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INTRODUCTION

Over the last decade, many countries have seen a rise 
of alcohol- associated liver disease (ALD) as a significant 
cause of death.[1] Alcohol- associated hepatitis (AH), the 
most precarious form of ALD, carries a mortality rate of 
up to 50% in its severe form.[2,3] The pathogenesis of AH 
is poorly understood, and current AH treatment is limited 
to abstinence, nutritional support, and selected use of 
corticosteroids.[4] ALD has become the leading cause 
for liver transplant in the United States and Europe in 
the post– hepatitis C era.[5- 7] Currently, patients with AH 
compete with other wait- listed patients for liver trans-
plant based on the Model for End- Stage Liver Disease, 
a score validated largely for decompensated cirrhosis.

We recently identified an abnormal lipoprotein 
among individuals with high bilirubin using nuclear 
magnetic resonance (NMR) and named this particle li-
poprotein Z (LP- Z).[8] LP- Z is an LDL- like particle that 

carries a higher content of triglyceride (TG) and free 
cholesterol (FC), but a reduced amount of cholesteryl 
ester (CE) compared with LDL. The liver orchestrates 
lipoprotein metabolism. Not only does the liver produce 
major precursors of circulating lipoproteins, including 
VLDL and HDL, but the liver is also the primary source 
of circulating enzymes responsible for extrahepatic  
lipoprotein metabolism, such as lecithin cholesterol 
acyltransferase (LCAT) and hepatic lipase (HL), also 
known as lipase C hepatic type (LIPC). LCAT catalyzes 
the transfer of fatty acyl chains from phosphatidylcho-
line to FC to generate hydrophobic CE, whereas HL 
converts hydrophobic TG to diacylglycerol and free 
fatty acids.[9] We found that patient samples containing 
high levels of LP- Z most frequently carried a diagnosis 
of ALD.[8] The current study examines the specificity of 
LP- Z in diagnosing AH, the mechanism for its accumu-
lation, and the diagnostic and therapeutic implications 
of LP- Z for patients with AH.
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Abstract
Background and Aims: Lipoprotein Z (LP- Z) is an abnormal free cholesterol 
(FC)– enriched LDL- like particle discovered from patients with cholestatic liver 
disease. This study aims to define the diagnostic value of LP- Z in alcohol- 
associated hepatitis (AH) and interrogate the biology behind its formation.
Approach and Results: We measured serum levels of LP- Z using nuclear 
magnetic resonance spectroscopy, a well- established clinical assay. Serum 
levels of LP- Z were significantly elevated in four AH cohorts compared with 
control groups, including heavy drinkers and patients with cirrhosis. We 
defined a Z- index, calculated by the ratio of LP- Z to total apolipoprotein  
B– containing lipoproteins, representing the degree of deviation from normal 
VLDL metabolism. A high Z- index was associated with 90- day mortality inde-
pendent from the Model for End- Stage Liver Disease (MELD) and provided 
added prognosticative value. Both a Z- index ≤ 0.6 and a decline of Z- index by 
≥0.1 in 2 weeks predicted 90- day survival. RNA- sequencing analyses of liver 
tissues demonstrated an inverse association in the expression of enzymes 
responsible for the extrahepatic conversion of VLDL to LDL and AH disease 
severity, which was further confirmed by the measurement of serum enzyme 
activity. To evaluate whether the FC in LP- Z could contribute to the pathogen-
esis of AH, we found significantly altered FC levels in liver explant of patients 
with AH. Furthermore, FC in reconstituted LP- Z particles caused direct toxic-
ity to human hepatocytes in a concentration- dependent manner, supporting a 
pathogenic role of FC in LP- Z.
Conclusions: Impaired lipoprotein metabolism in AH leads to the accumu-
lation of LP- Z in the circulation, which is hepatotoxic from excessive FC. A 
Z- index ≤ 0.6 predicts 90- day survival independent from conventional bio-
markers for disease prognostication.
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PATIENTS AND METHODS

Patient cohorts

Beth Israel Deaconess Medical Center (BIDMC) AH 
registry was a single- center prospective observational 
study that started in 2018. The study enrolled 39 pa-
tients with a clinical diagnosis of AH from the inpa-
tient liver service based on standard criteria including 
a history of heavy alcohol consumption (3+ drinks for 
women and 4+ drinks for men), signs of liver injury (as-
partate aminotransferase [AST] > 50 IU/L and AST/
alanine aminotransferase [ALT] > 1.5) and liver failure 
with elevated bilirubin (>3 mg/dL).[10] Patients with an 
alternative diagnosis contributing to liver failure were 
excluded from the study. Patients considered for liver 
transplant were not excluded. Blood samples were 
obtained at the time of enrollment. BIDMC NAFLD 
registry started in 2009 and recruited patients with a 
diagnosis of NAFLD based on liver biopsy as described 
previously.[11] Patients with other forms of chronic liver 
disease or alcohol consumption of more than 20 g per 
day were excluded. Outpatient cirrhosis registry was 
an ongoing prospective study of patients with stage 3 
and above fibrosis based on histology or noninvasive 
fibrosis staging. Inpatient alcohol- associated cirrhosis 
cohort was derived from an ongoing study of patients 
with decompensated cirrhosis admitted for hospitaliza-
tion at BIDMC. Laboratory tests and serum in these 
studies were also collected at the time of enrollment. 
The BIDMC transplant registry, established in 2015, re-
cruited patients undergoing solid organ transplant for all 
causes. Subjects with liver transplant for cirrhosis were 
included in the study. Blood samples were collected 
from patients on the day of the transplant. All stud-
ies were approved by the BIDMC institutional review 
board (IRB) and were conducted in accordance with 
the Helsinki declaration of 1975, as revised in 1983. All 
participants consented to the study at enrollment.

The Extracorporeal Liver Assist Device (ELAD) study 
of AH (VTI- 208) (NCT01471028) was a randomized 
open- label multicenter clinical trial sponsored by Vital 
Therapy to evaluate the safety and efficacy of the ELAD 
devices in treating severe AH. The study enrolled sub-
jects aged 18– 50 with a clinical diagnosis of AH who 
met the inclusion criteria of international normalized ratio 
≤2.5, creatinine <1.3 mg/dL, total bilirubin ≥16 mg/dL, 
and MELD score <30. A total of 91 subjects (49 control, 
42 ELAD) with baseline samples available for testing 
were included in our study. Inasmuch as ELAD treat-
ment did not change the patient outcome or LP- Z levels, 
both the treatment and control arms in ELAD were com-
bined. Ethylene diamine tetraacetic acid (EDTA) plasma 
samples were obtained on days 0 and 14. The study was 
approved by the IRB of participating institutes, and all 
participants signed informed consent before enrollment.

The Translational Research and Evolving Alcoholic 
Hepatitis Treatment (TREAT) (NCT02172898) was an 
observational study of patients with well- characterized 
AH (n = 196) and matched heavy drinkers without 
liver disease (n = 169) sponsored by the National 
Institute of Alcohol Abuse and Alcoholism (NIAAA) 
from September 2012 through June 2018.[12] The study 
was conducted at Indiana University, Mayo Clinic, and 
Virginia Commonwealth University. Study participants 
were evaluated at baseline and then at 6 and 12 months 
for clinical and survival data and biosample acquisition. 
This study was approved by the IRBs at the respec-
tive institutions, and all participants signed an informed 
consent form before enrollment.

Integrated Approaches for Identifying Molecular 
Targets (InTEAM) is an international NIAAA- sponsored 
consortium to study the pathophysiology of AH 
(NCT02075918).[13] We included 20 patients with AH 
with liver biopsy in this study. The diagnosis of AH in 
all patients was based on the recently described crite-
ria.[10] The following subjects and tissues samples were 
included in the transcriptomics analysis: early alcohol- 
associated steatohepatitis (ASH, n = 12), patients with 
histologically confirmed AH who were biopsied before 
any treatment (AH, n = 18), and explants from patients 
with AH who underwent early transplantation (n = 11). 
Groups of controls include nondiseased human livers 
(n = 10), NAFLD without alcohol abuse (n = 9), noncir-
rhotic HCV infection (n = 10), and compensated HCV- 
related cirrhosis (n = 9). Patients with malignancies were 
excluded from the study. All patients gave written in-
formed consent. The research protocols were approved 
by the local ethics committees and by the central IRB of 
the University of North Carolina at Chapel Hill.

Analyses in the study included all subjects in each 
cohort, unless otherwise specified for the identification 
of a subgroup within a cohort.

Quantification of LP- Z by NMR 
spectroscopy

Lipoprotein profiling by NMR LipoProfile analysis is in 
routine clinical use by primary care clinicians and car-
diologists.[14] NMR LipoProfile spectra in this study were 
collected at 400 MHz on either NMR Profiler or Vantera 
Clinical Analyzer platforms. Both EDTA plasma and serum 
are suitable specimens for this analysis, and freeze- 
thaw cycles have minimal impact on lipoprotein quanti-
fication.[15] LP- Z particle concentrations were measured 
using the LP4 algorithm as previously described.[8] In 
short, a one- dimensional proton NMR spectrum of each 
sample was acquired, and the broad lipid methyl group 
signal envelope interrogated by deconvolution to quantify 
the separate contributions made to it by different- size li-
poprotein particle subclasses, including LP- Z.
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Agarose gel electrophoresis

Serum samples were loaded on Sebia Hydragel 15/30 
lipoprotein (e) agarose gels (Sebia, Inc.) and run at 100 
V for 1 hour in Barbital buffer (Millipore Sigma) in a Titan 
gel electrophoresis chamber (Helena Laboratories). 
Gels were fixed and stained with Sudan Black (Millipore 
Sigma) to detect neutral lipids or freshly prepared fil-
ipin (Millipore Sigma) to detect FC using previously de-
scribed methods.[16]

Lipoprotein isolation

Two methods were used to isolate LDL or LP- Z lipopro-
teins. To prepare samples for cryo- electron microscopy, 
plasma samples were centrifuged at 10,000 x g for 5 
min and loaded on a Superose 6 10/300 GL column 
(Millipore Sigma) through an AKTA– fast protein liquid 
chromatography system (Millipore Sigma) at room tem-
perature. Same fractions corresponding to 9.5– 12 ml 
elution volume in PBS were pooled and stored at 4°C. 
For lipidomics analysis, 120- µl plasma samples were 
first centrifuged at 90,000 rpm at 4°C in a TLA- 120.2 
rotor (Beckman) for 3 hours. The lower half of the sam-
ple was separated and mixed with 60 µl of potassium 
bromide at 1.12 g/ml and centrifuged at 90,000 rpm, 4°C 
for 18 h. After centrifugation, the top half of the sample 
containing LDL and LP- Z (1.006– 1.063 g/ml) was col-
lected for lipidomics. For cell toxicity assay, we pooled 
five plasma samples from patients with AH with high 
Z- index (0.89 ± 0.02), and five samples with a Z- index 
of 0. After density gradient centrifugation, the LDL and 
LP- Z fractions were dialyzed extensively against PBS, 
concentrated 10- fold, filtered against a 0.22- µm filter-
ing device, and stored for cell treatment.

Transcriptomics analysis

RNA extraction, sequencing, and bioinformatic analy-
sis of the InTEAM study were described previously.[13] 
We identified genes relevant to lipoprotein metabolism 
including apolipoprotein A1 (APOA1), APOA2, APOA4, 
APOA5, APOC1, APOC2, APOC3, APOE, hepatocyte 
nuclear factor 4 (HNF4A), cholesteryl ester transfer 
protein (CETP), LCAT, lipase C hepatic type (LIPC), 
fatty acid– binding protein 1 (FABP1), microsomal tri-
glyceride transfer protein (MTTP), diacylglycerol acyl-
transferase (DGAT1), DGAT2, sterol O- acyltransferase 
(SOAT1), SOAT2, LDL receptor (LDLR), and LDLR- 
related protein (LRP). The levels of mRNA were plotted 
by transcripts per kBp million in the following groups: 
normal control, ASH, mild– moderate AH, severe AH 
90- day survivors, severe AH 90- day nonsurvivors, AH 
explant, HCV, NAFLD, and HCV cirrhosis.

Statistical analysis

We first compared the levels of LP- Z in four cohorts of 
AH and four control groups using ANOVA and post- test 
pairwise comparison using Bonferroni’s multiple tests. 
The Z- index is calculated as the ratio between parti-
cle concentrations of LP- Z and total apolipoprotein B 
(apoB)– containing lipoproteins (i.e., VLDL and LDL), 
where total LDL concentration includes LP- Z.

We used the ELAD study as a derivative cohort to 
examine the relationship between serum LP- Z concen-
tration, Z- index, and outcomes of patients with AH at 
90 days and 1 year. Cox proportional hazard models 
were used after confirming proportional hazard tests. 
To compare the predictive value of the Z- index to cur-
rent standard scores for prognostication, Z- index as a 
continuous variable in increments of 0.1 (0– 10) was first 
compared with MELD, Maddrey’s discriminant function 
(DF), and their components as continuous variables. 
The regression was then adjusted for MELD and DF 
in multivariate models to compare the relative associ-
ations. Receiver operating characteristic (ROC) curves 
of Z- index were plotted for 90- day mortality to evaluate 
the performance of the Z- index and to determine cut-
offs that optimize sensitivity and specificity. The goal 
was to identify a cutoff with either high sensitivity or 
specificity, to maximize clinical utility. We also aimed 
to set a cutoff point that was convenient to use. We 
examined Z- index cutoffs with 0.1 intervals and chose 
a cutoff of 0.6 that maximizes the specificity for sur-
vival. Kaplan- Meier’s survival analysis was performed 
using a binary cutoff of Z- index at 0.6, and p- value was 
calculated using the log- rank test. The same analyses 
were performed in two validation cohorts of the TREAT 
study and the BIDMC AH registry. To evaluate whether 
changes of Z- index carried prognostic information, 
we calculated the delta Z- index between day 14 and 
baseline in ELAD (n = 81). Patients without day 14 sam-
ples were not included in the study. We compared the 
90- day survival from day 14 between those with a de-
crease of day- 14 Z- index by more than 0.1 to their coun-
terparts by Kaplan- Meier survival analysis. To compare 
the predictive value of Z- index and MELD, we pooled all 
AH data and compared the ROC of Z- index, MELD, and 
a regression model using Z- index and MELD using the 
DeLong’s test. All statistical analyses were performed 
using STATA version 14.

Additional information on cryo- electron micros-
copy, fluorescent microscopy imaging and data 
analysis, untargeted lipoprotein lipidomics, enzyme 
activity measurements, cell culture, and preparation of 

Z − index =

[

LP − Z
]

[

VLDL
]

+

[

LDL
]
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reconstituted LP- Z like emulsion particles are available 
in the Supporting Material and Methods.

RESULTS

Circulating LP- Z particles in patients with 
AH

Patients with AH exhibit an atypical pattern of circulating 
lipoproteins. When analyzed by agarose gel electropho-
resis, a typical plasma sample from a healthy subject 
has three bands, corresponding to HDL, VLDL and LDL 
respectively, as stained by Sudan black for neutral lipids 
(Figure 1A). In contrast, the plasma of patients with AH 
demonstrated only one band with a migration pattern 
similar to that of LDL. This LDL- sized band was enriched 
with FC, which can be stained by filipin, a fluorescent 
dye (Figure 1A). LP- Z, like LDL, carries one copy of apoB 

(Figure 1B).[8] But unlike LDL, LP- Z is enriched with TG 
instead of CE in its lipid core, and carries a significant 
amount of FC on the surface.[8] Isolated LP- Z showed 
a morphology similar to LDL by cryo- electron micros-
copy imaging (Figure 1C, Figure S1). LP- Z particles had 
a mean size of 21.5 ± 1.8 nm, smaller and more homog-
enous than LDL particles at 24.4 ± 5.2 nm (p < 0.001) 
(Figure 1D). LDL particles in side views showed char-
acteristic stripes, a result of layered CE packing at a low 
temperature.[17] This was not seen in LP- Z, in keeping 
with a deficiency of CE (Figure 1C, Figure S1). Lipidomics 
analysis of isolated LP- Z and LDL particles confirmed 
these features, in which the LP- Z- enriched sample had 
higher levels of TG (21.0% vs. 14.4%, p = 0.003), but 
lower levels of CE (0.7% vs. 3.4%, p < 0.001) compared 
with LDL- enriched samples (Figure 1E). In addition, 
LP- Z- enriched samples had lower levels of sphingomy-
elin, lysophosphatidylcholine, lysodimethylphosphatidyl- 
ethanolamine, and phosphatidic acid (Table S1).

F I G U R E  1  Characteristics of lipoprotein Z (LP- Z) in alcohol- associated hepatitis (AH). (A) Comparison of serum lipoproteins from 
patients with AH and healthy control (C) analyzed by agarose gel electrophoresis. Sudan black staining of neutral lipids (triglyceride [TG] 
and cholesteryl ester [CE]) highlights LDL, HDL, and VLDL. Arrow indicates the reference position of sample loading. Filipin staining of free 
cholesterol (FC) on the same samples shown on the right. (B) Diagram of the composition of LP- Z. (C) Representative cryo- EM images of 
LDL and LP- Z in different views. Scale bar equals 20 nm. (D) Histograms of the size of LDL and LP- Z measured from cryo- EM images. (E) 
Comparison of lipid composition between LP- Z and LDL measured in %mol. Asterisks indicates p value < 0.005 by t test. (F) Comparison of 
LP- Z in AH with advanced cirrhosis and early cirrhosis in a subcohort of Integrated Approaches for Identifying Molecular Targets (InTEAM). 
(G) Relationship between free cholesterol (FC)/CE ratio and LP- Z concentration demonstrating a linear correlation. P value calculated by 
linear regression
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Elevated circulating levels of LP- Z are 
specific to AH

We measured lipoprotein concentrations in the plasma 
using NMR in four cohorts of AH: an AH registry at 
BIDMC (n = 39), the ELAD clinical trial (n = 91), pa-
tients with AH in the TREAT consortium (n = 196), and 
subjects with liver biopsy from the InTEAM consortium 
(n = 20) (Table 1). Although AH is a clinical diagno-
sis, most patients in these cohorts (79%– 90%) meet 
the American Gastroenterology Association (AGA)- 
recommended laboratory criteria for AH clinical trials. 
This was compared to five control cohorts: a registry 
of biopsy- confirmed NAFLD without cirrhosis (n = 178), 
an outpatient cirrhosis registry (n = 114), a liver trans-
plant registry (n = 10), heavy drinkers without AH in 
the TREAT consortium (n = 169), and an inpatient 
alcohol- associated cirrhosis cohort (Tables S2– S6). In 
four cohorts of AH, the mean levels of circulating LP- Z 
were similar (p > 0.05), and significantly higher than 
those from the control groups (p < 0.001) (Figure 2). 
In the TREAT consortium, the heavy drinker controls 
and similar demographics, body mass index, comor-
bidities, and even higher mean Alcohol Use Disorder 
Identification Test (AUDIT score (27.5 ± 7.5 vs. 24.0 ± 
8.7, p < 0.001) than patients with AH (Table S4). The 
significantly higher occurrence of LP- Z in patients with 
AH indicated that alcohol consumption alone was not 
sufficient to cause LP- Z accumulation. Among those 

patients admitted for decompensation from alcohol- 
associated cirrhosis, LP- Z was detected in 5 of 6 pa-
tients who were actively drinking within 3 months of 
admission, and 3 of 11 subjects who were not actively 
drinking (Table S6). These observations suggested 
that LP- Z accumulation in AH was not driven by iso-
lated hepatic steatosis, heavy drinking, or cirrhosis 
pathologies presented in control subjects. The level 
of LP- Z was similar in early fibrosis (stage 0– 2) and 
advanced fibrosis (stages 3 or 4) among patients in 
InTEAM with liver biopsy (Figure 1F). The serum FC 
to CE ratio was 0.41 in patients with AH compared to 
0.15 in NAFLD (p < 0.001) (Table S7). The FC/CE ratio 
in AH was linearly associated with the concentration of 
LP- Z (Pearson correlation 0.54, p = 0.004) (Figure 1G).

Z- index predicts 90- day survival in AH

The marked elevation of circulating LP- Z in AH sug-
gested that LP- Z might predict clinical outcomes in 
AH. In the ELAD cohort, patients with high baseline 
LP- Z showed no significant differences in labs of liver 
function, prognostication indices, or clinical outcome 
(Table S8), nor was LP- Z concentration associated 
with mortality at 90 days or 1 year in Cox proportional 
hazard models. As LP- Z is structurally similar to LDL 
and has derived from VLDL like LDL, we next examined 
whether the proportion of LP- Z among apoB containing 

F I G U R E  2  Accumulation of LP- Z in patients with AH. Comparison of LP- Z levels from four AH cohorts: Beth Israel Deaconess Medical 
Center (BIDMC) AH registry, Extracorporeal Liver Assist Device (ELAD) trial, Translational Research and Evolving Alcoholic Hepatitis 
Treatment (TREAT) AH arm, InTEAM subcohort, and five control cohorts: NAFLD, outpatient cirrhosis registry, pretransplant registry, 
inpatient decompensated alcohol- associated cirrhosis, and heavy drinker arm from TREAT
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lipoproteins (VLDL, LDL,s and LP- Z) could be predic-
tive of clinical outcomes. This ratio was named the Z- 
index and ranged from 0 to 1. Every 0.1- unit increase 
of the Z- index was associated with a HR of 1.6 (95% CI 
1.2– 2.1, p = 0.001) at 90 days and HR of 1.3 (95% CI 
1.1– 1.5, p = 0.009) at 1 year (Table 2). Likely in part due 
to sample homogeneity in a clinical trial, MELD and DF 
were not predictive of 90- day mortality in ELAD. The 
Z- index remained significant after adjustment for either 
MELD or DF in predicting 90- day mortality (Table 2). 
To find a cutoff for the Z- index that would be clinically 
informative, we examined the predictive values of the 
Z- index at 0.1- unit intervals and concluded that the  
Z- index was more useful in predicting survival than mor-
tality. Among the 38 patients with a baseline Z- index ≤ 
0.6, 36 individuals (95%) survived at 90 days despite 
a median MELD of 25 at baseline. A Z- index ≤ 0.6 had 
a specificity of 91% and a positive predictive value of 
95% in predicting 90- day survival. Conversely, most 
of the mortality occurred when the baseline Z- index 
was >0.6, with a log- rank p value of 0.0004 (Figure 3A, 
Table S9). We also examined whether changes in Z- 
index carried prognostic value. On day 14, those with 
the Z- index decreased by 0.1 unit or more from base-
line had a significantly higher rate of 90- day survival 
compared to their counterparts, with no significant de-
creases in the Z- index (Figure 3B). This indicated that 
repeated measurements of the Z- index could inform the 
trajectory of patients during treatment.

The predictive value of the Z- index was validated in 
two additional cohorts: patients with AH in the TREAT 
consortium and the BIDMC AH registry. In Cox pro-
portional hazard analysis, every 0.1- unit increase of 
the Z- index was associated with a HR of 1.3 (95% CI  
1.1– 1.6, p = 0.001) in predicting 90- day mortality. A  
Z- index ≤ 0.6 significantly predicted survival in Kaplan- 
Meier analysis (log- rank p value = 0.002) (Figure 3C) 

and has a specificity of 83.3% in predicting 90- day sur-
vival with a positive predictive value of 93.9% (Table 
S9). In the BIDMC AH registry, 13 patients had a Z- 
index ≤ 0.6 at enrollment, and mortality occurred only 
in 1 patient (7.7%) within 90 days. This translated to a 
similar specificity of 85% and a positive predictive value 
of 92.3%. Of note, in the BIDMC registry, 5 patients re-
ceived a liver transplant, only 2 of whom had a baseline 
Z- index more than 0.6.

We compared the performance of Z- index against 
existing scores to prognosticate outcomes in AH. Most 
current prognostic scores of AH outcome use com-
posite indices calculated by multiple measurements of 
liver and organ failure, whereas the Z- index is a singu-
lar measurement of altered lipoprotein metabolism. In 
the TREAT consortium, the Z- index as well as MELD, 
DF, and ABIC[18] demonstrated robust association with 
90- day mortality using Cox proportional hazard models 
(Table S10). We compared the performance of Z- index 
against existing scores to prognosticate outcomes in 
AH. Most current prognostic scores of AH outcome 
use composite indices calculated by multiple measure-
ments of liver and organ failure, whereas the Z- index is 
a singular measurement of altered lipoprotein metab-
olism. In the TREAT consortium, the Z- index, as well 
as MELD, DF and ABIC, demonstrated robust asso-
ciation with 90- day mortality using Cox proportional 
hazard models with pooled data of all four cohorts, 
the area under the receiver operating characteristic 
curve (AUROC) of the Z- index and MELD in predict-
ing 90- mortality was 0.72 versus 0.70, respectively 
(Figure 3D). A regression model that combined MELD 
and Z- index further increased the AUROC to 0.75. The 
ROC curve shape of the Z- index and combined model 
differed from that of MELD by exhibiting better perfor-
mance in sensitivity, in keeping with its utility in predict-
ing survival. At a specificity of 0.5, Z- index improved the 
sensitivity of predicting 90- day mortality from MELD at 
0.75 to 0.85, whereas the combined model improved 
the sensitivity further to 0.91.

LP- Z results from impaired extrahepatic 
lipoprotein metabolism in AH

We next investigated the mechanism of LP- Z accumu-
lation in AH. The liver regulates lipoprotein metabolism 
by producing key apolipoproteins, such as apoB and 
apolipoprotein A- I, and circulating enzymes (LCAT 
and HL) that convert VLDL to LDL (Figure 4A). To 
examine the expression of lipoprotein- related genes 
in AH, we compared the mRNA levels in liver biopsy 
and explant tissues from patients with AH to liver bi-
opsies from control subjects as previously reported.[13] 
RNA- sequencing data suggested that AH was as-
sociated with a significant down- regulation of genes 
involved in lipoprotein metabolism, including APOA1, 

TA B L E  2  Predictive Values of Z- index, MELD, and DF for  
90- Day Mortality in the ELAD Cohort

HR 95% CI P Value

Univariate analysis

Z- indexa 1.61 1.23– 2.12 0.001

Creatinine 1.55 1.11– 2.16 0.01

Bilirubin 1.01 0.97– 1.06 0.6

INR 0.67 0.24– 1.82 0.4

MELD 1.07 0.97– 1.19 0.2

DF 1.01 0.99– 1.03 0.5

Multivariate analysis

Z- index (model 1)b 1.60 1.21– 2.11 0.001

Z- index (model 2)c 1.62 1.23– 2.14 0.001

Abbreviation: INR, international normalized ratio.
aZ- index in the unit of 0.1 (0– 10) used in Cox proportional hazard regression.
bModel 1 adjusted for MELD.
cModel 2 adjusted for DF.
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LIPC (HL), and LCAT (Figure 4B, Figure S2). Further 
analysis segregating patients with AH with an increas-
ing degree of disease severity showed a gradual de-
cline in LCAT and LIPC expression, but not changes in 
APOB expression (Figure 4C). Other down- regulated 
genes included APOA2, APOA5, APOC1, APOC3, 
CETP, MTTP, and DGAT2, whereas up- regulated 
genes included SOAT1, LDLR, and LRP1 (Figure S2). 
To validate these findings, we measured the LCAT and 
lipase activities in the serum of patients with AH and 
found that they were significantly lower than those 
in NAFLD controls (Figure 4D). When these enzyme 
activities were compared with Z- index, we found that 
subjects with Z- index >0.6 had lower lipase but similar 

LCAT activity compared to those with Z index ≤ 0.6 
(Figure 4E). Together, these observations support the 
premise that the down- regulation and functional defi-
ciency of LCAT and LIPC is at least partially responsi-
ble for the rise of the Z- index in AH.

LP- Z contributes to FC- medicated 
hepatocellular toxicity in AH

High levels of FC are cytotoxic.[19] Compared with LDL, 
a key characteristic of LP- Z is its high concentration 
of FC, suggesting a potential pathogenic role in AH. 
We compared the distribution and amount of FC in 

F I G U R E  3  Z- index predicts the 90- day outcome in AH. (A) Kaplan- Meier curves of 90- day survival in ELAD categorized by baseline 
Z- index cutoff at 0.6 (n = 91). Study subjects include both ELAD treatment and control arms. Baseline samples before ELAD treatment were 
used to calculate the Z- index. (B) Kaplan- Meier curves of 90- day survival in ELAD categorized by the cutoff of changes in Z- index by −0.1 
on day 14 (n = 81). (C) Kaplan- Meier curves of 90- day survival in TREAT categorized by baseline Z- index cutoff at 0.6 (n = 196). At- risk 
tables are shown in the bottom of each panel. P values calculated by log- rank tests. (D) Comparison of receiver operating characteristic 
(ROC) curves of Model for End- Stage Liver Disease– Sodium (MELD- Na), Z- index, and MELD- Na + Z- index in predicting 90- day 
mortality. Areas under the ROC (AUROCs) are provided under the plot. Arrow indicates specificity of 0.5
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F I G U R E  4  Mechanism for the accumulation of LP- Z in AH. (A) A diagram of lipoprotein metabolism highlights liver- derived 
apolipoproteins and enzymes responsible for the extrahepatic lipoprotein metabolism: lecithin cholesterol acyltransferase (LCAT) and 
hepatic lipase (HL) (i.e., lipase C hepatic type [LIPC]). (B) Heat map of genes responsible for lipoprotein metabolism from liver biopsies 
of healthy controls (N), early alcohol- associated steatohepatitis (eASH), AH, and explants from patients with AH who underwent liver 
transplant. (C) Box plot comparisons of APOA1, APOB, LCAT, LIPC (HL), and CETP among healthy controls, eASH, mild– moderate AH, 
severe AH 90- day survivors, severe AH 90- day nonsurvivors, AH explant, HCV, NAFLD, and compensated HCV cirrhosis. (D) Serum 
activities of LCAT and total lipase among patients with AH (n = 39) and NAFLD controls (n = 40). (E) Serum activities of LCAT and total 
lipase among individuals with Z- index ≤ 0.6 (n = 13) and Z- index >0.6 (n = 26). P values calculated by a two- sided t tests. ***p value < 0.001. 
Abbreviations: APOA1, apolipoprotein A1; APOB, apolipoprotein B; CETP, cholesteryl ester transfer protein
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cryo- preserved tissue from liver explants of patients 
with AH who underwent transplant and in control liver 
tissues without AH. In the liver tissue without AH, FC 
was observed in discontinuous clusters in the plasma 
membrane and intracellular membranous organelles 
as stained by filipin (arrows, Figure 5A). FC content 
in hepatocytes of controls was homogeneous within 
the tissue and across subjects (Figure 5B). In AH, FC 
content was heterogenous both from cells- to- cells 
within the same tissue and across patients with AH. 
Some hepatocytes in AH explant liver demonstrated 
intense FC staining within a significant portion of the 
cytoplasm as demonstrated in heatmap reconstruc-
tion of five serial focus stacks of images, suggesting a 
state of FC overload in these cells (Figure 5A, bottom 
panels). To test whether LP- Z in AH could be toxic to 
hepatocytes, we purified lipoproteins at LDL density 
from patients with high Z- index (0.89 ± 0.02), and com-
pared to LDL from patients with Z- indices of zero. LP- Z 
at serum concentration showed significantly higher 
toxicity than LDL to HepG2 cells in vitro (Figure 5C). 
We then tested whether FC in LP- Z was the cause 
of this hepatotoxicity. We synthesized LP- Z- like emul-
sion particles (rLP- Z) that reproduced the structure of 
LP- Z (Figure S3). To track the uptake of FC by human 
hepatocytes, rLP- Z was green fluorescence– labeled 
with Topfluor FC. When rLP- Z was added to human 
hepatocytes in culture, in 2 hours FC from rLP- Z 
(green) entered hepatocytes and almost completely 
overlapped with the filipin signal that stained the en-
tire intracellular cholesterol pool (blue) (Figure 5D). 
In 6 hours, significant cell death was noted in human 
hepatocytes, as measured by the propidium iodide 
uptake assay (Figure 5E). We compared the toxicity 
of rLP- Z with various FC concentrations to test the di-
rect relationship between FC content and cytotoxicity 
using cultured HepG2. Exposure to rLP- Z at a particle 
concentration similar to those observed in patients 
with AH induced FC concentration– dependent cell 
death, reaching its maximum in 6 hours (Figure 5F). 
This observation supports FC- mediated hepatocellu-
lar toxicity by LP- Z.

DISCUSSION

We report a distinctive elevation of circulating LP- Z 
in AH. This recently identified abnormal lipoprotein 
evades detection by a conventional lipid panel, but 
can be readily detected and quantified by NMR.[8] We 
devised a Z- index based on the ratio of LP- Z to total 
apoB- containing lipoproteins, and demonstrated that it 
predicted 90- day survival among patients with AH in-
dependent of their MELD or DF. Together, these obser-
vations suggest the potential clinical utility of LP- Z for 
the risk stratification of patients with AH and provide 

insights into the role of abnormal lipoprotein metabo-
lism in the pathophysiology of AH.

Proposed diagnostic utility of LP- Z and 
Z- index

We showed that the accumulation of LP- Z is specific 
to AH in comparison to other forms of liver disease, 
including cirrhosis and heavy drinkers without liver 
damage. LP- Z was found in 2 of 114 patients with 
advanced fibrosis or cirrhosis, 2 of 10 pretransplant 
patients, and 3 of 11 patients with decompensated 
alcohol- associated cirrhosis who had maintained 
sobriety. LP- Z- like lipoproteins were first described 
in obstructive jaundice by Kostner et al. in 1976.[20] 
Sabesin subsequently reported abnormal lipopro-
teins in 4 patients with AH with decreased CE, in-
creased FC, and suggested that functional LCAT 
deficiency could have explained the observation.[21] 
Unfortunately, this unique anomaly of lipoprotein me-
tabolism in AH was not further investigated over the 
next 40 years, largely due to the difficulty of its meas-
urement. Because rapid quantitation of LP- Z can now 
be routinely assessed clinically by NMR lipoprotein 
profiling, evaluation of its diagnostic value is now 
possible.

Our data provided evidence that LP- Z measure-
ment can improve the diagnosis and prognostica-
tion of AH outcomes. A significantly elevated serum 
level of LP- Z is strongly supportive of a diagnosis 
of AH when other competing diagnoses are present 
(Figure 1F). As shown in Figure 2A,C, a low Z- index 
less than 0.6 robustly predicts 90- day survival in AH 
independent from the MELD, the current standard in 
liver transplant candidate selection. Compared with 
MELD, which includes parameters indicative of liver 
failure and hemodynamic decompensation, the Z- 
index reflects changes in lipoprotein metabolism, a 
process previously not well- studied in liver failure. 
Although the Z- index AUROC is comparable to that 
of MELD, it differs in the shape of the ROC curves, 
indicating complementary utility. The Z- index offered 
superior accuracy in predicting survival (sensitivity of 
mortality) to MELD (Figure 2D). The predictive power 
of the Z- index was greater for short- term outcomes 
than long- term outcomes, in keeping with the com-
plexity of factors contributing to the long- term survival 
of patients with AH. A decline in the Z- index, when 
measured over time is predictive of a favorable out-
come. Because NMR lipoprotein profiling is in wide-
spread clinical use, calculation of the Z- index can 
be obtained expediently at a low cost. An increasing 
number of transplant centers have started to offer 
early liver transplant for patients with severe alcohol- 
associated hepatitis that fail medical therapy.[22,23] 
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F I G U R E  5  LP- Z may exacerbate FC- mediated hepatotoxicity. (A) Confocal microscopy images of explants from patients with AH 
compared with non- AH controls. Samples were cryo- preserved without formalin fixation to preserve lipids. Top panels: Arrows highlight 
segregated FC in membranous structures stained by filipin. Bottom panels: Heatmap of five Z- stack series of FC signals. Scale bar 
represents 10 µm. (B) Hepatocellular FC concentrations in AH and controls. The relative intracellular FC concentration was measured 
by filipin intensity of 60 5- µm- diameter circular areas from 10 representative hepatocytes on 6 unedited micrographs in 5 AH explants 
(AH1– 5) and 5 controls (C1– 5). (C) Toxicity of LP- Z and LDL in HepG2 cells. LP- Z and LDL are purified from pooled plasma of patients 
with AH based on the Z- index (0.89 ± 0.02 for LP- Z vs. 0 for LDL). (D) Confocal microscopy images of FC uptake from reconstituted LP- 
Z- like emulsion particles (rLP- Z) by human hepatocytes. rLP- Z was prepared with TopFluor FC tracer (green) at 33 mg/dL FC and 1:1:0.5 
PC:TG:FC ratio. Arrows indicate an expansion of the plasma membrane with a focally high concentration of FC. Scale bar represents 20 
µm. In (A)– (C), filipin was used to stain FC, and propidium iodide (PI) to stain nucleic acids. (E) Toxicity of rLP- Z in human hepatocytes. 
rLP- Z concentration was the same as (D). (F) Impact of FC on rLP- Z- induced hepatocellular toxicity. rLP- Z was prepared with 67 mg/dL 
TG, 67 mg/dL PC, and 0- 67 mg/dL FC with indicated ratio. In (C), (E) and (F), cell viability was measured by PI uptake assay with 0.1% 
Triton- X100 as positive controls (100% cell death). Error bars represent standard error. **p < 0.01; ***p < 0.001
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The Z- index could be useful in the risk stratification 
of patients with AH with high MELD scores, partic-
ularly among potential candidates for urgent liver 
transplantation.

Implication of LP- Z in AH pathogenesis

The LP- Z concentration itself is not directly correlated 
with AH outcome, but instead, the Z- index, the ratio 
between LP- Z and apoB- containing lipoproteins, is 
prognostic. This observation of LP- Z in AH may have 
important biological implications. The circulating con-
centration of LP- Z is determined by the rate of VLDL 
production, VLDL- to- LP- Z conversion, and LP- Z clear-
ance. LP- Z is likely cleared by the LDLR, a process 
occurring in both hepatocytes and non- hepatic cells. 
Meanwhile, the Z- index reflects specifically the impair-
ment in VLDL- to- LDL metabolism. Extrahepatic VLDL 
metabolism is driven by key enzymes produced by the 
liver, such as LCAT and HL. The expression of these 
enzymes was better correlated with AH disease sever-
ity compared with the expression of apoB, the struc-
tural component of VLDL (Figure 3C). Argemi et al. 
recently reported that a transcriptional hallmark of AH 
was defective HNF4α- dependent gene expression.[13] 
HNF4α is a master transcription factor for hepatocyte 
differentiation, which regulates genes responsible for 
liver function, including lipoprotein metabolism (Figure 
S2).[24- 28] The dysregulation of HNF4α leads to the 
dedifferentiation of hepatocytes and clinical presenta-
tion of liver failure. RNA- sequencing analyses suggest 
that both LCAT and LIPC mRNA levels were associ-
ated with the dysregulation of HNF4α transcription and 
disease severity of AH. This finding needs to be vali-
dated by targeted mRNA quantification in future stud-
ies. To this extent, the Z- index may reflect the extent 
of hepatocellular dedifferentiation with subsequent 
impairment of lipoprotein metabolism, a key feature of 
AH.

The biology of LP- Z also suggests a state of im-
paired cholesterol metabolism. The FC- to- phospholipid 
ratio is tightly regulated in the cell membrane in order 
to prevent the accumulation of FC, which is known to 
cause cellular injury at high levels.[19] LP- Z particles in 
AH carry a high level of FC, and as shown here, rLP- Z 
at concentrations observed in AH can cause direct cy-
totoxicity to human hepatocytes in vitro (Figure 4D,E). 
We found that hepatocytes from AH explanted livers 
sometimes have significantly increased FC content 
distributed throughout the cell (Figure 4A,B). The up- 
regulation of LDLR and LRP1 as AH becomes more 
severe could increase the uptake of LP- Z into hepato-
cytes (Figure S2). Furthermore, an altered microbiome 
in AH may contribute to the impairment in cholesterol 
metabolism and exacerbate cholesterol- mediated 
toxicity.[29,30]

Contextual considerations and 
unresolved questions

Our study showed a frequent accumulation of LP- Z 
in AH, but has not sufficiently ruled out its presence 
in other liver diseases. It remains to be seen whether 
LP- Z accumulation occurs in biliary diseases such as 
primary biliary cholangitis, primary sclerosing cholan-
gitis, or acute liver failure. The Z- index bears a moder-
ate prognostic value with AUROC < 0.8. Although it is 
not intended to replace MELD or other existing prog-
nostic scores, it can provide additional value due to its 
unique biology that is not captured by conventional in-
dices. Our study used multiple existing cohorts, each 
of which provided unique strength, but also carried 
specific limitations. The case mix in these studies is 
likely to be different from real- world clinical practice. 
Future prospective studies are required to validate the 
prognostic value of the Z- index against other indices 
in prospective studies. Recently, cytokeratin 18 has 
been shown to predict outcomes in AH.[31] It will be in-
teresting to compare the performance of Z- index with 
CK18. Future studies may also address the impact of 
nutritional status and subsequent therapy as well as 
corticosteroid treatment on LP- Z levels, and whether 
Z- index could prognosticate responses to medical 
therapy. Our data suggested that cholesterol toxic-
ity is a pivotal pathogenic factor in AH. We have not 
fully explored other lipid species that are differentially 
present in LP- Z compared with LDL. The role of lipid 
toxicity in AH needs to be evaluated in animal models, 
or ex vivo human- derived multicellular models, such 
as organoids or liver- in- chip. Finally, because the po-
tential pathogenic role of cholesterol toxicity in the 
pathogenesis of AH, it is conceivable that cholesterol- 
lowering medications, such as statins, may have ben-
eficial effects in these patients, either preventing AH 
or influencing disease severity. Further mechanistic 
and clinical investigations should be performed to ad-
dress this question.

In conclusion, we show that hepatic lipoprotein and 
cholesterol metabolism is profoundly impaired in AH, 
leading to the accumulation of abnormal LP- Z particles 
in the circulation of patients with AH. LP- Z exerts direct, 
FC- mediated hepatotoxicity in vitro and may contrib-
ute to the pathogenesis of AH. The Z- index, based on 
serum levels of LP- Z, strongly predicts 90- day survival 
in AH and could be used as a risk- stratification tool in 
the management of patients with AH.
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