohol intake monitoring.'>'®'® While different PEth homologues were originally detected using high
performance liquid chromatography and evaporative light scattering detection with detection limits of 0.22 pmol/L
(approximately 154 ng/mL),%° individual PEth homologues are increasingly measured using liquid chromatography with
tandem mass spectrometry.>’ The most prevalent homologue is PEth 16:0/18:1 that accounts normally for about 40% of
total PEth with a detection limit of approximately 5 ng/mL.*' The detection of the second most common PEth
homologue, 16:0/18:2, improved PEth detection only by 1% as compared to PEth 16:0/18:1.%

One still unresolved challenge with PEth is the fact that formation and elimination seem to depend interindividually
from still poorly understood conditions. PEth is normally formed in red blood cells (RBCs) with ethanol from
phosphatidylcholine by a reaction catalyzed by phospholipase D (PLD).'?**2¢ In fact, RBCs form the largest phospho-
lipid pool in the blood. PEth has been detectable at high levels in whole blood in persons entering alcohol treatment/
detoxification.”’>° In contrast, no PEth has been detectable in samples from persons in closed-ward facilities without
access to alcohol.>® Consequently, the rate of PEth formation depends on PLD activity which can have large inter-
individual variation'® and has been proposed to be useful for the normalization of PEth measurements.”'

The average time in which PEth concentration is halved in the absence of new PEth formation (the PEth half-life) was
reported to be approximately 4 days for combined PEth (16:0/18:1 plus 16:0/18:2), with half-lives up to 12 days and 7.8
days for PEth 16:0/18:1 in recent publications.”***** The causes of variability in the PEth elimination are unknown®”
but was recently related to levels of AST, GGT, ferritin or HDL-cholesterol.> In drinking studies, a biphasic kinetic of
PEth was observed with higher initial PEth elimination rates for higher blood alcohol levels and slower elimination rates
once reaching lower blood alcohol levels so that a high initial elimination rate can be distinguished from a low terminal
elimination rate.*>** In addition to the poorly understood kinetics of PEth, there is insufficient knowledge about the
status of liver fibrosis on the formation of direct alcohol biomarkers such as PEth.>” Moreover, even the metabolism of
ethanol in patients with cirrhosis and its consequences on alcohol levels has only been occasionally addressed with a few
patients.** 40

Therefore, we here aimed at systematically studying the direct biomarkers EtG, EtS, and PEth in heavy drinkers
undergoing in-hospital alcohol detoxification. The study was triggered in particular by recent observations in our 15-year
mortality study in heavy drinkers that hemolytic anemia and enhanced RBC turnover are critical for survival in ALD
patients.*'*? The lifecycle and lifespan of RBCs has been studied for decades.** *® These data also show that RBC
turnover is not primarily due to deficiency eg of folic acid or vitamin B12 but rather to direct toxicity to RBCs and the
bone marrow stem cell compartment of precursor cells.*'*** Moreover, enhanced alcohol-mediated RBC turnover can be
evidenced by increased serum levels of the hemoglobin-haptoglobin scavenger receptor CD163 and by elevation of LDH,
ferritin and MCV.*°

In view of the recently identified RBC turnover in drinkers and the role of erythrocyte phospholipase D for PEth
formation, the main objective of the present study was to identify confounding factors namely of the RBC compartment
that affect the elimination rate of PEth. Furthermore, we aimed to study the role of fibrosis stage based on the newly
introduced non-invasive transient elastography prior and after alcohol detoxification.
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Patients and Methods

Patients and Study Design

We studied 100 Caucasian patients that were enrolled from 2017 to 2020 at Salem Medical Center Heidelberg,
respectively. The study design is shown in Figure 1 and patient’s characteristics are shown in Table 1. All patients
with ALD were heavy drinkers (>80 g per day in males and >60 g per day in females) with a mean alcohol consumption
of 211 g/day. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was
reviewed and approved by the local Ethics Committee of the Medical Faculty of the University of Heidelberg (S150-15)
and all patients gave written informed consent prior to inclusion. Routine laboratory markers, liver stiffness and direct
ethanol biomarkers were studied in all patients upon alcohol detoxification over a mean detoxification period of 6.1 + 2.4
days (3 to 21 days). All patients underwent careful clinical examination, standard serological testing (venous blood
sampling), abdominal ultrasound and liver stiffness (LS) measurement by transient elastography (TE; Fibroscan,
Echosens SA, Paris, France), respectively. At the beginning and end of their stay, blood samples were collected in
EDTA tubes (Sarstedt AG & Co. KG, Numbrecht, Germany), within 15 min frozen down to —20°C. After 24 hours,
samples were transferred to —80°C until further analysis. Hepatic fat content was further assessed with the Fibroscan
device by measuring the controlled attenuation parameter (CAP).*” Other causes of liver diseases were ruled out in all
patients serologically by screening for AMA, ANA, HBV, and HCV as described recently.*®

Transient Elastography and CAP

LS was measured by transient elastography (Fibroscan, Echosens, Paris, France). TE was performed by physicians with
at least 12 months of experience in abdominal ultrasound and transient elastography on the right lobe of the liver in
intercostal position according to established protocols.'' Fibrosis stages were determined using recently established
algorithms including the consideration of transaminase levels.''** CAP was used to non-invasively assess steatosis on
the Fibroscan platform.*” CAP values are expressed in dB/m and range from 100 to 400 dB/m. In addition, liver size,
spleen size, ascites formation and semiquantitative liver steatosis (0—3) were assessed by abdominal ultrasound.

Heavy drinkers admitted for
alcohol detoxification (n=100)

alcohol withdrawal
with a mean of 6.1
days

At day of admittance: After detoxification:
« whole blood: EtG, « whole blood: EtG,
EtS, and PEth EtS, and PEth
* laboratory tests * laboratory tests

« LS, CAP « LS, CAP

Figure | Study design.
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Table | Patient Characteristics

Mean + STD before Mean + STD after Paired T-

alcohol detoxification | alcohol detoxification Test p
Demographic
Sex (male) 72.0%
Age (years) 508 + 11.8
BMI (kg/m?) 259 +53
Alcohol consumption (g/day) 211.7 £ 110.5
Duration of heavy alcohol 125 +9.0
drinking (years)
Ultrasound
Liver size (cm) 16.36 * 3.18
Hepatic steatosis (US) (0-3) 1.88 £ 0.91
Spleen size (cm) 9.85 + 1.96
Ascites (%) 3.1%
Signs of cirrhosis (US) (%) 10.6%
Laboratory
EtG (ng/mL) 1233.1 + 1704.0 0.0 £ 0.0 <0.000 1 ##*
EtS (ng/mL) 464.5 + 565.1 0.0 £0.0 <0.000 | ##*
PEth (ng/mL) 1708.1 + 1289.7 809.7 + 593.5 <0.000 | ***
Serum alcohol (g/L) 1.02 £ I.16 0.00 + 0.00 <0.000 | *#*
AST (U/L) 88.6 + 89.8 44.8 £ 30.0 <0.000 | ***
ALT (U/L) 63.0 £57.7 47.6 + 37.1 0.0034°
GGT (U/L) 358.3 + 627.5 239.0 £ 2955 0.0045
AP (U/L) 99.2 + 60.3 79.0 + 334 <0.000 | ***
Bilirubin total (mg/dL) 1.15 £ 2.24 071 = .16 0.0026°
Quick (%) 104.60 + 20.51 105.10 + 23.12 0.9365
INR 0.98 + 0.33 0.94 + 0.24 0.0512
Urea (mg/dL) 21.68 £ 11.70 22.07 £9.29 0.7709
Creatinine (mg/dL) 0.70 + 0.24 0.82 + 0.42 0.0124
Hemoglobin (g/dL) 14.46 + 2.00 13.97 + 2.65 0.0162
Leukocytes (/nL) 7.66 + 2.65 7.58 £ 223 0.8985
Platelets (/nL) 217.06 £ 81.72 221.04 + 78.04 0.5993
Ferritin (ng/mL) 577.33 + 564.23 405.14 + 411.12 <0.000 | *#*
CRP (mg/L) 4.96 + 9.58 547 + 8.04 0.6343
Transient elastography
Liver stiffness (kPa) 14.1 £ 194 119 + 16.6 0.0032¢
CAP (dB/m) 296.6 £ 55.7 261.7 £ 538 <0.0001

Notes: *, ** **P adjusted for multiple comparisons < 0.05, 0.01, 0.001, respectively. *P adjusted for multiple comparisons =
0.068, °P adjusted for multiple comparisons = 0.051, P adjusted for multiple comparisons = 0.063.

Reagents for Biomarker Measurements

16:0/18:1-phosphatidylethanol sodium salt was delivered by Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).
Ethyl glucuronide and ethyl sulfate were obtained from Lipomed GmbH (Weil am Rhein, Germany). The internal
standards ethyl glucuronide-d5, ethyl sulfate-d5 were purchased from Lipomed GmbH (Weil am Rhein, Germany) and
16:0/18:1-phosphatidylethanol-d5 from Echelon Biosciences Inc. (Salt Lake City, UT, USA). Methanol ROTISOLV®
HPLC, ammonium formate (>95%), acetonitrile ROTISOLV® HPLC, and 2-propanol ROTISOLV® LC-MS-grade
(299%) were purchased from Carl Roth GmbH + Co KG (Karlsruhe, Germany). Pure water Ampuwa® was purchased
from Fresenius Kabi (Bad Homburg, Germany). Human blood for calibration (free from ethanol, ethyl glucuronide, ethyl
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sulfate, and phosphatidylethanol) was donated voluntarily by a venous puncture at the Institute of Forensic and Traffic
Medicine and stored in lithium heparin tubes (Sarstedt AG & Co. KG, Numbrecht, Germany).

Blood Levels of EtG, EtS and PEth

EtG, EtS and PEth were measured at the Institute of Forensic and Traffic Medicine, Heidelberg University Hospital, from
frozen samples taken in patients at Salem Medical Center, Heidelberg, Germany. The sample preparation and mass
spectrometric analysis were performed accordingly to the previously published method.’® In brief, 150 uL of whole
blood were spiked with internal standard (each deuterated analyte). The protein precipitation was performed by adding
750 uL of MeOH and subsequently mixing of the sample. Afterwards, the sample was centrifuged for 10 min at
2.1x1000 g, the organic layer was transferred into a vial and dried under a gentle stream of nitrogen. Finally, the residue
was resuspended, filtered through a micro-spin filter (Thermo Fisher Scientific Inc., Waltham, MA, USA) and subse-
quently centrifuged for 3 min. The analyses were performed using high-performance liquid chromatography and tandem
mass spectrometry (HPLC-MS/MS). An HPLC (Agilent 1100 series, Agilent Technologies Inc., Santa Clara, CA, USA)
was combined with an API 4000 tandem mass spectrometer equipped with a Turbolon Spray source (Applied Biosystems
Sciex, Darmstadt, Germany). Standard calibration curves with sample concentrations between 10 and 1000 ng/mL were
used for EtG, EtS and PEth. The measurement of samples with higher concentrations proofed that a determination up to
50.000 ng/mL for EtG and EtS and up to 10.000 ng/mL is possible with high accuracy. Quantification and evaluation of
the results were performed with the Analyst Software 1.4 (Applied Biosystems Sciex) by integration of the chromato-
grams generated from the multiple reaction monitoring (MRM) mode.

Serum Levels of M30, M65 and CD163

CD163 was measured in serum by ELISA using Human CD163 DuoSet ELISA delivered by R&D Systems, Inc.
(Minneapolis, USA) using standard protocols and as described recently.*' It is important to note that CD163 was only
measured in a smaller group of patients (N=21). For liver apoptosis, the M30-Apoptosense ELISA according to the
manufacturer’s instructions (Peviva, Bromma, Sweden) and the M65 ELISA (Peviva) were used to quantify both

uncleaved and caspase-cleaved K18.*®

Statistics

All statistics were performed using Excel (Microsoft) or SPSS 12 (IBM). For descriptive statistics, we calculated the
mean and standard deviation for parametric distributed parameters or percentages or counts for ordinal/categorial
parameters. For comparison of groups, we used the independent samples #-test and for follow-up data we used the paired-
samples r-test. Results were considered significant for P-values <0.05. Correlation analysis was performed using
Spearman’s rank order correlation coefficient. P values were also corrected for multiple comparisons using the
Bonferroni method where the alcohol biomarkers were defined as in the same family, hemoglobin, erythrocyte count
and hemoglobin were defined as in the same family and M65 and M30 were defined as in the same family. Significant
results after correction for multiple comparisons are indicated with asterisks. For the decrease of PEth after alcohol
detoxification we assumed an exponential decrease of PEth of the form PEth,g.. = PEthyeroe * EXP(k * ), to = 0, were
PEthyeore are the PEth levels at the day of admission, PEth,q., are the PEth levels after alcohol detoxification, k is the
decay constant and ty and t; are the time points of admission and after detoxification, respectively. The decay constant
k of the decrease of PEth can then be calculated by k = In(PEth,ge; / PEthyesore) / t1. The half-life of the decrease was
calculated according to t;,, = In(2) / k. Grouping of patients according to high/low hemoglobin (Hb) and serum ferritin
levels was performed as already shown recently.*® Cutoffs used were 14 g/dL for Hb and 400 ng/mL for ferritin.

Results

Patient Characteristics
Patient characteristics are shown in Table 1. The study included 100 heavy drinkers primarily presenting for alcohol
detoxification. The mean initial serum alcohol level was 1.02 g/L and after detoxification alcohol was not detectable in all
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patients. Mean daily alcohol consumption was 212-g alcohol over a mean heavy drinking period of 12.5 years.
Furthermore, 72% of the patients were male. Levels of all direct alcohol biomarkers reflected heavy alcohol consumption
before admittance. Mean levels at day of admission were 1233 ng/mL, 464 ng/mL and 1708 ng/mL for EtG, EtS and
PEth, respectively. In-hospital detoxification time ranged from 2 to 21 days (mean 6.1+2.4 days). In abdominal
ultrasound, 10.6% had sure signs of cirrhosis such as nodular aspect of the liver surface and 3.1% had manifest ascites.

Based on transient elastography and using AST-adapted cutoff values,*!

any fibrosis could be ruled out in half of all
patients despite a mean liver stiffness of 14.1 kPa. In detail, fibrosis distribution for fibrosis stages F0, F1-2, F3 and F4
were 49%, 25%, 12% and 14%, respectively. The mean CAP values of 296.6 dB/m were clearly above the cutoff value of
280 dB/m to rule in any steatosis’” indicating pronounced steatosis. Remaining routine laboratory parameters showed
typical profile of an alcohol cohort with AST levels greater than ALT levels, elevated levels of GGT, AP and ferritin."'

However, with a bilirubin of 1.15 mg/dL and an INR of 0.98, no severe liver synthesis impairment was noted.

EtG, EtS and PEth During Alcohol Withdrawal

The in-hospital detoxification with confirmed abstaining from alcohol allowed us to assess elimination of direct
biomarkers during a mean of about a week of alcohol detoxification. The mean initial EtG and EtS serum levels were
1233 and 464 ng/mL, respectively, and both markers were not detectable after detoxification which could be expected
due to the known short half-life in blood in the hour range of both markers.'*>'® In contrast, PEth was still significantly
elevated after alcohol withdrawal and decreased by 52.6% (range plus 3.8% to minus 95%) from an initial mean
concentration of 1708 ng/mL (range 23.3 to 6490 ng/mL) to a mean concentration of 810 ng/mL after detoxification.
Only in one patient no PEth was detectable after 21 days of alcohol withdrawal. In accordance with previous studies,
PEth elimination varied considerably between all patients with a mean half-life of 7.1+£5.9 days (range 1.6—-15.2 days)

and a mean exponential decay constant of 0.14+0.08 days .

Correlation Analysis of Direct Biomarkers

In comparison to routine laboratory parameters, the three direct ethanol biomarkers showed the highest correlation
(r=0.61-0.72, P<0.0001) with initial serum alcohol levels (see Table 2), with EtS and EtG being slightly superior to PEth.
However, PEth was best correlated with reported daily alcohol consumption (r=0.31, P<0.01) and almost no difference
was seen with PEth levels before and about 1 week after the start of the alcohol detoxification. Of note, there were
important differences between PEth and EtG/EtS. Thus, PEth was significantly higher associated with markers of liver
damage and apoptosis such as AST, ALT, M30 and M65 and with steatosis as measured by CAP. Notably, PEth was
significantly and positively associated with hemoglobin, LDH and HDL cholesterol. Although not significant, PEth was
also positively associated with the erythrophagocytosis marker CD163. In contrast, a negative association was seen with
EtG and EtS for CD163 and bilirubin levels. Finally, all three direct biomarkers were equally and significantly associated
with ferritin and liver stiffness. In summary, we here provide the first evidence that, in contrast to EtG and EtS, PEth
levels are highly associated with daily alcohol consumption. Moreover, PEth levels are associated with indirect signs of

hemolysis which is increased during heavy alcohol consumption.*!

Effect of Liver Cirrhosis/Stiffness on PEth Elimination and Levels of Alcohol and

Biomarkers

We next compared patients with no signs of cirrhosis and normal LS (FO, LS < 6 kPa, n=49) with patients with F4
cirrhosis (LS > 12.5 kPa, n=22).>* Major data are shown in Table 3. LS values differed significantly between both groups
(4.6 vs 42.8 kPa, P<0.0001).

Surprisingly, initial serum alcohol levels were significantly elevated (0.6 vs 1.7 g/L, P<0.001) in patients with
cirrhosis despite a comparable daily alcohol consumption (see Table 3). This strongly suggests that alcohol is accumulat-
ing in patients with liver cirrhosis. In line with this, levels of EtG, EtS and PEth were all elevated in the cirrhosis group.
Of note, the short-term biomarkers EtG and EtS were statistically significant, while PEth only showed a tendency without
statistical significance.
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Table 2 Correlation of Direct Ethanol Biomarkers EtG, EtS and PEth with Routine Laboratory, Clinical
Parameters, Liver Stiffness and Hepatic Steatosis (CAP)

Parameters EtG EtS PEth

r p r p r p
EtG (ng/mL) 0.97 1.3E-60%** 0.56 2.5E-09%**
EtS (ng/mL) 0.97 1.3E-60%** 0.54 7.1E-09%*
PEth (ng/mL) 0.56 2.5E-09%** 0.54 7.1E-09%**
Serum alcohol level (g/L) 0.72 4.5E-| | ##* 0.72 4.1 E-| | #%* 0.61 1.3E-07***
Alcohol consumption (g/day) 0.08 4.5E-01 0.10 3.2E-01 0.31 2.0E-03*
Liver stiffness (kPa) 0.26 8.4E-03 0.25 1.3E-02 0.26 1.0E-02
CAP (dB/m) 0.20 8.8E-02 0.15 1.9E-01 0.29 9.8E-03
AST (U/L) 0.27 7.2E-03 0.26 1.1E-02 0.50 1.8E-07%**
ALT (U/L) 0.14 1.5E-01 0.12 2.2E-01 0.38 1.2E-04**
AP (U/l) 0.10 3.1E-01 0.10 3.4E-01 0.15 1.5E-01
GGT (U/L) 0.30 2.8E-03* 0.26 9.1E-03 0.28 5.4E-03
Bilirubin total (mg/dL) —-0.18 7.4E-02 —-0.20 4.8E-02 0.01 8.9E-01
Mé65 (U/L) 0.20 7.6E-02 0.19 9.1E-02 0.39 4.4E-04**
M30 (U/L) 0.15 2.1E-01 0.14 2.2E-01 0.35 2.2E-03*
Hemoglobin (g/dL) 0.04 6.6E-01 0.04 6.6E-01 0.27 7.5E-03
Ferritin (ng/mL) 0.25 1.3E-02 0.26 8.4E-03 0.26 1.1E-02
LDH (U/L) 0.10 3.3E-01 0.10 3.5E-01 0.43 1.4E-05%**
CDI163 (ng/mL)* -0.20 3.8E-01 —0.30 1.8E-01 0.25 2.8E-01
HDL Cholesterol (mg/dL) 0.17 1.1E-01 0.18 8.8E-02 0.21 4.9E-02

Notes: bold: uncorrected p-value <0.05; *, **¥, *P adjusted for multiple comparisons < 0.05, 0.01, 0.001, respectively. *CD 163 was only
available in N=21| patients.

Abbreviations: EtG, ethyl glucuronide; EtS, ethyl sulfate; PEth, phosphatidylethanol; CAP, controlled attenuation parameter; Mé65,
cytokeratin-18; M30, caspase-cleaved cytokeratin 18; LDH, lactate dehydrogenase; CD 163, Cluster of Differentiation 163.

Table 3 further shows direct and indirect indications of enhanced RBC turnover in the cirrhosis group with decreased
hemoglobin and haptoglobin, and elevated ferritin, MCV and LDH.

CD163 was also increased in patients with cirrhosis but did not reach levels of significance since serum for CD163
detection was only available in a smaller fraction of patients (LS < 6 kPa: N=11, LS > 12.5 kPa: N=2). On a final note,
PEth elimination did not differ significantly between fibrosis stage (exponential decay constant: 0.14 vs 0.15) nor did the
PEth half-life (7.6 vs 5.7 days) (not shown). In summary, these data suggest that patients with manifest cirrhosis have
accumulating serum alcohol levels despite comparable daily alcohol consumption rates suggesting a decreased alcohol
elimination in cirrhosis. In line with this, short-term direct biomarkers EtG and EtS were elevated but not the long-term
biomarker PEth, most likely due to enhanced hemolysis and erythrophagocytosis in patients with cirrhosis.

Factors Modulating PEth Elimination

We next looked for patient-related parameters that are associated with the PEth elimination constant. Spearman rho correlation
is shown in Table 4A sorted by the P value. Levels of significance (P<0.05) are marked in bold. First, Table 4A demonstrates
an inverse correlation with erythrocyte count but positive correlation with levels of ferritin underlining the role of hemolysis
for the PEth turnover. This is further underscored by the positive correlation with mean corpuscular volume (MCV), bilirubin,
iron parameters such as transferrin saturation and serum iron or signs of liver damage such as elevated levels of M65.
Accordingly, patients could also be split into fast and slow PEth eliminators (see Table 4B). Typical fast PEth eliminators had
a low erythrocytes/hemoglobin and a high ferritin and MCV which is indicative of hemolytic anemia. In confirmation of the
results above, fibrosis status or liver stiffness did not have any impact on PEth elimination. In conclusion, our data indicate that
an elevated RBC turnover also causes rapid elimination of the RBC-bound PEth.
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Table 3 Comparison Between Patients with No Fibrosis and Cirrhosis. Fibrosis Stage Was
Determined by Liver Stiffness Measurement Using a Cutoff Value of <é kPa for No Fibrosis and
>|2.5 kPa for Cirrhosis. PEth|: PEth Levels Before Alcohol Detoxification, PEth2: PEth Levels After
Alcohol Detoxification

Parameter LS < 6 kPa n=49 LS > 12.5 kPa n=22 T-test
Mean * STD Mean * STD P
Liver stiffness (kPa) 46 +0.8 42.8 £ 253 2.76E-16***

Quantitative alcohol description

Alcohol consumption (g/day) 194 + 87 219 £ 149 0.3795
Serum alcohol (g/L) 0.6 +0.9 1.7 £ 1.1 0.0006%*

Alcohol biomarker

EtG (ng/mL) 862 * 1634 1788 + 1392 0.0245
EtS (ng/mL) 331 £ 498 639 * 526 0.0214
PEthl (ng/mL) 1449 + 1238 1824 + 1270 0.2468
PEth2 (ng/mL) 745 + 537 765 = 694 0.8952

Important indicator of hemolysis

Hemoglobin (g/dL) 147 + 1.3 13.6 + 2.8 0.0223
Ferritin (ng/mL) 443 £ 520 827 + 663 0.0107
LDH (U/L) 198 + 59 248 + 93 0.0100
Haptoglobin (g/L) 1.8+07 1207 0.0387
CD163 (ng/mL)® 907 + 572 1452 + 626 0.2397
MCV (L) 932+ 6.6 972 + 83 0.0361

Notes: bold: uncorrected p-value <0.05; *, **, ***P adjusted for multiple comparisons < 0.05, 0.0, 0.001, respectively. *CD 163
was only available in a smaller number of patients (LS < 6 kPa: N=I1, LS 2 12.5 kPa: N=2).

Abbreviations: LS, liver stiffness; EtG, ethyl glucuronide; EtS, ethyl sulfate; PEth, phosphatidylethanol; CAP, controlled attenua-
tion parameter; LDH, lactate dehydrogenase; CD 163, Cluster of Differentiation 163; MCV, mean corpuscular volume.

Rapid PEth Elimination in Patients with Enhanced RBC Turnover

Consequently and following our previous report,*' we next grouped patients according to levels of hemoglobin (<14 g/dL)
and ferritin (<400 mg/dL), the two major iron compartments accounting for 2.5 g and 1 g iron in humans, respectively. As
shown previously,*® this will result into four groups: groups 1-2 with high Hb levels and groups 3—4 with low Hb levels
(see Table 5). As shown in Table 5, patients of group 3 represent a subgroup with pronounced signs of hemolytic anemia
indicated not only by the low Hb and high ferritin but also elevated LDH and MCV. The significantly elevated
erythrophagocytosis marker CD163 also indicates that this group has an enhanced heme-turnover. However, in contrast
to group 1 (high ferritin and high Hb), iron cannot be efficiently re-used for de novo erythropoiesis despite elevated
erythropoietin levels (not shown) resulting in iron overload and anemia. Indeed, group 3 shows the highest PEth elimination
rate, even higher than in group 1. Of note and in contrast to other reports, no differences were seen with regard to total
cholesterol and HDL cholesterol. In summary, these data suggest that enhanced red blood cell turnover in a subfraction of
heavy drinkers (25%) is highly associated with rapid PEth breakdown.

Discussion

We here demonstrate that elimination of PEth is independent of fibrosis stage but significantly depends on erythrocyte
turnover in heavy drinkers undergoing in-hospital alcohol detoxification. Second, our data provide the first evidence that
the presence of cirrhosis rather causes a slightly, but significantly reduced degradation of ethanol resulting in both higher
levels of serum alcohol and all three examined biomarkers in whole blood. Third, among all direct biomarkers, PEth
showed the highest correlation with reported daily alcohol consumption. These findings have important implications for
the use and interpretation of these biomarkers in the clinical setting.
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Table 4 (A) Correlation Analysis of PEth Elimination and (B) Discriminating Markers of Slow and Fast PEth Elimination.

Patients with Fast and Slow PEth Elimination Were Divided at Median of K = 1.2 Day ' or Half-Life = 5.8 Days

A
Parameter PEth elimination rate
r P
Transferrin saturation (%) 0.297 7.4E-03
Serum iron (ug/dL) 0.294 5.6E-03
MCV (fL) 0.252 1.6E-02
Mé65 (U/L) 0.242 4.3E-02
Ferritin (ng/mL) 0.237 2.5E-02
Hepatic steatosis (US) 0.232 4.0E-02
Erythrocytes (/pL) —0.248 1.8E-02
Bilirubin total (mg/dL) 0.210 4.7E-02
Cholesterol (mg/dL) 0.203 6.0E-02
GGT (U/L) 0.189 7.5E-02
Liver stiffness (kPa) 0.079 4.5E-01
B
Parameters Mean of slow PEth Mean of fast PEth T Test Slow
elimination group elimination group K/fast
K ratio
PEth elimination K (day ') 0.08 0.19 1.09E- | 2% 0.45
Half-life (days) 10.2 42 3.04E-07*** 2.46
Erythrocytes (/pL) 4.7 42 3.24E-03* I.11
Transferrin saturation (%) 35.8 49.8 6.19E-03 0.72
MCV (fL) 91.5 95.4 7.32E-03 0.96
Ferritin (ng/mL) 434 759 8.81E-03 0.57
Serum iron (ug/dL) 125 159 2.04E-02 0.79
Hematocrit (%) 42.6 40.1 2.63E-02 1.06
Bilirubin total (mg/dL) 0.65 1.39 4.42E-02 0.47
Transferrin (g/L) 2.6 23 4.53E-02 1.10
Hemoglobin (g/dL) 14.9 14.2 5.20E-02 1.06
GGT (U/L) 231 502 5.29E-02 0.46
Cholesterol (mg/dL) 215 239 5.38E-02 0.90
INR 0.92 1.03 8.83E-02 0.89
Liver stiffness (kPa) 10.9 17.0 1.37E-01 0.64
Mé65 (U/L) 517 799 1.35E-01 0.65
CAP (dBm) 292 306 2.70E-01 0.95

Notes: bold: uncorrected p-value <0.05; *, **, ***P adjusted for multiple comparisons < 0.05, 0.01, 0.001, respectively.
Abbreviations: PEth, phosphatidylethanol; MCV, mean corpuscular volume; CAP, controlled attenuation parameter; Mé5, cytokeratin 18.

The in-hospital detoxification during a mean period of 1 week allowed for a controlled period of alcohol abstinence

which was also documented not only by the absence of alcohol, but also by determination of EtS and EtG in the serum

after detoxification. The absence of any detectable levels of EtS and EtG after 1 week of alcohol detoxification is also in

line with the reported short half-life of these two markers in the range between 2 and 4 hours.

15,16

In contrast, PEth levels were still detectable after the mean detoxification interval of 6.1 days decreasing down to

a mean value of 46.2%. The individual half-life varied considerably between 1.6 and 15.2 days which is in line with
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Table 5 Various Parameters and Percentage of PEth Elimination in Patients Stratified According to Levels of Hemoglobin (Hb, Cutoff
14 g/dL) and Ferritin (Fer, Cutoff 400 Ng/mL). Of Note, the Highest PEth Elimination Was Observed in Group 3 That Shows Signs of

Hemolytic Anemia. (M: Male, F: Female)

Parameter Group | N=31 Group 2 N=34 Group 3 N=10 Group 4 N=12 T-Test

(25m/6f) (28m/6f) (4m/6f) (2m/10f)

Hb+/Fer+ Hb+/Fer- Hb-/Fer+ Hb-/Fer- Group | vs 3
Hemoglobin (g/dL) 15.8 152 1.4 12.6 2.9E- | 3%
Ferritin (ng/mL) 977.7 2345 926.3 200.6 7.9E-01
PEthl (ng/mL) 2203.1 1598.7 1382.4 1228.6 4.7E-02
PEth2 (ng/mL) 1003.6 846.8 450.3 633.9 1.0E-03*
| week PEth elimination (%) 54.4% 47.0% 67.4% 48.4%
Transferrin saturation (%) 52.2 359 49.8 39.6 7.8E-01
Transferrin (g/L) 24 2.7 1.9 24 1.3E-02
Alcohol consumption (g/day) 2435 193.9 203.7 191.0 3.5E-01
Serum alcohol level (g/L) 1.4 0.6 1.2 0.6 7.8E-01
Liver stiffness (kPa) 1.5 10.2 352 6.3 9.9E-04*
AST (U/L) 122.5 55.1 133.2 53.8 7.6E-01
ALT (U/L) 90.6 40.7 64.0 59.7 |.8E-01
GGT (U/L) 450.2 170.5 809.8 147.1 I.6E-01
AP (U/L) 88.8 844 159.7 97.6 1.4E-03*
Bilirubin total (mg/dL) 1.0 0.5 33 0.6 1.3E-02
Bilirubin indirect (mg/dL) 0.5 0.2 0.8 0.2 3.8E-01
LDH (U/L) 255.6 194.7 2404 2134 5.5E-01
M30 (U/L) 381.6 205.7 820.9 148.5 8.7E-02
Mé5 (U/L) 751.0 430.5 1546.5 325.0 4.3E-02
Haptoglobin (g/L) 1.7 1.8 0.7 1.4 1.7E-02
CDI63 (ng/mL)* 1581.8 9182 1257.4 1120.2 5.7E-01
CRP (mg/L) 4.0 2.5 14.8 3.0 5.9E-03
Cholesterol (mg/dL) 2364 221.5 2155 220.6 3.8E-01
HDL Cholesterol (mg/dL) 752 80.6 61.6 829 3.2E-01
LDL Cholesterol (mg/dL) 107.4 120.6 101.9 108.4 7.3E-01

Notes: bold: uncorrected p-value <0.05; *, **, *¥*: P adjusted for multiple comparisons < 0.05, 0.01, 0.001, respectively. Normal range for ferritin: 30—400 ng/mL (M), 13—
150 ng/mL (f). Normal range for hemoglobin: 13—17 g/dL (m), 1216 g/dL (f). *CD163 was only available in 21 patients (Grl: N=5, Gr2: N=I1, Gr3: N=3, Gr4: N=2).
Abbreviations: m, male; f, female; Hb, hemoglobin; Fer, ferritin; PEth, phosphatidylethanol; PEth 1, PEth levels before alcohol detoxification; PEth2, PEth levels after alcohol
detoxification; LDH, lactate dehydrogenase; M65, cytokeratin-18; M30, caspase-cleaved cytokeratin 18; CD163, Cluster of Differentiation 163.

earlier reports.”>*%* This allowed us to study in detail potential factors that affect PEth elimination. A first focus was the
role of fibrosis stage on PEth elimination. So far, the association of direct biomarkers and cirrhosis status has not been
well studied, but ethanol biomarkers could be affected by multiple cirrhosis-associated conditions. The fibrosis stage
might affect the formation and elimination of PEth and finally, various genetic and non-genetic conditions modulate
ethanol metabolism that also might have an influence on PEth levels. In fact, the only occasional reports on few patients
suggested so far that ethanol elimination is not different in patient with cirrhosis.>’ >’

Consequently, one of the first aims was to study in detail the effect of fibrosis stage on levels of alcohol and
biomarkers. To our knowledge, this is the first study comparing alcohol biomarkers EtG, EtS and PEth with transient
elastography that allowed us to assess fibrosis stage in all patients.>*> Notably, all three biomarkers showed the highest
correlation with serum alcohol levels. Moreover, they all correlated well with the reported daily alcohol consumption
with PEth showing the best association. Therefore, we were surprised to learn that in patients with cirrhosis, not only

serum alcohol levels but all direct biomarkers of alcohol were elevated, in the case of alcohol significantly and of EtG
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almost significantly. Of note, no effect of fibrosis was seen on PEth elimination. Due to the short half-life of EtG and EtS,
our study design did not allow to study the effect of fibrosis stage on the elimination of these biomarkers.

In our opinion, however, these data clearly suggest that the presence of fibrosis/cirrhosis causes indeed a reduced
elimination of alcohol resulting in elevated levels of alcohol and corresponding biomarkers. The fact that the effect of
cirrhosis was smallest with respect to PEth is most likely due to several partially compensating conditions, namely, the
more rapid elimination of RBCs. Consequently, it can be expected that patients with manifest cirrhosis require less
alcohol to maintain equally high serum alcohol levels. The reported daily alcohol consumption of more than 1000 heavy
drinkers at the Center for Alcohol Research in Heidelberg seems to support such a conclusion (data not shown).*!

In a next step, we tried to identify factors that could be responsible for the observed variability of PEth elimination.
A recent report in 2021 had shown a significant association of PEth levels with levels of ferritin, GGT, HDL and
cholesterol.*® Since, we measured PEth prior and after alcohol detoxification, we calculated the exponential PEth
elimination constant. While only a modest association with GGT and cholesterol was observed, we could confirm
a high correlation with ferritin but even higher with parameters of the red blood cell compartment such as hemoglobin
and the number of erythrocytes. Moreover, PEth was especially rapidly eliminated in patients with anemia and high
ferritin and further analysis showed that these patients showed signs of hemolytic anemia with elevated LDH and MCV.
No differences with regard to folic acid and vitamin B12 were observed in our cohort.*! We were also cautious in
overinterpreting haptoglobin levels since it can be affected by fibrosis stage and inflammation in a complex manner.
However, when we categorizing the ALD patients according the iron compartments using the levels of hemoglobin and
ferritin,*' we could confirm that the highest PEth elimination was observed in patients with feature of hemolytic anemia
(high ferritin and low hemoglobin) representing about 25% of the total population. The elevated erythrophagocytosis
marker CD163 which is expressed in macrophages also indicates that these patients indeed have an enhanced heme
turnover.*'*¢ In addition, despite elevated erythropoietin levels, these patients are not able to efficiently recycle iron into
the normal erythropoiesis. We think that this is also in line with the fact that PEth is primarily formed by phospholipids of
the erythrocyte membrane, which also represent the largest cholesterol compartment in the blood.>*

What are the implications of PEth interpretation? First, we think that RBC turnover should be used to interpret PEth
levels and patients with enhanced heme turnover had actually the lowest PEth levels after alcohol detoxification.
Consequently, in such patients, alcohol consumption could be underestimated if solely based on PEth levels. On the
other side, since PEth elimination seems to be independent of fibrosis stage, additional PEth determinations after a period
of time could help to determine the rate of PEth elimination, and therefore allow better assessment of the actual alcohol
consumption.

Second and in line with earlier reports, PEth levels might still be detectable even 3 weeks after the start of the alcohol
detoxification. In the situation of a continuous alcohol consumption, PEth levels may significantly correlate with the
drinking level. However, due to varying PEth elimination and under conditions of occasional alcohol consumption, clear
information about past alcohol consumption remains vague. At least in our cohort of heavy drinkers with continued and
normally constant drinking behavior, PEth seems to be specific and could provide a simple method to rule out any
alcohol in the last 3 weeks as compared to hair EtG levels or urinary EtG. The only patient with no detectable PEth after
alcohol withdrawal showed the longest in-hospital stay of 21 days and had initial PEth levels lower than 100 ng/mL.

Third, it remains to be studied why PEth levels best reflect daily alcohol consumption despite the strong modulative
effects of RBC turnover but less absolute levels of serum alcohol. This is especially surprising as we here show that
levels of both alcohol or specific biomarkers such as EtG or EtS are elevated in drinkers with cirrhosis. One still
speculative explanation could be that enhanced hemolysis not only predicts mortality but also fibrosis in heavy
drinkers.*"**> Although not reaching levels of significance due to a limited number of patients, we could show that
drinkers with manifest cirrhosis seem to have higher levels of hemolysis and RBC turnover as evidenced by elevated
CD163 or LDH, ferritin and anemia. Consequently, despite accumulating alcohol levels in patients with cirrhosis,
enhanced hemolysis and PEth elimination eventually results in PEth levels that more reflect daily alcohol consumption
than alcohol levels.

We are aware that the determined PEth concentrations in the drawn sample prior detoxification exhibit some
limitations. Due to the present alcohol, a maximum PEth level might have not been reached and only a mean and not
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a terminal elimination rate can be assumed. Therefore, in patients with a low initial PEth level or a short detoxification
period the calculated elimination rates might be imprecise. However, our findings could be still confirmed after excluding
patients with initial PEth levels <1000 ng/mL and detoxification periods of <7 days.

Conclusion

In summary, our study provides a novel rationale on the high variability of PEth elimination in drinkers, which seems to
be linked to increased RBC turnover. Consequently, laboratory indicators of hemolytic anemia should prompt to avoid
underestimation of ethanol abuse. On the other side, due to its long half-life, PEth could be highly useful in the transplant
context to monitor alcohol abuse of candidates from the transplant list. Our data also indicate that subsequent measure-
ment of PEth after alcohol withdrawal could be useful to estimate RBC turnover in such patients. Finally, our data
provide the first evidence that the presence of cirrhosis slightly but significantly decreases ethanol elimination. It
consequently results in both higher levels of serum alcohol and all three explored ethanol biomarkers. These findings
have important implications for the use and interpretation of these biomarkers in the clinical setting.
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