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Published: 29 July 2016 End-stage liver disease (ESLD) is life-threatening and liver transplantation (LTx) is the definitive
treatment with good outcomes. Given the essential role of hepatocytes in Cu homeostasis, the
potential of the serum Cu isotopic composition for monitoring a patient’s condition post-LTx was
evaluated. For this purpose, high-precision Cu isotopic analysis of blood serum of ESLD patients pre-
and post-LTx was accomplished via multi-collector ICP-mass spectrometry (MC-ICP-MS). The Cu isotopic
composition of the ESLD patients was fractionated in favour of the lighter isotope (by about —0.50%o).
Post-LTx, a generalized normalization of the Cu isotopic composition was observed for the patients with
normal liver function, while it remained light when this condition was not reached. A strong decrease

in the 8%5Cu value a longer term post-LTx seems to indicate the recurrence of liver failure or cancer.

The observed trend in favour of the heavier Cu isotopic composition post-LTx seems to be related with
the restored biosynthetic capacity of the liver, the restored hepatic metabolism and/or the restored
biliary secretion pathways. Thus, Cu isotopic analysis could be a valuable tool for the follow-up of liver
transplant patients and for establishing the potential recurrence of liver failure.

Copper is an essential trace element required as cofactor in many enzymes. However, when it is present in excess,
the high oxidative potential of free Cu ions can generate reactive free radicals with subsequent cellular damage.
Thus, Cu homeostasis needs to be regulated strongly to maintain cellular Cu concentrations at levels at which
both toxicity and deficiency are avoided!>.

The liver, as the principal storage site for Cu, plays a key role in Cu homeostasis. Dietary copper is absorbed
in the intestine and transported to the liver via the portal blood, where it is taken up by hepatocytes. The cop-
per taken up by the hepatocytes is incorporated into the copper-dependent ferroxidase ceruloplasmin (Cp) and
subsequently secreted in the blood for distribution throughout the body. Total body Cu levels are controlled by
excretion of excess Cu via the bile**.

Cu status in the body is altered in liver disease, especially when there are obstructions in bile flow and/or
impaired protein synthesis®”. Studies with radioactive Cu have shown that Cu turnover in the liver increases
from 20-30 days in healthy individuals to 600-700 days for patients with biliary cirrhosis®. Hepatic Cu overload
has been observed in liver diseases that arise from etiologies such as Wilson’s disease (WD)?, viral hepatitis'’,
cholestasis® and excessive alcohol consumption!!. WD is a genetic disorder that leads to Cu accumulation, first in
the liver, but ultimately also in the brain and other tissues'?, and to low or normal serum Cu concentrations com-
pared to controls. In contrast, high or normal Cu concentrations in blood serum can be observed in cirrhosis"
and hepatocellular carcinoma (HCC) patients. End-stage liver disease (ESLD) can arise from these etiologies and
can be complicated by other life-threatening complications (e.g., hepatic encephalopathy, ascites, portal hyper-
tension and hepatorenal syndrome)'*!>. An elevated risk of HCC and extra-hepatic cancers has been established
in patients with cirrhosis'.

As a result of the above, Cu levels in serum of ESLD patients frequently overlap with those of the reference
population and there is no clear relation between the Cu concentration and the clinical course of the disease.
Recently however, the potential of the Cu isotopic composition in blood serum as a diagnostic tool for diseases
affecting Cu metabolism has been suggested'”. Patients with Wilson’s disease'®, ESLD' and HCC?® showed a
lighter serum Cu isotopic composition than did the reference population.
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Disease Number of patients
Ethylic C 11 (2 of which with HCC)
HCV induced C 5 (3 of which with HCC)
PSC 5

ISC 1

C (not specified) 2 (1 of which with HCC)
NASH 2 (2 of which with HCC)
HBV 2 (1 of which with HCC and 1 with HCC and PBC)
ALF 1

Polycystic liver 1

Familial amyloidosis 1
Non-cirrhotic portal hypertension 1

Total ESLD cohort 32 (10 of which with HCC)

Table 1. Description of the patients’ etiology. C = cirrhosis, HCV = hepatitis C virus, PSC = primary
sclerosing cholangitis, ISC = incomplete septal cirrhosis, NASH = non-alcoholic steato-hepatitis,
HBV = hepatitis B virus, PBC = primary biliary cirrhosis.

Due to the complexity of the liver, there is no single clinical test for assessing hepatic disorders??*. A series of
tests, for the determination of what is frequently termed “liver function parameters”, is performed for the manage-
ment of liver diseases. These parameters are used for i) detection of hepatic injury, e.g,, aspartate aminotransferase
(AST) and alanine aminotransferase (ALT), ii) assessment of hepatic biosynthetic capacity, e.g., albumin (Alb),
prothrombin time (PT) and international normalized ratio (INR), and iii) assessment of hepatic metabolism, e.g.,
bilirubin (Bili)**. Liver transplantation (LTx) is the definitive treatment with successful outcomes for patients with
ESLD, for patients with HCC development and for patients with acute liver failure (ALF)?. In this context, the
time on the liver transplant waiting list, the transplant itself and the recovery period are crucial factors determin-
ing the outcome of LTx.

The aim of this research was to investigate the Cu isotopic signature in blood serum of patients with ESLD
pre-LTx and its evolution post-LTx to evaluate the capability of this parameter for following up the patients and
for establishing the potential recurrence of liver failure. For this, high-precision Cu isotopic analysis of ~100
blood serum samples from 32 liver transplant patients was carried out via multi-collector ICP-mass spectrometry
(MC-ICP-MS), after digestion of the serum and chromatographic isolation of the target element. For each patient,
blood serum samples collected pre- and post-LTx were analyzed. In addition, serum samples collected at several
time points post-LTx (up to >1 year post-LTx for some patients) were included.

Results

The study group consisted of 32 patients with ESLD, who underwent LTx between September 2011 and April
2015. The patients were subjected to LTx because of different diseases, e.g., cirrhosis, steatosis, cholestasis, hepa-
titis, hypertension, amyloidosis, polycystic liver and HCC (Table 1). Information on the patient s diagnosis, liver
function parameters pre-LTx and post-LTx (including bilirubin, AST, ALT, PT, INR and Alb), post-LTx compli-
cations and other chronic diseases, is given in the Supplementary Table S1.

The Cu isotopic composition, expressed as §°*Cu (£2 s.d.) value, and the Cu concentration in blood serum of
the ESLD patients pre- and post-LTx are provided in the Supplementary Table S2. The §-notation indicates the
relative difference (in %o) between the Cu isotope ratio (**Cu/®*Cu) in the sample and that of the NIST SRM 976
Cu isotopic reference material.

Patients with ESLD (N = 32) showed an average serum Cu level of 750 770 (2 s.d.) pg L™! pre-LTx and
8104580 (2 s.d.) pg L! three months post-LTx. No significant differences were observed in Cu serum concen-
trations between the two cohorts (related samples Wilcoxon signed rank test, p > 0.05) (Fig. 1a). However, the Cu
isotopic composition in serum of these ESLD patients pre-LTx was fractionated in favour of the light Cu isotope.
The same trend was observed in patients who developed HCC?, but no significant difference was observed in &
%Cu value between the ESLD cohort pre-LTx with HCC (N = 10) and that without HCC (N =22) (related sam-
ples Wilcoxon signed rank test, p > 0.05). The average §°Cu value was —0.80 %+ 0.57 (2 5.d.)%o (N =32), while the
reference range reported for assumed healthy individuals is —0.26 1 0.40 (2 5.d.)%o (N =47)%. These results were
in agreement with the average §°°Cu value reported in our previous work on liver cirrhosis patients (—0.78 £0.72
(2 5.d.)%o, N =25)1. Three months post-LTx, the average §°°Cu value had significantly (related samples Wilcoxon
signed rank test, p=0.007) risen to —0.63 & 0.55 (2 s.d.)%o0 (N = 32) (Fig. 1b).

In Fig. 2a, the serum §Cu values obtained for each patient pre-LTx, 3 months post-LTx and - for some
patients — 9 months post-LTx are shown. As can be seen, the serum Cu isotopic composition tends to higher val-
ues for most of the patients, i.e. the §°Cu value normalizes post-LTx when the patient recovers normal liver con-
dition, in concordance with the recovery of the “liver function parameters” (Table 2 and Supplementary Table S1).
About 40% of the patient cohort studied (N = 32) reached the reference range 3 months post-LTx, increasing to
~60% 9 months post-LTx. In Fig. 2b, the serum A8%Cu (%o) values, defined as A5%Cu = 6*Cuoq.11x — 0
Cupy, 114 Obtained 3 months and - for some patients — 9 months post-LTx are shown. A mean and maximum A
8°Cu (%o) value of respectively 0.16 and 1.01 was observed 3 months post-LTx.
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Figure 1. Boxplots of serum Cu concentrations and isotopic composition of liver transplant patients
pre-LTx and 3 months post-LTx. Empty circles are outliers. (a) Serum copper concentrations (ug L™"). No
significant change in serum Cu levels post-LTx (p > 0.05). (b) Copper isotopic compositions in serum. A
significant enrichment in ®*Cu was observed post-LTx (p =0.007).
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Figure 2. 3%°Cu and A§%Cu values in serum samples of pre- and post-LTx (3 and 9 months) patients.

(a) 8°Cu values. Error bars represent 2 s.d. The full line represents the average value for healthy individuals as
reported by Albaréde et al.?*. The dotted lines represent + 1 s.d. on this average. For patient 11, a serum sample
3 months post-LTX was not available and a sample collected 6 months post-LTx was included instead. For
patients 7 and 28, serum samples 9 months post-LTx were not available and samples collected 5 months post-
LTx were analysed instead. The low 8%°Cu values observed in the ESLD population tend to increase post-LTx.
(b) A8%Cu values.

To assess the variations in the Cu isotopic composition further in time post-LTx, the follow-up was extended
for twelve patients to >9 months post-LTx (Figs 3 and 4). Patients 5, 9, 12, 17, 20, 22, 24 (Fig. 3) and 23 (Fig. 4)
showed a gradual enrichment in §%°Cu as a function of time, whether or not accompanied with some fluctuations.

Patient 23 (Fig. 4a), diagnosed with polycystic liver disease, showed a normal pre-transplant liver function
but post-LTx, a temporary dysfunction of the new liver was established. This is likely the reason for the slight
decline of §**Cu + 2 s.d. (%o) from —0.58 £ 0.13 (pre-LTx) to —0.84 & 0.04 (3 months post-LTx). After 3 months,
8% Cu increases towards the range of healthy individuals with a §°Cu value of —0.27 £0.15 (2 s.d.)%o. The same
behaviour was observed for patient 32 (Fig. 4c), suffering from familial amyloidosis, a disease characterized by

SCIENTIFICREPORTS | 6:30683 | DOI: 10.1038/srep30683 3



www.nature.com/scientificreports/

Bilirubin (mg dL~!) 3.0 9.8 0.3-46.6 0.60 0.86 0.2-4.1 0.000 0.2-1.1
Alb (gL™") 34.0 7.8 22-49 37.0 8.4 19-44 >0.05 34-48
AST (UL 48 36 19-153 25 35 8-169 0.001 0-37
ALT (UL 31 39 8-182 23 56 6-283 >0.05 7-40
PT (%) 60 25 21-117 88 14 54-114 0.000 70-120
INR 1.43 0.72 0.9-3.7 1.10 0.12 0.9-1.5 0.000 0.9-1.1

Table 2. Liver function parameters (bilirubin, Alb, AST, ALT, PT and INR) pre-LTx and 3 months
post-LTx. The median, standard deviation and range (minimum value and maximum value observed) are
represented for each cohort (pre-LTx and post-LTx). A significant change, i.e. normalization, in bilirubin, AST,
PT and INR was observed 3 months post-LTX (p < 0.01, related samples Wilcoxon signed rank test). For clarity,
also the normal ranges of these liver function parameters are shown.
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Figure 3. Follow-up of serum §%Cu values in patients without recurrence of liver failure. Error bars
represent 2 s.d. The grey area represents the reference range (average value &1 s.d.) for healthy individuals®.
Patients follow a gradual increase in §*°Cu post-LTx. (a) Patients 17 and 22 (b) Patients 9 and 20. (c) Patients 12
and 24. (d) Patient 5.

extracellular deposition of amyloid in various organs, leading to multisystem organ dysfunction®. This patient
showed a normal pre-LTx liver function, but post-LTx, some abnormalities were evident from the liver func-
tion parameters. This possibly explains the dropdown in §Cu = 2 s.d. (%o) from —0.40 £ 0.09 (pre-LTx) to —
0.75+0.14 (9 months post-LTx).

For a few patients (2, 29 and 32), the Cu isotopic composition remained very light, even more than one year
post-LTx (Fig. 4). Patient 2, who underwent LTx because of alcoholic cirrhosis and HCC, was an outlier (Fig. 1),
showing a serum §%°Cu + 2 s.d. value 9 months post-LTx of —1.26 &= 0.12%o. This patient was monitored up to 3
years post-LTx (Fig. 4d) and at this date, the §°Cu value had further dropped to —1.73 £0.03 (2 s.d.)%o. On the
basis of the clinical information, this patient seemed to have recovered well from the LTx without complications,
recurrent liver disease, and other chronic or genetic disorders. Until now, no clear explanation can be given for
these very negative §°Cu values.
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Figure 4. Particular trends observed in serum 3**Cu values post-LTx. Error bars represent 2 s.d. The grey
area represents the reference range (average value + 1 s.d.) for healthy individuals*. (a) Patient 23. (b) Patient
29. (c) Patient 32. (d) Patient 2.

Patient 29 (Fig. 4b) underwent transplantation due to hepatitis C virus cirrhosis (HCV C) and was re-transplanted
14 days after the first LTx due to primary non-function. Although the patient recovered completely afterwards,
he showed a very prolonged post-operative status with slow recuperation of liver function (Supplementary Table
S1). This possibly contributed to the decline in the 6°Cu =2 s.d. value from —0.50 = 0.11%o (before the first LTx)
to —0.78 +0.03%o (9 months after the first LTx). In this case, §Cu value could potentially also have reached the
range of healthy individuals at a later time, but unfortunately, no such serum samples were available.

Four patients passed away during the course of this work (8, 16, 18 and 31) and they all showed abnor-
mal trends and/or light Cu isotopic composition, probably related with additional complications and diseases
post-LTx. Patients 8 and 16 died at 3 months post-LTx. Patient 8 presented acute renal failure, but the trans-
planted liver was functioning properly, which is likely the reason of the change in serum §*Cu towards the
reference value. Patient 16 deceased due to sepsis and hepatorenal syndrome, which might explain the slight
decrease in serum §*Cu following LTx. Patient 18 was diagnosed with recurrence of liver failure 10 months
post-LTX and died 23 months post-LTx. However, 3 months post-LTx, no liver disorders were established and the
serum §°Cu values had increased within the first months post-LTx. For patient 31 (Fig. 5), who was diagnosed
with HCV C and HCC, the §%*Cu + 2 s.d. value pre-LTx (—0.49 & 0.02%o), approximated the reference range
and remained more or less stable within 9 months post-LTx. However, at 12 months post-LTx, the 8°Cu value
declined very strongly to —0.96 £ 0.03 (2 s.d.)%o and at 15 months post-LTx, the patient was diagnosed with
recurrent lung-metastasized HCC. Since this tremendous change in §*°Cu was observed 3 months before the
diagnosis of lung-metastasized HCC, this case seems to illustrate the added value of the Cu isotopic composition
in blood serum as an additional parameter to assess presence/recurrence of liver disease.
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Figure 5. Trend in serum §%°Cu value in a deceased patient with HCC. Error bars represent 2 s.d. A
tremendous decrease in §%°Cu can be observed at 12 months post-LTx. The patient was diagnosed with
recurrence of lung-metastasized HCC 15 months post-LTx and deceased 3 months later.

Discussion

Patients with ESLD showed a significantly lighter serum Cu isotopic composition (by about —0.50%o) than the
reference population, in concordance with the fractionation observed previously for another liver cirrhosis
patient cohort studied (also by about —0.50%o0)". This enrichment in the light Cu isotope was higher in serum
from ESLD patients than that reported for HCC patients®. However, the wide spread in the §**Cu values in both
ESLD and HCC could reflect the heterogeneity of the patient s condition, e.g., severity of the disease. Even more,
some patients had developed HCC and liver biopsies of HCC patients revealed that tumors are systematically
%Cu-enriched relative to normal adjacent tissue (by about —0.50%0), which can enhance the “°Cu depletion
observed in serum.

Natural variations in the isotopic composition of transition metals in organisms are attributed to differences
in coordination environments and in oxidation state. Heavier isotopes favour hard bonds, i.e. bonds to amino
acids with harder ligands (binding to N or O), while lighter isotopes form preferentially bonds to softer ligands
(binding to S)**. In serum, Cu is mostly bound to Cp and to a lesser extent to transcuprein, Alb and some low
molecular weight components?. Since the liver is the major source of most serum proteins, liver disease affects
Cp and Alb synthesis, function and redox change, and therefore Cu-binding??%. Patients with cirrhosis typically
have lower Alb and higher Cp levels?. In the liver, Cu and Zn are bound with strong affinity to metallothionein
(MT), a cysteine-rich protein which converts these elements into a non-toxic form and acts as chaperone for
providing Cu and Zn to several metalloenzymes®. Increased hepatic and plasma MT levels have been reported in
liver disease associated with increased liver Cu concentration, such as cholestasis. Obstruction of bile flow results
in the re-absorption of the cuproproteins from the bile and retention of Cu in the hepatocytes®”. Elevated MT
concentrations may be related to detoxification of hepatic accumulated copper, which can possibly explain the
normal plasma MT concentrations found in liver disease, not accompanied by an elevated hepatic Cu concen-
tration®*3!. Alterations in these proteins can induce the Cu isotope fractionation observed in serum. It has been
suggested that low §°Cu values in serum of HCC patients are related with the release of intracellular Cu from
cysteine clusters in MT?.

The potential of the serum Cu isotopic composition for diagnosis, management of liver disease and prioritiza-
tion of liver transplants was previously pointed out!®. Monitoring of ESLD patients post-LTx revealed an increase
in the serum §*Cu value, tending to the reference value, i.e. normalization, when the patient recovers normal
liver function. The fluctuations or slight decreases in the §*°Cu values observed in a minority of this cohort, espe-
cially at 3 months post-LTx, can be related with abnormal liver function or slow recuperation. A strong dropdown
in 86%°Cu values at long-term post-LTx (e.g., 9 months) can be indicative of a life-threatening condition (Fig. 5).
Thus, the serum Cu isotopic composition seems to predict the recurrence of HCC and/or liver failure.

In general, WD patients improve Cu metabolism® and patients with cholestasis have progressive increase in
biliary Cu secretion rates and lower levels of urinary Cu after LTx. A disturbance in Cu metabolism and biliary
secretion has been observed in the immediate postoperative period, which was restored during the next weeks®.
A series of surgeries on biliary artresia patients have shown a decrease in hepatic Cu content with the improve-
ment of cholestasis after the establishment of bile excretion®. Plasma Alb increased markedly post-LTx and nor-
mal or near-to-normal liver function parameters, such as PT, serum bilirubin, AST and ALT, were observed in
liver-transplant patients®. Even more, it has been shown that products of hepatic synthesis permanently retain
the metabolic specificity of the donor®. Thus, a general normalization in the Cu isotopic composition following
LTx can be the evidence of the restored hepatic biosynthetic capacity, e.g., a normalization in Cp and Alb synthe-
sis, to a restored hepatic metabolism and/or to restored biliary secretion pathways.

In our previous work on liver cirrhosis patients, it was already suggested that §*Cu in serum could be used for
the diagnosis and prognosis of liver cirrhosis'. The §*°Cu values were significantly correlated with bilirubin, AST,
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PT, INR and Alb. Even more, a significant correlation between §°Cu and the model for end-stage liver disease
(MELD) score was found. This exploratory study suggests that Cu isotopic analysis in blood serum could also be
a valuable non-invasive tool for the long-term monitoring of a patient’s liver function after LTx and for assessing
recurrence of liver disease and HCC.

Methods

Samples. Serum samples of 32 patients (28 male and 4 female; age range, 28-70 years) who underwent LTx,
were acquired from the Ghent University Hospital (UZGent, Belgium). Blood serum samples were collected
within the week or month (two patients) pre-LTx and approximately 3 months post-LTx to evaluate the Cu iso-
topic signature. For a longer-term follow-up, samples taken up to >1 year post-LTx were included for some
patients. In total, about 100 blood serum samples were analyzed.

Each blood sample was originally collected in a BC Vacutainer blood tube, suitable for trace element analysis
and subsequently centrifuged. After centrifugation, the serum samples were analysed at the Ghent University
Hospital for determination of various clinical parameters. An aliquot of about 500 pL of serum sample was trans-
ferred to a pre-cleaned Eppendorf tube and stored at —20 °C until sample preparation commenced.

Sample Preparation. An aliquot of about 500 pL of blood serum was digested using 2mL of 14 M
sub-boiled pro-analysis HNO; and 0.5 mL of 9.8 M ultra-pure H,O, in Teflon Savillex® beakers at 110°C for 18h.
Subsequently, the sample digests were evaporated to dryness at 90 °C and redissolved in 5mL of (8 M Optima
grade HCl + 0.001% H,0,). Chemical purification of the samples was achieved via a modification of the sepa-
ration protocol’’*® using AG-MP1 anion exchange resin. For this, Bio-Rad Poly-Prep® columns were filled with
1 mL of AG-MP1 resin. The resin was cleaned with 2 mL of 7M HNO; and 5mL of 0.7 M HNOQO;, each time
followed by rinsing with ~5mL of Milli-Q H,O and it was subsequently conditioned with 5mL of (8 M HCI +
0.001% H,0,). After sample loading, the matrix was removed using 3 mL of (8 M HCI + 0.001% H,0,), followed
by the elution of Cu using 9mL of (5 M HCI + 0.001% H,0,) and the removal of Fe and Zn using 0.6 M HCl and
0.7 M HNO; respectively. The Cu-fraction collected was evaporated to dryness at 90 °C, redissolved in 5mL of
(8 M HCI + 0.001% H,0,) and subjected to a second isolation on the same column using the same procedure.
After this second isolation, the Cu-fraction was evaporated to dryness at 90 °C and redissolved in 1 mL of 14 M
HNO:;. This step was performed twice. The final residue was redissolved in 500 pL of 0.42 M HNO;.

In each batch of samples, blanks, a 1000 pg L~! Cu in-house standard solution (Inorganic Ventures, lot
C2-Cu02116) and the Seronorm™ Trace Element Sero L-1 (SERO AS, lot 0903106) were included and treated in
the same way.

The complete sample preparation procedure, including digestion, chemical purification and dilutions, was
carried out in a class 10 clean room.

Instrumentation and measurement protocols. Cu isotope ratio measurements were accomplished
using a Neptune MC-ICP-MS instrument (Thermo Scientific, Germany), equipped with the Jet interface (X-type
Ni skimmer and Jet type Ni sampler) for enhancing the sensitivity. The samples were introduced using a 100puL
min~! PFA nebulizer and a dual spray chamber, consisting of a cyclonic and a Scott-type sub-unit. Measurements
were performed using five Faraday collectors (connected to 10! Q amplifiers) in static mode. The instrument set-
tings and data acquisition parameters are included in Supplementary Table S3. All measurements were performed
at a mass position located 0.037 amu left from the center of the spectral peak plateau to avoid any effect of spectral
interference present in the matrix.

Cu concentrations in the sample and isotopic standard solutions were adjusted to 200 g L™! and for some
samples with low Cu levels to 100 pg L~ Cu. For mass bias correction, the solutions were doped with Ni as inter-
nal standard. All samples and standards were measured following a sample-standard bracketing sequence. An
in-house isotopic Cu standard previously characterized isotopically was included every 5 samples for checking
the quality of the measurements.

Cu isotope ratios were determined off-line after 2 s.d. rejection of outliers. Correction for mass discrimination
was performed using a combination of external correction in a sample-standard bracketing (SSB) approach and
internal correction (with Ni) by means of the revised Russell’s law as described by Baxter et al.*. The isotopic
composition of Cu is expressed in delta notation (per mil, %o), calculated against the NIST SRM 976 Cu isotopic
reference material using equation (1):

65 /63
o (*Cu/ Cu)sample
07Cu = | g — 1] x 1000

"Cu/ Cu)NIST SRM 976 (1)

Elemental analysis was carried out using an Element XR sector field ICP-MS (SF-ICP-MS) instrument
(Thermo Scientific, Germany) equipped with Ni cones (1.1 and 0.8 mm aperture diameter for the sampler and
skimmer, respectively). Sample introduction was accomplished via a 200 uL min~! quartz concentric nebulizer
and a cyclonic spray chamber. The instrumental settings and data acquisition parameters used are also sum-
marized in Supplementary Table S3. Levels of Cu and some elements that can give rise to spectral interference
(Na and Mg) were determined both after digestion and after the isolation procedure. For quantitative elemental
determination, external calibration was relied on with Ga as an internal standard.

Method Validation. Purification of biological samples is highly recommended to avoid matrix-induced mass
bias and spectral interference*. For Cu isotopic analysis in serum, the major problem arises from the presence
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of high levels of Na and, to a lesser extent Mg, leading to the occurrence of “*Ar**Na™ and **Ar*®Mg™, which can
interfere with the monitoring of *Cu* and ®*Cu*, respectively. For solutions containing 200 g L™! of Cu of the
in-house standard, 200 ug L~! of Ni and 1000 pg L~ of Na, the average §65Cu value, after mass bias correction
according to Baxter’s method®, was 0.17 £ 0.03 (2 s.d.)%o (n=>5). This value was in good agreement with the
reference 6%°Cu value for the in-house standard, i.e. 0.22 +0.07 (2 s.d.)%0’®. After 2 subsequent isolations, the Na/
Cu and Mg/Cu ratios (determined via SF-ICP-MS) observed in the Cu-fractions were always less than 1.5 and 1,
respectively. Thus, no influence was observed on the Cu isotope ratio results under the conditions described.

Since chromatographic purification can induce on-column fractionation*!, quantitative recovery is manda-
tory. For this reason, Cu levels were determined via SE-ICP-MS both after digestion and after isolation, yielding a
Cu recovery of 95+ 5% for all samples. The §°*Cu =2 s.d. (%o) values for the Seronorm™ Trace Elements Serum
L-1 reference material and the in-house standard were —0.24 4+ 0.14 and 0.12 + 0.13, respectively, both obtained
after 4 different isolation and measurement sessions. The delta-value for the Cu in-house standard, measured
every 5 samples, was always in good agreement with the expected value.

The procedural blanks were always measured at the beginning of each measurement session. As the bias
between the results with and without blank correction was always less than 0.05%o, no blank correction was
performed.

Statistical Analysis. All statistical tests were performed using the IBM® SPSS Statistics 23 software for
Windows. The related samples Wilcoxon signed rank test — i.e. a non-parametric alternative for the paired sample
t-test — was performed for establishing differences in Cu levels and Cu isotope ratios in serum of patients pre- and
post-LTx. The threshold for significance was defined as o= 0.05.

Ethics Statement. This research project was approved by an independent commission for medical eth-
ics connected to the Ghent University Hospital and was performed in accordance with the guidelines for good
clinical practice and the statement of Helsinki, emplaced to protect volunteers participating in experiments. All
patients signed an informed consent form concerning this study.

References

1. Bertinato, J. & LAbbé, M. R. Maintaining copper homeostasis: regulation of copper-trafficking proteins in response to copper
deficiency or overload. ] Nutr Biochem 15, 316-322 (2004).

2. Arredondo, M. & Nuiiez, M. T. Iron and copper metabolism. Mol Aspects Med 26, 313-327 (2005).

3. Kodama, H. & Fujisawa, C. Copper metabolism and inherited copper transport disorders: molecular mechanisms, screening, and
treatment. Metallomics 1, 42-52 (2009).

4. Lutsenko, S., Barnes, N. L., Bartee, M. Y. & Dmitriev, O. Y. Function and regulation of human copper-transporting ATPases. Physiol
Rev 87, 1011-1046 (2007).

5. Turnlund, J. R. Human whole-body copper metabolism. Am J Clin Nutr 67, 960s-964s (1998).

6. Beshgetoor, D. & Hambidge, M. Clinical conditions altering copper metabolism in humans. Am J Clin Nutr 67, 1017s-1021s (1998).

7. Harrison, M. D. & Dameron, C. T. Molecular mechanisms of copper metabolism and the role of the Menkes disease protein. J
Biochem Mol Toxic 13, 93-106 (1999).

8. Gibbs, K. & Walshe, J. M. Studies with radioactive copper (64Cu and 67Cu); the incorporation of radioactive copper into
caeruloplasmin in Wilson’s disease and in primary biliary cirrhosis. Clin Sci 41, 189-202 (1971).

9. Smallwood, R. A., Williams, H. A., Rosenoer, V. M. & Sherlock, S. Liver-copper levels in liver disease studies using neutron
activation analysis. Lancet 2, 1310-1313 (1968).

10. Hatano, R. et al. Accumulation of copper in the liver and hepatic injury in chronic hepatitis C. ] Gastroen Hepatol 15, 786-791
(2000).

11. Rodriguez-Moreno, E. et al. Zinc, copper, manganese, and iron in chronic alcoholic liver disease. Alcohol 14, 39-44 (1997).

12. Pfeiffer, R. F. Wilson’s Disease. Semin Neurol 27, 123-132 (2007).

13. Raheli¢, D., Kujundzi¢, M., Romi¢, Z., Brki¢, K. & Petrovecki, M. Serum concentration of zinc, copper, manganese and magnesium
in patients with liver cirrhosis. Collegium Antropol 30, 523-528 (2006).

14. O’Leary, J. G, Lepe, R. & Davis, G. L. Indications for liver transplantation. Gastroenterology 134, 1764-1776 (2008).

15. Persson, E. C. et al. Risk of liver cancer among US male veterans with cirrhosis, 1969-1996. Brit ] Cancer 107, 195-200 (2012).

16. Berman, K. et al. Hepatic and extrahepatic cancer in cirrhosis: a longitudinal cohort study. Am ] Gastroenterol 106, 1405-1405
(2011).

17. Costas-Rodriguez, M., Delanghe, ]. & Vanhaecke, F. High-precision isotopic analysis of essential mineral elements in biomedicine:
natural isotope ratio variations as potential diagnostic and/or prognostic markers. TrAC Trends in Analytical Chemistry 76, 182-193
(2016).

18. Aramendia, M., Rello, L., Resano, M. & Vanhaecke, F. Isotopic analysis of Cu in serum samples for diagnosis of Wilson’s disease: a
pilot study. J Anal Atom Spectrom 28, 675-681 (2013).

19. Costas-Rodriguez, M. et al. Isotopic analysis of Cu in blood serum by multi-collector ICP-mass spectrometry: a new approach for
the diagnosis and prognosis of liver cirrhosis? Metallomics 7, 491-498 (2015).

20. Balter, V. et al. Natural variations of copper and sulfur stable isotopes in blood of hepatocellular carcinoma patients. P Natl Acad Sci
USA 112, 982-985 (2015).

21. Giannini, E. G,, Testa, R. & Savarino, V. Liver enzyme alteration: a guide for clinicians. Can Med Assoc J 172, 367-379 (2005).

22. Thapa, B. R. & Walia, A. Liver function tests and their interpretation. Indian J Pediatr 74, 663-671 (2007).

23. European Association for the Study of the Liver. EASL Clinical Practice Guidelines: Liver transplantation. ] Hepatol (2015).

24. Albarede, F, Télouk, P.,, Lamboux, A., Jaouen, K. & Balter, V. Isotopic evidence of unaccounted for Fe and Cu erythropoietic
pathways. Metallomics 3, 926-933 (2011).

25. Park, M. A. et al. Primary (AL) hepatic amyloidosis - clinical features and natural history in 98 patients. Medicine 82, 291-298
(2003).

26. Wirth, P. L. & Linder, M. C. Distribution of copper among components of human serum. J Natl Cancer 175, 277-284 (1985).

27. Oettl, K. & Stauber, R. E. Physiological and pathological changes in the redox state of human serum albumin critically influence its
binding properties. Brit ] Pharmacol 151, 580-590 (2007).

28. Jalan, R. et al. Alterations in the functional capacity of albumin in patients with decompensated cirrhosis is associated with increased
mortality. Hepatology 50, 555-564 (2009).

29. Cherian, M. G. & Kang, Y. J. Metallothionein and liver cell regeneration. Exp Biol Med 231, 138-144 (2006).

SCIENTIFICREPORTS | 6:30683 | DOI: 10.1038/srep30683 8



www.nature.com/scientificreports/

30. Mulder, T. P. ], Janssens, A. R., Verspaget, H. W., Vanhattum, J. & Lamers, C. B. Metallothionein concentration in the Liver of
patients with Wilsons disease, primary biliary cirrhosis, and liver metastasis of colorectal cancer. Journal of Hepatology 16, 346-350
(1992).

31. Mulder, T. P. J,, Janssens, A. R., Verspaget, H. W. & Lamers, C. B. Plasma metallothionein concentration in patients with liver
disorders - special emphasis on the relation with primary biliary-cirrhosis. Hepatology 14, 1008-1012 (1991).

32. Groth, C. G. et al. Metabolic effects of hepatic replacement in Wilson’s disease. Transplant Proc 5, 829-833 (1973).

33. Canizares, F. et al. Copper metabolism and biliary secretion in patients receiving orthotopic liver transplantation. Clin Chim Acta
317,47-54 (2002).

34. Sato, C. et al. Concentrations of copper and zinc in liver and serum samples in biliary atresia patients at different stages of traditional
surgeries. Tohoku ] Exp Med 207, 271-277 (2005).

35. Luzi, L. et al. Metabolic effects of liver transplantation in cirrhotic patients. J Clin Invest 99, 692-700 (1997).

36. Starzl, T. E., Demetris, A. J. & Vanthiel, D. Liver-Transplantation 1. New Engl ] Med 321, 1014-1022 (1989).

37. Maréchal, C. N., Télouk, P. & Albarede, F Precise analysis of copper and zinc isotopic compositions by plasma-source mass
spectrometry. Chem Geol 156, 251-273 (1999).

38. Van Heghe, L., Engstrom, E., Rodushkin, I., Cloquet, C. & Vanhaecke, F. Isotopic analysis of the metabolically relevant transition
metals Cu, Fe and Zn in human blood from vegetarians and omnivores using multi-collector ICP-mass spectrometry. ] Anal Atom
Spectrom 27, 1327-1334 (2012).

39. Baxter, D. C., Rodushkin, I., Engstrom, E. & Malinovsky, D. Revised exponential model for mass bias correction using an internal
standard for isotope abundance ratio measurements by multi-collector inductively coupled plasma mass spectrometry. ] Anal Atom
Spectrom 21, 427-430 (2006).

40. Yang, L. Accurate and precise determination of isotopic ratios by MC-ICP-MS: a review. Mass Spectrom Rev 28, 990-1011 (2009).

41. Maréchal, C. & Albaréde, F. Ion-exchange fractionation of copper and zinc isotopes. Geochim Cosmochim Ac 66, 3675-3675 (2002).

Acknowledgements

The Flemish Research Foundation FWO-Vlaanderen is acknowledged for financial support through research
project G023014N. Sara Lauwens thanks the Agency for Innovation by Science and Technology in Flanders (IWT
Vlaanderen) for her PhD grant. Marta Costas-Rodriguez thanks FWO-Vlaanderen for her post-doctoral grant.
Marta Costas-Rodriguez, Hans Van Vlierberghe and Frank Vanhaecke thank the Special Research Fund of Ghent
University (BOF-UGent) for financial support. All authors want to thank Elien Glorieus from the Department of
Internal Medicine of the Ghent University Hospital for selection of the serum samples.

Author Contributions

EV. and H.V.V. designed the study. S.L. carried out the sample preparation, elemental and isotopic analysis and
data-analysis. M.C.-R. was involved in the separation and isotopic analysis. H.V.V. provided medical clarification.
All authors contributed to decisions regarding data analysis and figure preparation. S.L. wrote the initial
manuscript. All authors commented and contributed to the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lauwens, S. et al. Cu isotopic signature in blood serum of liver transplant patients: a
follow-up study. Sci. Rep. 6, 30683; doi: 10.1038/srep30683 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:30683 | DOI: 10.1038/srep30683 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Cu isotopic signature in blood serum of liver transplant patients: a follow-up study

	Results

	Discussion

	Methods

	Samples. 
	Sample Preparation. 
	Instrumentation and measurement protocols. 
	Method Validation. 
	Statistical Analysis. 
	Ethics Statement. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Boxplots of serum Cu concentrations and isotopic composition of liver transplant patients pre-LTx and 3 months post-LTx.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ δ65Cu and Δδ65Cu values in serum samples of pre- and post-LTx (3 and 9 months) patients.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Follow-up of serum δ65Cu values in patients without recurrence of liver failure.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Particular trends observed in serum δ65Cu values post-LTx.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Trend in serum δ65Cu value in a deceased patient with HCC.
	﻿Table 1﻿﻿. ﻿  Description of the patients’ etiology.
	﻿Table 2﻿﻿. ﻿  Liver function parameters (bilirubin, Alb, AST, ALT, PT and INR) pre-LTx and 3 months post-LTx.



 
    
       
          application/pdf
          
             
                Cu isotopic signature in blood serum of liver transplant patients: a follow-up study
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30683
            
         
          
             
                Sara Lauwens
                Marta Costas-Rodríguez
                Hans Van Vlierberghe
                Frank Vanhaecke
            
         
          doi:10.1038/srep30683
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep30683
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep30683
            
         
      
       
          
          
          
             
                doi:10.1038/srep30683
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30683
            
         
          
          
      
       
       
          True
      
   




