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Abstract

Background and Aim: Copper is an essential trace metal serving as a
cofactor in innate immunity, metabolism, and iron transport. We hypothesize
that copper deficiency may influence survival in patients with cirrhosis
through these pathways.

Methods: We performed a retrospective cohort study involving 183 con-
secutive patients with cirrhosis or portal hypertension. Copper from blood
and liver tissues was measured using inductively coupled plasma mass
spectrometry. Polar metabolites were measured using nuclear magnetic
resonance spectroscopy. Copper deficiency was defined by serum or
plasma copper below 80 ug/dL for women or 70 ug/dL for men.

Results: The prevalence of copper deficiency was 17% (N=31). Copper
deficiency was associated with younger age, race, zinc and selenium
deficiency, and higher infection rates (42% vs. 20%, p=0.01). Serum
copper correlated positively with albumin, ceruloplasmin, hepatic copper,
and negatively with IL-1f. Levels of polar metabolites involved in amino
acids catabolism, mitochondrial transport of fatty acids, and gut microbial
metabolism differed significantly according to copper deficiency status.
During a median follow-up of 396 days, mortality was 22.6% in patients
with copper deficiency compared with 10.5% in patients without. Liver
transplantation rates were similar (32% vs. 30%). Cause-specific com-
peting risk analysis showed that copper deficiency was associated with a
significantly higher risk of death before transplantation after adjusting for
age, sex, MELD-Na, and Karnofsky score (HR: 3.40, 95% CI, 1.18-9.82,
p=0.023).

Abbreviations: ug, micrograms; BMI, body mass index; CTP class, Child-Turcotte-Pugh Class; Cu, copper; IL-1p, IL-1-beta; IQR, interquartile range; MELD-Na,
Model for end stage liver disease—sodium score; NMR, nuclear magnetic resonance; pg, picograms; PLS-DA, partial least squares discriminant analyses; TNF-a,

TNF alpha.
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Conclusions: In advanced cirrhosis, copper deficiency is relatively com-
mon and is associated with an increased infection risk, a distinctive met-
abolic profile, and an increased risk of death before transplantation.

INTRODUCTION

In the US, ~41,000 people die annually of advanced liver
disease or cirrhosis.!"! Often attributed to decreased oral
intake, hypermetabolic state, malabsorption, and inflam-
mation, malnutrition is not only common in cirrhosis but
also associated with poor prognosis regardless of
disease etiologies.[??! Current guidelines in the manage-
ment of malnutrition focus on protein and calorie intake,
with limited considerations for trace metals, which have
wide-ranging physiological effects.[2!

The transition metal copper (Cu) has an essential
role in mammalian physiology.*! Although Cu’s high
redox potential requires it to be closely sequestered
within cells to avoid oxidative injury, this property makes
it an ideal cofactor for a large group of so-called
cuproenzymes involved in mitochondrial aerobic metab-
olism (cytochrome-C oxidase), antioxidant defense
(superoxide dismutase), cross-linking of collagen (lysyl
oxidase), iron transport (ceruloplasmin), and inflamma-
tion (NLRP3 inflammasome).*5! Cu uptake, transport,
and utilization are largely mediated by the liver. In
hepatic parenchymal cells, excess Cu is either seques-
tered by metallothioneins or exported by means of
ATP7B, which traffics Cu to endosome or lysosome-
derived compartments and bile.®7] Cu enters the
circulation as a cofactor of ceruloplasmin.®! Circulating
Cu are then acquired by other tissues, including the
heart, brain, and muscle.[®! Cu metabolism and liver
function are therefore integrally linked.

The role of Cu in liver disorders is best recognized in
the autosomal recessive Wilson disease, in which
excessive hepatic Cu accumulation is the proven cause
of progressive liver injury.l'%l The other end of the
spectrum, Cu deficiency, is less well understood. In bile
duct—ligated rats, chelator-induced Cu deficiency wors-
ened hepatic fibrosis, likely mediated through iron
overload and reduced capacity for antioxidant
defense.l'l In the literature, among patients without
known liver diseases, consequences of Cu deficiency
include tissue fibrosis, cytopenia, iron overload, and
susceptibility to infections,['2-13] all of which are preva-
lent in patients with cirrhosis.l'8"”1 To further our
preliminary observation of a small series of Cu-deficient
patients,!'8! we undertook the following study to exam-
ine the prevalence, clinical and molecular phenotypes
of Cu deficiency, and its relationship with patient
mortality in a large cohort of patients with advanced
liver disease.

METHODS
Study design and population

We performed a retrospective cohort study using clinical
data, blood, and liver explant tissues from consecutive
patients who presented to the University of Washington
Hepatology clinic for liver transplant evaluation between
April and July 2017. Among 192 patients, we excluded 8
cirrhosis patients who did not have available blood
samples and 1 patient who had metastatic carcinoid
tumor without cirrhosis or portal hypertension. The
remaining 183 patients constituted the final study cohort.
All research was conducted in accordance with both the
Declarations of Helsinki and Istanbul. Written informed
consent was waived because of the retrospective nature
of the study. The study protocol was approved by the
University of Washington Institutional Review Board.

Baseline patient characteristics were extracted man-
ually from electronic medical records utilizing clinic notes
and study reports. All patients had features of cirrhosis or
portal hypertension based on history, physical exam,
imaging, laboratory parameters, or hemodynamic meas-
urements. No patient had Wilson disease. Two of the 183
patients had undergone liver transplantation 9 months
and 20 years before their presentation. Both had cirrhosis
in their liver graft based on clinical and histological
features. One patient had ascites, varices, portal hyper-
tension (HVPG = 14 mm Hg), and portal-based fibrosis
in the setting of combined variable immune deficiency.
Baseline history of infections was defined as any of the
following infections within 1 year before blood sample
collection: peritonitis, urinary tract infection, pneumonia,
bacteremia with or without sepsis, clostridioides difficile,
endocarditis, and skin infections. Nutritional risk was
determined by trained dieticians using Subjective Global
Assessment."¥ Functional assessment was determined
by the physician team using the Karnofsky scoring
system.[20]

Patients are defined as Cu deficient if their serum or
plasma Cu concentrations measured from blood sam-
ples collected at baseline were below the normal range
according to the University of Washington Laboratory
(80—155 pug/dL for women and 70-140 pg/dL for men).
Unused serum or plasma from routine clinical care were
collected and frozen at —=70 °C within 24 hours of blood
draw. Special metal-free collection tubes were not used.
Concentrations of Cu and other metals were measured
using inductively coupled plasma mass spectrometry at
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Oregon Health & Science University Elemental Analysis
Core. TNF-a and IL-1-beta (IL-1B) were determined by
ELISA (ELISAMax Deluxe Set, Biolegend Inc., San
Diego, CA). Serum polar metabolites from a subgroup
of patients (N=63) were identified and quantitated
using a Bruker 600 MHz ('H Larmor frequency).
AVANCE Il solution nuclear magnetic resonance
(NMR) spectrometer at Montana State University
Department of Chemistry. Details of sample preparation
and analysis are presented in the Supporting Informa-
tion (http:/links.lww.com/HC9/A168). For hepatic Cu
assessment (N=50), excess paraffin was removed
from formalin-fixed paraffin-embedded liver explant
tissues, and hepatic Cu and other metals were
measured using inductively coupled plasma mass
spectrometry. Hepatic Cu concentration was expressed
as microgram (ug) per gram (g) of the dry weight of the
specimen. Because there is no well-accepted lower limit
of normal for hepatic Cu concentration, the median
hepatic Cu concentration (9.5 pg/g) was chosen to
define 2 groups for comparison of clinical and patho-
logical features. Two dedicated hepatopathologists who
were blinded to the patients’ Cu deficiency status
examined the histology with results at consensus.

The primary outcome of the study is patient death
before liver transplantation from the time of baseline
blood sample collection until study closure (October 31,
2019). Patient deaths were ascertained by manually
searching all linked electronic medical records within and
outside the University of Washington Medical System.

Statistical analysis

Baseline characteristics according to patients’ Cu
deficiency status were compared using chi-square test,
Student ¢ test or the Wilcoxon Rank-sum test. Shapiro-
Wilk test was used to test for the normality of continuous
variables. Spearman correlation was used to assess the
relationship between serum Cu concentrations and
serum albumin, ceruloplasmin, IL-1p, TNF-a, and
hepatic Cu. Logistic regression was used to assess
the relationship between Cu deficiency and infection
before and after adjusting for MELD-Na score. Cause-
specific competing risk analysis was used to assess the
relationship between Cu deficiency and death before
liver transplantation, where transplantation is treated as
the competing risk.2'221 Time to event was defined as
the number of days from baseline blood sample
collection until death, transplantation, last known
follow-up, or study closure (October 31, 2019). Patients
who underwent transplantation were censored at the
time of transplantation. The following variables were
determined a priori to be included in the multivariate
model because of their known relationship with patient
survival: age, sex, Model for End Stage Liver Disease—
Sodium Score (MELD-Na), and functional status, as

determined by the Karnofsky score. MELD-Na and
Karnofsky scores were modeled as continuous varia-
bles. Cumulative incidence curves for death before
transplantation were compared using the log-rank test.
Analyses of clinical data were performed using STATA
SE (Version 11.0, College Station, TX) and R (Version
4.0.2). Nonparametric correlation analysis was per-
formed using JMP Pro 15 (SAS Institute, Cary, NC).
Processing of 1D 'H NMR spectra and metabolite
profile analyses were performed using Chenomx NMR
Suite Software, Version 8.4, Edmonton, Canada,
MetaboAnalyst and R with full details of analytical
procedures presented in the Supporting Information(23!
(http://links.lww.com/HC9/A168).

RESULTS

Baseline clinical features according to Cu
deficiency status

The prevalence of Cu deficiency was 17% (N = 31) within
the study cohort (Table 1). Among patients who were Cu
deficient, the median serum/plasma Cu concentration
was 62 ug/dL compared with 110 pg/dL among those
who were not. Cu deficiency was associated with
younger age (p=0.007) and race (p=0.04). None of
the Cu-deficient patients had prior weight loss surgery,
inflammatory bowel disease, celiac disease, or zinc
supplementation. Cu deficiency was more common in
patients with alcohol-associated liver disease and
cryptogenic cirrhosis. One patient with primary biliary
cholangitis who also used alcohol heavily belonged to the
Cu-deficient group. Overall, there was no statistically
significant association between Cu deficiency and liver
disease etiologies.

In terms of disease severity, Cu deficiency was
associated with a slightly higher international normal-
ized ratio (p=0.01) and a greater proportion of patients
with prior infections (p=0.01, Table 1). The association
between Cu deficiency and infections remains
statistically significant after adjusting for MELD-Na
score (p=0.02). Even though Cu-deficient patients
had slightly higher MELD-Na score and the proportion
of patients with Child-Turcotte-Pugh (CTP) class C,
these differences were not statistically significant.
Similarly, Karnofsky score and nutritional risk were not
significantly different between the 2 groups. All Cu-
deficient patients had moderate to high nutritional risk.

Baseline biochemical and metabolomics
analyses according to Cu deficiency status

Trace metal analyses indicated that zinc and selenium
concentrations were lower in Cu-deficient patients. Using
standard laboratory definitions, both zinc and selenium


http://links.lww.com/HC9/A168
http://links.lww.com/HC9/A168

DIGLSHIBA+ZHBRAAIAVYO/FIAEIOVIASALLIAIPOOALIEAHIDI/ADAUMY L

XOMAQUOINXFOHISABZIYTM+BYNIONL WNOTZ L ABYHJ®GHN AU Aq wiiooday/woo mm| sjeulnolj/:dny woly pepeojumod

€202/10/60 Uo

HEPATOLOGY COMMUNICATIONS

TABLE 1 Baseline characteristics of 183 patients with cirrhosis or portal hypertension according to copper deficiency status

Study subjects
Age (years, median, IQR)
Sex
Male
Female
Race
White
Black
Hispanic
Asian
Other
Underlying liver diseases
Alcohol
NASH
HCV
HBV
PBC
PSC
Autoimmune
Cryptogenic
Other
HCC
No
Yes
Ascites
No
Yes
Variceal bleeding
No
Yes
Encephalopathy
No
Yes
History of infections®
No
Yes

BMI (median, IQR)

Karnofsky score (median, IQR)°

Nutritional risk®
Low
Moderate
High

Serum copper concentration (ug/dL,

median, IQR)
103 (80, 123)

99 (80, 123)
108 (84, 123)
104 (82, 123)
140 (113, 157)
76 (61, 114)
95 (87, 107)
116 (85, 142)
94 (76, 111)
106 (87, 131)
98 (82, 120)
83 (80, 98)

123 (90, 136)
157 (126, 182)
94 (68, 131)
109 (63, 114)
159 (119, 208)
100 (80, 123)
104 (82, 121)
103 (76, 126)
103 (83, 122)
103 (82, 123)
106 (65, 132)
110 (87, 132)
94 (77, 116)
103 (82, 123)
106 (65, 132)

109 (83, 122)

105 (76, 116)
96 (79, 121)

Copper deficiency status,

N (%)
Yes No P
31 (17) 152 (83)
54 (47, 60) 60 (52, 64) 0.007
— — 0.8
16 (52) 92 (61) —
15 (48) 60(39) —
— — 0.04
20 (64) 109 (72) —
0 5 (3.3) —
7 (22) 9 (5.9) —
1(3.2) 11 (7.2) —
3(9.7) 18 (12) —
— — 0.2
11 (35) 39 (26) —
2 (6.4) 23 (15) —
8 (26) 50 (33) —
1(3.2) 4 (2.6) —
1(3.2) 3(2.0) —
0 13 (8.6) —
2 (6.4) 2(1.3) —
6 (19) 15 (9.9) —
0 3 (2.0%)
— — 0.1
28 (90) 121 (80) —
3(9.7) 31 (20) —
— — 0.7
11 (36) 48 (32)
20 (64) 104 (68)
10 (32) 37 (24) 0.3
18 (58) 120 (80) —
13 (42) 31 (20) —
— — 0.1
8 (26) 62 (41) —
23 (74) 90 (59) —
— — 0.01
18 (58) 120 (80) —
13 (42) 31 (20) —
29 (23, 33) 30 (25, 34) 0.3
80 (70, 90) 90 (70, 90) 0.4
— — 0.4
0 6 (5.9) —
10 (38) 40 (40) —
16 (62) 55 (54) —



DIGLSHIBA+ZHBRAAIAVYO/FIAEIOVIASALLIAIPOOALIEAHIDI/ADAUMY L

XOMAQUOINXFOHISABZIYTM+BYNIONL WNOTZ L ABYHJ®GHN AU Aq wiiooday/woo mm| sjeulnolj/:dny woly pepeojumod

€202/10/60 Uo

COPPER DEFICIENCY IS A RISK FACTOR IN CIRRHOSIS

TABLE 1. (continued)

Copper deficiency status,

N (%)
Serum copper concentration (ug/dL,
median, IQR) Yes No P
Child-Turcotte-Pugh Class — — — 0.2
A 111 (84, 124) 3(9.7) 36 (24) —
B 103 (82, 128) 17 (55) 76 (50) —
Cc 92 (76, 114) 11 (35) 40 (26) —
MELD-Na (median, IQR) — 18 (13, 22) 16 (11, 20) 0.2
Sodium (meg/L, median, IQR) — 137 (135, 139) 137 (134, 139) 0.8
Creatinine (median, IQR) — 0.8 (0.6, 1.0) 0.9 (0.7, 1.2) 0.06
Total bilirubin (mg/dL, median, IQR) — 2.2 (1.4, 3.8) 1.8 (1.1, 2.8) 0.08
Albumin (g/dL, median, IQR) — 3.0 (2.5, 3.5) 3.2(2.8,3.7) 0.06
INR (median, IQR) — 1.5 (1.4, 1.8) 1.4 (1.2, 1.6) 0.02
White blood cells (10%/uL , median, IQR) — 4.7 (3.8, 6.0) 4.4 (3.4,5.9) 0.2
Hemoglobin (g/dL, median, IQR) — 11.7 (9.7, 13.4) 11.9 (10.2, 13.6) 0.4
Platelet (103/uL, median, IQR) — 76 (57, 121) 85 (65, 117) 0.3
Ceruloplamsin (mg/dL, median, IQR)? — 17.1 (154, 21.2)  23.9 (20.8, 30.0) 0.001
Serum iron (ug/dL, median, IQR) — 113 (81.3, 166) 122 (86.9, 177) 0.3
Serum zinc (ug/dL, median, IQR) — 47.7 (36.7,61.1) 56.4 (44.7,74.2) 0.002
Zinc deficiency, N (%)° — — — 0.04
No 110 (86, 131) 8 (26) 70 (46) —
Yes 96 (77, 119) 23 (74) 82 (54) —
Serum selenium (pg/dL, median, IQR) — 10.7 (8.9, 12.3) 13.9 (11.8, 16.9)  0.001
Selenium deficiency, N (%) — — — 0.002
No 104 (82, 123) 29 (94) 152 (100) —
Yes 33 (30, 36) 2 (6.4) 0 —
Follow-up length (days since initial blood — 269 (80, 538) 420 (179, 609) 0.04

collection, median, IQR)

2Infection history include any of the following: peritonitis, urinary tract infection, pneumonia, bacteremia with or without sepsis, clostridium difficile, endocarditis, and

skin infections.

PKarnofsky score was available in 25/31 Cu-deficient patients and 139/152 normal Cu patients.
°Nutritional risk assessment was available in 26/31 Cu-deficient patients and 101/152 normal Cu patients.
dCeruloplasmin was available in 17/31 Cu-deficient patients and 60/152 normal Cu patients.

®Normal range of zinc according to University of Washington Laboratory: 60—120 pg/dL.

fNormal range of selenium according to Mayo Clinic Laboratory: 7—15 ug/dL.

deficiencies were more common in Cu-deficient patients
(Table 1). Overall, Cu concentrations correlated more
closely with ceruloplasmin (Spearman p=0.618, p<
0.0001) than albumin (Spearman p=0.217, p=0.003,
Table 2). Cytokine analyses showed Cu correlated

TABLE 2 Correlation between concentrations of serum copper
and albumin, ceruloplasmin, IL-1, TNF-a, and hepatic copper.

N Spearman p p
Albumin (g/dL) 183 0.217 0.003
Ceruloplasmin (mg/dL) 77 0.618 <0.0001
IL-1p (pg/mL) 160 -0.228 0.004
TNF-a (pg/mL) 130 0.037 0.661
Hepatic copper (ug/g) 50 0.34 0.02

negatively with IL-18 (Spearman p=-0.228, p=0.004,
Table 2).

Multivariate analyses using supervised partial least
squares discriminant analyses indicated significant differ-
ences in polar metabolite profiles between patient groups
with and without Cu deficiency (Figure 1). Validation
metrics including Q2, R2, and permutation tests,
classification error rates (CER) and area under receiver
operator curve (AUROC) confirmed the group separation
from the partial least squares discriminant analyses model
(Supporting Information, Figure S1, http:/links.lww.com/
HC9/A168). A subset of 15 metabolites that contributed the
most to the separation as assessed by the variable of
importance in projection (VIP score>1.2) is depicted in
Figure 2. Notably, Cu-deficient patients had lower
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Two-dimensional (A) and 3-dimensional (B) partial least square-discriminant analysis (PLS-DA) scores plots of serum polar

metabolite profiles from cirrhosis patients with (purple) and without (orange) copper deficiency. Abbreviations: Cu, copper

concentrations of metabolites related to trace metal (iron,
zinc, and selenium), branched-chain amino acids (leucine,
2-hydroxyisobutyrate, 2-oxoisocaproate) and ketone (3-
hydroxybutyrate) metabolism, and higher concentrations of
metabolites involved in fatty acid (o-acetylcarnitine) and
gut microbial (butyrate, glycolate) metabolism. Additional
details from the metabolomics analyses are included in the
Supporting Information (http:/links.lww.com/HC9/A168).

Cu deficiency and patient outcomes

During a median follow-up of 396 days (interquartile
range: 168, 602 d), the proportion of patients who
required inpatient admissions (> 1 hospital admission)
was significantly higher among Cu-deficient patients

(77% vs. 47%, p=0.002). In the entire cohort, 55
patients (30%) underwent liver transplantation and 23
patients (13%) died. Rates of transplantation were
similar between those who were Cu deficient and those
who were not (32% vs. 30%, respectively, p=0.8).
Rates of patient death before transplantation were
22.6% (N=7) in Cu-deficient patients compared with
10.5% (N=16) in patients with normal Cu, with a
significantly higher incidence of death before trans-
plantation among patients with Cu deficiency (0.614 per
1000 person-days) compared with patients without Cu
deficiency (0.257 per 1000 person-days, log-rank test
p=0.04, Figure 3). Cause-specific competing risk
analysis showed that Cu deficiency was associated
with a significantly higher risk of death before
transplantation before and after adjusting for age, sex,

Variable Importance in Projection Plots
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projection.
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Campeting-risks regression

Incidence of death before transplant
2
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FIGURE 3 Cumulative incidence of death before liver trans-
plantation according to copper deficiency status among 183 study
patients with cirrhosis and portal hypertension. Abbreviation: Cu,
copper.

MELD-Na, and Karnofsky scores (Table 3, adjusted HR
for death before transplantation: 3.40, 95% CI,
1.18-9.82, p=0.023).

In the Cu-deficient group, 1 patient died from liver
failure likely related to alcohol recidivism. Five deaths
were infection-associated multiorgan failure (septic
emboli from endocarditis N=1, pneumonia N=2, and
sepsis from peritonitis N=2). One patient died 1 day
after liver transplantation from shock of unclear etiology.
His autopsy did not show signs of bleeding from
anastomoses of the graft. In patients who were not Cu
deficient, 1 person died of liver failure from alcohol
recidivism. The rest of the deaths were related to
infection (N=8), bleeding (N=1), cancer progression
(N=2), and multiorgan failure without associated
infection (N=4).

Analysis of liver explants according to
hepatic Cu concentrations

Among 55 patients who underwent liver transplantation,
50 liver explants were available. The median hepatic Cu

concentration was 9.5 ug/g. The interquartile range was

TABLE 3

2.8 and 131.4 ug/g. The lowest and highest hepatic Cu
concentrations were 1.8 and 277.6 ug/g. When these 50
explants were divided according to the median hepatic
Cu concentration, patients with hepatic Cu below the
median had lower serum/plasma Cu at baseline
(p=0.05, Table 4). There was a modest but significant
positive correlation between serum/plasma Cu and
hepatic Cu (Spearman p=0.34, p=0.02, Table 2).
Hepatic iron concentration was higher in patients with
hepatic Cu below the median, but this difference was
not significant. In terms of liver disease etiologies, the
most notable difference was that alcohol-associated
liver disease was more common in patients whose
hepatic Cu was below the median (36% vs. 12%),
whereas PSC was only present among those with
hepatic Cu above the median (12% vs. 0%). These
differences were not statistically significant when other
liver diseases were also included. Detailed histological
assessment showed that nonparenchymal (Kupffer cell)
iron deposition was significantly more common in
patients with hepatic Cu below the median level
(p=0.04), whereas apoptosis was less common
(p=0.05, Table 4).

DISCUSSION

Using carefully collected data from 183 consecutive
patients with advanced liver disease, the current study
described detailed clinical features and longitudinal
outcomes for those who were Cu deficient. We showed
that Cu deficiency was present in most etiologies of
cirrhosis, with the exception of cholestatic liver dis-
eases. Although it did not correlate with traditional
markers of disease severity, such as MELD-Na score or
CTP class, it was independently associated with
increased patient death before liver transplantation.
Given the livers central role in maintaining Cu
metabolism, it is not surprising that Cu deficiency exists
in cirrhosis. In clinical nutrition, Cu deficiency is best
defined by its serum or plasma concentration.2425]
Established causes include excessive zinc intake,
Menkes disease, gastrointestinal diseases, or surgeries

Cause-specific hazard model accounting for liver transplantation as competing risk estimating the risk of death before

transplantation associated with copper deficiency before and after adjusting for other variables

Univariate Multivariate®
Variables HR 95% ClI p HR 95% CI p
Copper deficiency 2.67 1.01-7.04 0.047 3.40 1.18-9.82 0.023
Age 1.04 0.99-1.10 0.140 1.05 0.99-1.12 0.083
Sex 0.55 0.24-1.27 0.163 0.70 0.29-1.68 0.424
MELD-Na score 1.16 1.07-1.26 <0.001 1.14 1.05-1.25 0.003
Karnofsky score 0.96 0.94-0.98 0.002 0.96 0.94-0.99 0.005

2Adjusted for age, sex (women as referent population), MELD-Na and Karnofsky score. Only patients with complete data (N =164) were included in the multivariate

regression model.
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TABLE 4 Comparison of baseline characteristics, liver explant histological features, and hepatic trace metal concentrations according to
hepatic copper concentration (above or below median, 9.5 pg/g dry weight)

N

Age (median, IQR)

Female, N (%)

Serum copper concentration (ug/dL, mean, SD)

MELD-Na score (median, IQR)

Time from baseline blood sample collection to transplantation (days, median, IQR)

Explant histology, N (%)
Portal inflammation
Grade 1
Grade 2 or 3
Piecemeal necrosis
Grade 1
Grade 2
Steatosis
Apoptosis
Grade 1
Grade 2
Ballooning
Iron
Intrahepatocytic
Nonparenchymal (Kupffer cell)
Hepatic copper (ug/g, median, IQR)
Hepatic iron (ug/g, median, IQR)
Hepatic zinc (ug/g, median, IQR)

Hepatic copper concentration
(ng/g dry weight)

<9.5 >9.5 P

25 25 —

56 (52, 62) 60 (54, 62) 0.4

12 (48) 9 (36) 0.4
93.8+29 110+28 0.05

18 (10, 22) 17 (12, 24) 0.7

193 (107, 368) 173 (55, 537) 0.8

— — 0.3

13 (52) 19 (76) —

8 (32) 4 (16) —
_ — 0.06

6 (24) 12 (48) —

6 (24) 1(4) —

13 (52) 9 (36) 0.3
_ — 0.05

4 (16) 11 (44) —

2 (8) 0 —

6 (24) 8 (32) 0.5

10 (42) 11 (44) 0.9
12 (48) 5 (20) 0.04
5.5(3.8,7.2) 17.9 (12, 52.9) <0.001

126 (54.4, 279) 66.6 (46.7, 263) 0.3

26.5 (22.5, 29.2) 35.1 (24.6, 44.1) 0.2

Abbreviations: IQR, interquartile range.

leading to malabsorption and kidney disease.2527]
Because none of the Cu-deficient patients had these
conditions, cirrhosis is likely an independent and pre-
viously underrecognized risk factor for Cu deficiency.
Furthermore, because nutritional status and serum
albumin were not significantly different between the 2
study groups, we suspect Cu deficiency is not a mere
epiphenomenon of protein malnutrition but rather a unique
micronutrient deficiency with distinct functional conse-
quences. The strong correlation between circulating Cu
and ceruloplasmin, whose turnover rate depends on Cu
availability,’28! corroborates this suggestion.

The most significant finding of the current study is the
relationship between Cu deficiency and increased risk
of patient death before transplantation. Among patients
with alcoholic hepatitis or alcohol-associated cirrhosis,
one previous study by Dhanda et al?® did not find a
relationship between Cu status and patient survival.
The follow-up duration of 90 days, however, was
significantly shorter than the current study. Although
baseline cirrhosis severity (MELD-Na or CTP class)

was not associated with Cu deficiency in the current
cohort, history of bacterial infections was twice as
prevalent among Cu-deficient patients compared with
those with normal Cu. Because infections are not only
important direct causes of death in cirrhosis but also
indirect mediators of all major complications of the
disease, such as bleeding, encephalopathy, and renal
dysfunction,® the association between infection and
Cu deficiency may be one explanation for the higher
mortality in these patients.

How does Cu affect host immunity in relation to
infections and liver injury? First, Cu deficiency causes
reduced superoxide generation in neutrophils and
macrophages, which directly compromises their bac-
tericidal activity.['>3" Although it is well established
that these innate immune cells do not function
normally in cirrhosis,[32331 whether Cu deficiency
contributes to this phenotype has not been inves-
tigated. Second, Cu deficiency reduces enzyme
activity of ceruloplasmin, a ferroxidase—leading to
iron overload,l'? which is associated with high
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infection and mortality risk in cirrhosis.34:35 Kupffer
cell iron deposition has also been observed in a
mouse model with impaired intestinal Cu
absorption.[®! In the current study, the greater degree
of Kupffer cell iron deposition, as well as higher overall
hepatic iron in liver explants with lower Cu concen-
trations, may reflect functional impairment of cerulo-
plasmin. Finally, global differences in polar metabo-
lites and transition metals in our patients indicate that
Cu deficiency can influence metabolism on a systemic
level. Cu-deficient patients exhibited reduced levels of
metabolites involved in branched-chain amino acids
catabolism, which are associated with not only
histological activity and portal systemic shunting in
cirrhosis but also sepsis.?”:38 |In our cohort, Cu-
deficient patients had significantly higher IL-1p, a
cytokine produced during NLRP3 inflammasome acti-
vation, which is regulated by Cu.53% This may explain
the difference in serum levels of 3-hydroxybutyrate, a
ketone body metabolite, which is closely linked to
NLRP3 activity.[*041 Detailed mechanistic studies,
including more complete metabolomics profiling, will
be required to understand Cu deficiency-related
immune dysregulation in cirrhosis.

Although the current study was not designed to
elucidate the mechanisms of Cu deficiency, 2 consid-
erations warrant discussion based on our understand-
ing of Cu homeostasis in the context of cirrhosis. First,
because Cu must be obtained from the diet, and dietary
Cu directly affects serum Cu and cuproenzyme
activity,[? insufficient oral intake is one potential cause
of Cu deficiency in this population. Not only are cirrhosis
patients well known to have decreased oral intake,?
recent examination of the standard Western diet
suggests decreased Cu intake over the past several
decades.”d It is possible that a combination of reduced
appetite due to the disease state plus poor food choices
make some cirrhosis patients susceptible to Cu
deficiency. Second, because Cu forms cytoplasmic
complexes with glutathione to mitigate its propensity for
oxidative injury,4l and that glutathione storage is often
reduced in erythrocytes and hepatocytes of cirrhosis
patients,[546] it is conceivable that Cu deficiency is an
adaptive response when glutathione is depleted.
Although this adaptation may protect hepatic paren-
chymal cells, reduced systemic Cu availability could,
however, adversely affect the whole organism as
suggested by the higher mortality rate among Cu-
deficient patients in our study. Future investigations
should carefully assess dietary intake, as well as
hepatic and systemic markers of oxidative stress in
cirrhosis patients with Cu deficiency.

Our study has several limitations that should be
addressed in future work. The current cohort was
comprised of patients who were undergoing liver
transplant evaluation in a single academic center. To
be more generalizable, our findings should be

confirmed with a larger population and include cirrhosis
patients who may not be transplant candidates, such as
those with other medical comorbidities. The nutritional
status of patients in the current study was assessed
using Subjective Global Assessment based on a
combination of history and physical parameters.!'?]
Although the method is valuable in quantifying nutri-
tional risk in cirrhosis, it is less accurate compared with
more objective techniques in terms of assessing muscle
mass, which is a major site of Cu storage.#7—49
Ceruloplasmin in the current study was measured using
nephelometry, the standard immunological assay in
most clinical laboratories. Consequently, it is difficult to
state unambiguously that Cu deficiency—associated
reduction in ceruloplasmin concentration affected
serum ferroxidase activity, which requires a specialized
enzymatic method.’® Because limited sample avail-
ability only allowed us to perform metabolomics and
liver tissue analyses from a subset of patients, the
findings warrant cautious interpretation and necessitate
further validation. Finally, because Cu levels may
change over time, future studies should measure Cu
serially to determine whether such changes do occur
and whether they correlate with nutritional status and
disease progression.

In summary, despite the limitations discussed above,
our data confirmed the presence of Cu deficiency as an
underrecognized micronutrient deficiency in a substantial
proportion of patients with advanced cirrhosis. Cu
deficiency was associated with a reduced level of
ceruloplasmin and higher IL-1p, indicating NLRP3
activation, both of which are consistent with existing
knowledge on Cu’s role in mammalian physiology. Most
importantly for clinicians, our data showed for the first
time that Cu deficiency was associated with infections
and an increased risk of death before liver transplantation
independent of liver disease severity. Our data lend
support to the current guideline that it would be
reasonable to consider assessing Cu levels in advanced
liver disease.l¥! This may be especially relevant if zinc
supplementation is being considered because it can
induce Cu deficiency.l29! It is tempting to consider Cu, in
the context of “precision nutrition,” a potential therapeutic
target where careful correction will improve not only
body’'s Cu store, but also Cu-dependent immunity,
enzyme function, and metabolism. A more concrete
understanding of Cu deficiency’s role in cirrhosis,
especially in terms of the risks and benefits of supple-
mentation, would require larger prospective studies with
careful assessment of diet, anthropometry, biochemical
analyses, and clinical endpoints.
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