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CUPROPROTEINS OF HEPATOCYTE LYSOSOMES IN
NORMAL AND FATTY LIVER
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ABSTRACT

The pathophysiological significance of cuproproteins in hepatocyte Iysosomes was studied in 7 patients
with structurally normal livers and 13 patients with fatty livers by energy-dispersion X-ray microanalysis. In
most patients, in both groups, copper and sulfur coexisted in hepatocyte Iysosomes. The correlation between
copper and sulfur indicated that copper transfer between the cytosol and lysosomes was mediated by a cu
proprotein. The copper indices of the lysosomal proteins and transfer proteins were high in some fatty livers.
These observations suggest that cuproproteins in hepatocytes are not necessarily pathological, but are pres
ent in greater amounts in some fatty livers, probably because of impaired bile drainage.
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INTRODUCTION

After being transported to the liver, copper stimulates the synthesis of metal1othionein, a
thiol-rich protein with a low molecular weight. Binding to this protein detoxifies the liver from
this hepatotoxic metal. The copperthionein thus formed and its degraded products are elimi
nated in the bile. 1,2) When the biliary tract is obstructed, cuproproteins are retained within the
hepatocytes. With prolonged obstruction, copper-sulfur complexes appear in the hepatocyte Iy
sosomes, but their relationship to cytosolic copperthionein or biliary cuproproteins is obscure. A
high binding capacity of the copper-sulfur complexes for copper has been suggested by X-ray
microanalysis. An advantage of energy-dispersion X-ray microanalysis (EDX)3) over wavelength
dispersion X-ray microanalysis4,5) is the simultaneous measurement of al1 elements heavier than
Na; in this way one can measure trace elements using standard elements and identify the inter
action of al1 coexisting elements.6) Using EDX on glutaradehyde-fixed, frozen sectioned speci
mens, Hanaichi et al,2) found a sulfur-rich protein bound to copper atoms. In a study involving
livers of hamsters fed copper and standard samples of codfish cakes with known copper con
tents, we reported that eu Ka X-ray intensity can be used to measure the copper content of he
patocyte lysosomes.8) Using standard samples made of codfish for comparison, we have em
ployed EDX to investigate the behavior of the lysosomal cuproproteins in almost normal livers.
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MATERIALS AND METHODS

Preparation ofstandard samples:
Standard codfish samples were prepared by the method of Yagi et al.B) Briefly, codfish cakes

containing 5.0 % sodium chloride and graded amounts of cupric sulfate were baked on a hot
plate. The chlorine was later used as the internal standard. A portion of the cakes was dried and
incinerated, and its copper content was measured by atomic absorption spectrometry. For X-ray
microanalysis, 1 mm3 pieces of freshly prepared cakes were placed on specimen holders, and
were frozen in liquid nitrogen (-180°C) until being sectioned. A glass knife and the specimen
holder holding a frozen specimen were cooled at -100°C using an LKB cryokit, and the frozen
specimen was cut into 80-nm ultrathin sections with an LKB ultratome. These ultrathin sections
were mounted on Maxtaform gold grids coated with carbon (Gluticulus, London, England)
without transfer solution and dried at room temperature. Washing and electron staining were
omitted. EDX was done under a Hitachi H-800 electron microscope with a Kevex 7000-0 en
ergy-dispersion X-ray analyser. The specimen chamber was cooled with liquid nitrogen to re
duce contamination with silicon from the detector window. The accelerating voltage was 100 kV
and the current beam was 10-10 A. Au Ma appears between P Ka and S Ka, so we examined
central areas as far from the gold wires as possible to minimize overlapping. First, an area 0.45
/lm square was scanned at random for 200 seconds by selected area analysis. Then an area 250
/lm square was analyzed with a scattered electron beam under the same conditions. The specific
Ka X-rays for sodium, phosphorus, sulfur, chlorine, potassium, and copper were recorded as
X-ray counts and as a molar percentage of all elements detected. Each sample was examined in
two areas, 10 times each. Chlorine, a major constant component of the crude fish cake irrespec
tive of the amount of copper, was found to be the element best suited to serve as the internal
standard. The thickness of the ultrathin sections, mechanically pre-set, was measured directly by
tilting the sections from -10 to 10 degrees at the magnification of xlO,OOO. The thickness thus
measured was correlated with the X-ray counts of chlorine. The mean value of chlorine in sec
tions 80-nm thick was 10950 counts/200 seconds. Ka X-ray counts of the elements were ad
justed to the 80 nm sample thickness. The mean value of the adjusted Ka X-ray counts of so
dium, phosphorus, chlorine, and potassium was statistically the same regardless of the size of the
area scanned, but the standard deviation varied; the deviation in the scanning of small areas was
large, but was reduced to a satisfactory level in the scanning of large areas, mainly due to the
scattered crystals of phosphate in the standard sample. The Cu Ka X-ray counts obtained from
the scanning of large areas were adjusted to 80-nm thickness by the chlorine index and the mean
value of the adjusted Cu Ka X-ray counts was defined as the Cu X-ray intensity. We tested the
correlation between the Cu X-ray intensity and the copper content of the codfish cakes,
measured by atomic absorption spectrometry.

Preparation of liver samples from humans:
Portions of histologically normal liver were obtained with the informed consent from 7 pa

tients who underwent partial hepatectomy because of space-occupying lesions in the liver. Their
blood biochemistry was near normal. Fatty liver was diagnosed by diffuse high echogenicity in
ultrasonography and confirmed by liver biopsy in 13 patients. The histological diagnostic criteria
were fat infiltrates in 50 % or more of the hepatocytes, and the absence of morphological fea
tures indicating viral hepatitis, either acute or chronic. Five patients had mildly elevated serum
levels of transaminases. Two patients had slightly eleveted serum levels of alkaline phosphatase,
and one patient had a hyperbilirubinemia of 1.9 mg/dl. Serum levels of copper were normal in
all patients. All of the patients with normal livers and those with fatty livers were negative for
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histochemical copper stained with p-dimethylaminobenzylidine rhodanine.
A portion of each liver specimen was fixed for 2 hours in a chilled solution of 0.5 % glutaral

dehyde and 0.2 M cacodylate buffer (pH 7.4) as reported previously.7) After being rinsed in dis
tilled water, I-mm cubes of the fixerd liver specimen were treated with 1.5 M sucrose, mounted
on aluminium holders, and frozen in liquid nitrogen (-180'C). Ultrathin frozen sections were
cut with an LKB ultratome equipped with a cryokit as described for the standard samples, and
were transferred to carbon-coated gold grids using a 1.5 M sucrose solution as the carrier. Elec
tron staining was not done. EDX was done under the same conditions as those employed for the
standard samples. First, line-scanning of hepatocytes was done with Cu Ka X-rays to identify
where copper was in the cells. This element was usually found in peri-bile canalicular Iysosomes
of high density. Second, ten or more Iysosomes with varying density were selected per sample
from each patient. An area 0.45 !Lm square was scanned for 200 seconds by selected area ana
lysis. Lysosomal copper deposits were considered negative when five copper-positive dense
bodies were not found even after an extensive examination. The specific Ka X-rays for sodium,
phosphorus, sulfur, iron, and copper were recorded as the X-ray counts and as a molar percent
age of all elements detected in the dense body. The mean of the three largest counts of Cu Ka
X-rays was defined as the Cu X-ray intensity of the patient, and it was used to estimate the lyso
somal copper content from the standard samples. The molar percentages of copper and sulfur
were divided by the molar percentage of phosphorus; moreover, we calculated the correlation
between the copper and phosphorus ratio (Cu/P) and the sulfur and phosphorus ratio (SIP),
and also between the iron and phosphorus ratio (Fe/P) and the SIP for each patient. When we
found a correlation between Cu/P and SIP, we concluded that copper transfer between the cy
tosol and Iysosomes was mediated by a cuproprotein. ~ (Cu/P)/~ (SIP) was used to express
the copper binding ratio of the copper transfer protein.

RESULTS

The ultrathin sections of codfish cake without cupric sulfate did not generate any Cu Ka sig
nals in the X-ray spectrum, their copper content being 0.005 mg/g dry weight. Ultrathin sec
tions with a copper content of 0.496 mglg dry weight gave the minimum reading for identifica
tion by the autoprocessor. Their Cu X-ray intensity was 172 counts1200 seconds. Ultrathin sec
tions with a copper content of 16.240 mg/g dry weight yielded an X-ray intensity of 3722. The
X-ray intensity of copper (X: counts1200 seconds) and the biochemical copper content in the
codfish cake (Y: mg/g dry weight) were correlated in the following formula for copper estima
tion in ultrathin sections 80 nm thick: Y=4.5 X 1O-3X + 0.16; r=0.99, P<O.OI (Fig. 1). The
formula was used to estimate the copper contents of hepatocyte Iysosomes in patients with nor
mal liver and in those with fatty liver.

Subcellular organelles could be seen in the unstained ultrathin sections (Fig. 2). Peri-bile ca
nalicular Iysosomes were dense when the contents of copper and iron were large. Mitochondria
were easily recognized because of their scattered distribution and low density. The results of
microanalysis of normal and fatty livers are summarized in Tables 1 and 2, respectively. Lysoso
mal copper deposits were detected in 5 of the 7 patients with normal livers and in 12 of the 13
patients with fatty livers. The Cu X-ray intensity of the patients was between 512 and 1286 in
the normal livers, and between 942 and 1796 in the fatty livers. Figure 3 shows the distribution
of all Cu Ka X-ray counts obtained from a patient with fatty liver. Figure 4 shows the correla
tion of lysosomal SIP and Cu/P for this same patient. In 4 of the 7 patients with normal liver
and 10 of the 13 patients with fatty liver, there was a correlation between SIP and Cu/P. The
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Fig. 1 Correlation between the copper content in fish cakes and the X-ray intensity of Cu. The X-ray intensity is
expressed by the Cu Ka counts adjusted by the 10950 count of CI Ka X-rays that correspond to an ultra
thin section 80-nm thick.

Fig. 2. Scanning transmission electron micrograph from a patient with fatty liver (patient No. 10) showing subcel
lular structures of hepatocytes such as fat droplets (F), electron-dense bodies (DB), less dense bodies
(LOB), and a bile canaliculus (BC). Scanning of the hepatocyte by Cu Ka X-rays was done on the mid
horizontal straight line. The spectrum of the lower irregular line shows the yield of Cu Ka X-ray (arrow)
in a DB. Most electron-dense lysosomes are near the canaliculi and contain much copper, but the less
dense, copper-negative mitochondria are scattered within the cytoplasm. x 10,000

binding ratio, Ll (Cu/P)/Ll (S/P), was between 0.07 and 0.11 in the normal livers, and 0.10 and
0.48 in the fatty livers. In a patient with fatty liver, lysosomal copper deposits were negative.
This patient's Iysosomes contained much iron. Two patients with normal liver were negative for
Cu X-rays of hepatocyte Iysosomes. No abnormalities were found in their Iysosomes. In 3
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patients (1 with normal liver and 2 with fatty livers), lysosomal copper accumulation was de
tected by the X-ray analysis, but no correlation between SIP and Cu/P was found because of
the narrow copper content distribution and low copper concentration. There was no correlation
between indices of cuproproteins and biochemical data except for bilirubin. The patient with a
transient hyperbilirubinemia showed the maximum Cu X-ray intensity.

Lysosomal iron was detected in 10 of the 13 patients with fatty livers and in an patients with
normal livers. There was no correlation between Fe/P and SIP. The third lysosomal trace

Table l. Results of X-ray Microanalysis of Normal Livers

Patient Sex Age X-ray intensity Transfer protein

(/200 sec) ~Cu/~S p

1 M 59 no Cu') ncb) nc

2 M 45 noCu nc nc

3 F 51 754 0.02 <0.54<)

4 M 54 512 0.11 <0.04

5 M 32 886 0.10 <0.01

6 F 19 1267 0.08 <0.01

7 F 39 1286 0.07 <0.01

a) The copper content of hepatocyte lysosomes is below the detection limit of the EDX used.

b) nc; not calculated.

c) Copper element is detectable but a copper transfer protein between the cytosol and lysosomes is not identified.

Table 2. Results of X-ray Microanalysis of Fatly Livers

Patient Sex Age X-ray intensity Transfer protein

(/200 sec) ~Cu/~S p

1 M 68 no Cu') ncb) nc

2 M 46 1079 0.04 <0.08<)

3 M 42 1310 0.01 <0.76<)

4 M 22 942 0.10 <0.01

5 M 71 1092 0.27 <0.01

6 M 41 1107 0.38 <0.01

7 F 59 1234 0.01 <0.01

8 M 30 1238 0.34 <0.04

9 M 38 1313 0.19 <0.01

10 F 72 1516 0.48 <0.01

11 M 30 1675 0.12 <0.02

12 F 28 1747 0.16 <0.01
13d) M 35 1796 0.21 <0.01

a) The copper content of hepatocyte lysosomes is below the detection limit of the EDX used.

b) nc; not calculated.

c) Copper element is detectable but a copper transfer protein between the cytosol and Iysosomes is not identified.

d) The patient showed a transient hyperbilirubinemia.
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Fig. 3. Cu KaX-ray counts of hepatocyte lysosomes from a patient with fatty liver (patient No.6). The counts of
eleven Iysosomes ranged between 292 and 1419 counts/2oo seconds. The mean value of the three largest
counts (here, 1107) was considered as the Cu X-ray intensity of the patient.
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Fig. 4. Correlation between the sulfur and phosphorus ratio (S/P) and the copper and phosphorus ratio (Cu/P)
in the same patient as in Fig. 3. X-rays of sulfur and copper were expressed as molar ratios and were
divided by those of phosphorus which was an internal standard. In this patient, a correlation between the
two ratios was found, and the copper transfer protein between the cytosol and Iysosomes had a copper-to
sulfur binding ratio of 0.38.

element detected was calcium, which was found in about 30 % of the Iysosomes examined in
the study. Zinc was detected in only two of about 300 dense bodies. No relationship to other
elements was observed for calcium and zinc.
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DISCUSSION

Ultrastructural evidence of copper accumulation in nearly normal livers is reported here for
the first time. All the liver specimens, whether normal or fatty, lacked copper when tested histo
chemically. However, copper deposits in hepatocyte lysosomes were found in 5 of the 7 patients
with normal livers and in 12 of the 13 patients with fatty livers when investigated by X-ray
microanalysis. Copper transfer protein, which was demonstrated by a correlation between the
amount of copper and that of sulfur, was identified in 4 of the 7 patients with normal livers and
in 10 of the 13 patients with fatty livers. This information on hepatic copper accumulation in re
lation to the physiological state has been well documented by an EDX study published in 1984
by Hanaichi et al,1) Some modifications were required in this study because the amount of cu
proproteins was not so much in almost normal livers. Cooling the specimen chamber with liquid
nitrogen reduced contamination by silicon from the detector window. Consequently, we could
identify a low peak of P Ka X-rays, enhancing the detection of cuproproteins.

We needed a new formula to estimate in situ copper, because normal hepatocyte lysosomes
have little copper. Yagi et a/.,8) in an animal experiment, used samples with a copper content of
10 to 40 mglg dry weight, but in this study we employed standard samples that contained less
than 20 mg of copper per gram (dry weight). Copper contents within this range were propor
tional to the X-ray intensity of Cu Ka and the correlation obtained showed that the X-ray in
tensity was a reliable parameter to measure the copper content in less than pathological condi
tions. The maximum Cu X-ray intensity was 1300 in normal liver and 1800 in fatty liver. These
figures correspond to a copper content of about 6 mglg dry weight and 8 mglg dry weight, re
spectively. In 3 patients, the copper content of hepatocyte lysosomes was below the detection
limit of our method, estimated to be 0.5 mglg dry weight. The remaining 17 patients had hepa
tocyte lysosomes with copper contents of more than 0.5 mg/g dry weight. Another group of 3
patients had lysosomal copper, but Cu/P and SIP did not correlate in either of them. The cop
per transfer protein between the cytosol and lysosomes was not identified because cuproproteins
were not major component of their lysosomal proteins. In all, Cu/P and SIP were correlated in
14 of the 20 patients studied. Correlation of Cu/P and SIP meant that copper transfer between
the cytosol and lysosomes was mediated in a patient by a cuproprotein with a binding ratio of
t!. (Cu/P)1 t!. (SIP). The estimated binding ratio was about 0.1 in normal liver and it ranges be
tween 0.1 and 0.5 in fatty liver. The wide range of the binding ratio supports the concept that
this copper transfer protein has multiple binding sites for copper.4

)

The Cu X-ray intensity of hepatocyte lysosomes was less than 3000 counts1200 seconds and
the binding ratio of the copper transfer protein was less than 0.5 in our patients. According to
the criteria of Yagi et a/,8) which were based on results in hamsters fed excess copper, all of our
patients were in stage 1, the initial step in lysosomal copper accumulation. Because the X-ray in
tensity represents the element content, some fatty livers contain more copper in their hepatocel
lular lysosomes than normal livers. If the lysosomal copper reflects hepatic copper, it is likely
that some fatty livers would contain large amounts of copper. A possible mechanism of copper
retention and cuproprotein formation is bile canalicular compression caused by swollen hepato
cytes, because bile is the main pathway for copper elimination. Fatty liver is not infrequently as
sociated with cholestasis.9•1O) On the other hand, excess intake of copper is unlikely, because
there has been no report of copper toxicosis secondary to copper-rich foods in Japan. Regard
less of the mechanism of copper accumulation in hepatocyte lysosomes, cuproprotein formation
and its lysosomal storage might be a cytoprotective reaction rather than a cause of fatty liver.
When much cuproproteins are formed, the probability of cell damage in fatty liver may be ne
gligible, even though copper per se is toxic.
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If the maximum lysosomal copper content is 8 mg/g and the hepatic copper content is less
than 150 !Lg/g dry weight in fatty livers, 11) hepatocellular lysosomes must take up copper against
the high gradient through a special mechanism. In near-normal hepatocytes, copper is concen
trated in hepatocyte lysosomes as cuproproteins. The amount of the lysosomal cuproproteins
and the binding ratio of the copper transfer protein are low, but it is difficult to characterize the
copper accumulation of almost normal livers from the histochemical copper accumulation seen
in pathological conditions. 12) Lysosomal accumulation of curoproteins may be a cytoprotective
mechanism and also may be useful as a storing of this essential element, although toxic when in
excess.

CONCLUSION

Energy-dispersion X-ray microanalysis was useful to detect copper accumulation of hepato
cyte Iysosomes of patients with normal liver and fatty liver. In most patients studied, coexistence
of copper and sulfur was found in hepatocyte lysosomes. The correlation between the content of
copper and that of sulfur indicates that copper transfer between the cytosol and lysosomes is
mediated by a cuproprotein. The copper content of hepatocyte lysosomes and the copper bind
ing ratio to the transfer protein were high in some fatty livers. These observations suggest that
lysosomal accumulation of the cuproproteins in hepatocytes is not necessarily pathological, but
it is greater in some fatty livers, probably because of impaired bile drainage.
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