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Short Communication

Mesh-like vascular changes in copper deficiency-induced rat 
cardiomyopathy
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Abstract: The pathological effects of copper deficiency (COD) are well known. However, the pathogenesis of cardiomyopathy result-
ing from COD remains unclear. In this study, aimed to elucidate the pathogenesis of COD-induced cardiomyopathy by examining the 
morphology of the cardiovascular system in copper-deficient rats using histopathology, immunohistochemistry, and scanning and 
transmission electron microscopy. Changes detected in the myocardium and interstitium were consistent with those reported for COD. 
Morphological changes included mesh-like changes in the capillary endothelial cells that appear to be a novel finding in COD-induced 
cardiomyopathy. These changes are hypothesized to result from abnormal vascular remodeling following damage to the basement 
membrane and due to the mechanical effects of myocardial contractions. Although cardiomyopathy may be associated with microcir-
culatory disorders arising from these lesions, further investigations are necessary to demonstrate a causal relationship between the 
pathogenesis of cardiomyopathy and the contribution of these lesions to disease progression. (DOI: 10.1293/tox.2020-0029; J Toxicol 
Pathol 2021; 34: 127–133)
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The role of copper as an essential trace element in-
cludes its ability to act as a dynamic center for enzymes and 
physiologically active substances and for the expression and 
maintenance of their functions. Major copper-dependent en-
zymes include lysyl oxidase, ceruloplasmin, amine oxidase, 
cytochrome c oxidase, and superoxide dismutase1, 2. Copper 
plays a role in hematopoiesis, bone metabolism, connective 
tissue metabolism, nervous function, pigment regulation, 
among other processes. It also exerts important antioxidant 
effects3.

The well-known effects of copper deficiency (COD) 
in humans include leukopenia, anemia, and osteoporosis3. 
Cardiovascular abnormalities, such as electrocardiogram 
(ECG) abnormalities, myocardial infarction, and tachycar-
dia, have also been reported in experimental COD4, 5. Fur-
thermore, cardiac hypertrophy has been observed in pigs fed 
a copper-deficient diet; several pigs in the study died from 
hemopericardium caused by myocardial and aortic rupture6. 
Additionally, several studies have shown increases in abso-
lute heart weight and heart weight to body weight ratio7 as 

well as myocardial hypertrophy8 in rats fed a copper-defi-
cient diet from weaning. As with the porcine model, an im-
portant cause of death reported in copper-deficient rats was 
myocardial rupture; fatal hemothorax was also reported9, 10. 
Therefore, COD appears to induce cardiovascular diseases 
and abnormal ECG, including abnormal ST changes10, in-
creased QPS amplitude, and prolonged QT intervals11. In re-
cent years, many important similarities have been observed 
between COD in animals and ischemic heart disease in hu-
mans, including glucose intolerance, hypercholesterolemia, 
ECG abnormality, hyperuricemia, and hypertension, all of 
which are risk factors for ischemic heart disease and are 
considered to be related to COD12.

Various histopathological changes have been noted 
in the myocardium of copper-deficient rats, such as focal 
necrosis of cardiomyocytes under the endocardium7 and 
chronic interstitial inflammation9. Two reports examined 
the intramyocardial capillaries in copper-deficient rat mod-
els. In one report, collagen IV immunohistochemical stain-
ing demonstrated thickening and distortion of the basement 
membrane covering the capillaries and cardiomyocytes in 
rats fed copper-deficient diet for 6–9 weeks from 12 days of 
age13. Another study found thickening and disruption of the 
basement membrane between cardiomyocytes and capillar-
ies in rats fed copper-deficient diet for 6 weeks during and 
after weaning14. However, neither study reported morpho-
logical changes in the capillary endothelial cells.

While previous reports have described the effects of 
COD on the cardiovascular system, the mechanistic details 
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of COD-induced cardiac pathology are largely unknown. 
In this study, we performed histopathological examina-
tion, immunohistochemistry, scanning electron microscopy 
(SEM), and transmission electron microscopy (TEM) on the 
hearts of copper-deficient rats to evaluate the morphological 
changes caused by COD in the cardiovascular system. Here-
in, we report our novel findings regarding COD-induced 
myocardial pathogenesis.

The animal experiments were approved by the Animal 
Experiment Committee of the Otsuka Pharmaceutical Fac-
tory, Inc. Ten male Wistar rats (Japan SLC Inc., Shizuoka, 
Japan) were housed in groups of up to three in a controlled 
environment (20–26°C temperature range, 40–70% humid-
ity range, 13–16 air changes/h, and 12 h nominal photope-
riod). The animals were fed either normal diet (AIN93G, 
Oriental Yeast Co., Ltd., Tokyo, Japan, containing 11.4 µg 
Cu/g) or copper-deficient diet (AIN93G copper-deficient 
diet, Oriental Yeast Co., Ltd., containing 0.3 µg Cu/g) for 
20 weeks from 6 weeks of age and provided distilled water 
ad libitum. Clinical signs, body weight, urinalysis, hematol-
ogy, and blood chemistry were assessed for all the animals. 
The animals were euthanized at 26 weeks of age by exsan-
guination under anesthesia. At necropsy, the heart weight 
was measured, and the body weight-corrected heart weight 
was calculated.

The heart, liver, kidney, brain, aorta, sternum (bone 
and bone marrow), duodenum, and sciatic nerve were fixed 
in 10% volume by volume (v/v) neutral buffered forma-
lin, embedded in paraffin, sectioned into 4 μm slices, and 
stained with hematoxylin and eosin (H&E). Histopathologi-
cal analysis was performed on all four myocardial chambers 
of all the animals. Sections of the heart were stained with 
Masson’s trichrome and also immunostained for collagen 
IV (1:500; Abcam; Cambridge, UK; ab6568) and von Wil-
lebrand factor (vWF; 1:1,600; Abcam; ab6994) overnight at 
4°C. For SEM, the heart sections were deparaffinized, la-
beled using TI-blue small kit (Nisshin EM Co., Ltd., Tokyo, 
Japan, 335-2), and examined under a scanning electron mi-
croscope (FlexSEM 1000; Hitachi High-Technologies Co. 
Ltd., Tokyo, Japan). Small segments of the heart tissue were 
collected from near the left ventricle, fixed in phosphate-

buffered 2.5% glutaraldehyde, re-fixed in a phosphate-buff-
ered 1% osmium tetroxide, embedded in epoxy resin, and 
ultra-sectioned. These sections were double-stained with 
uranyl acetate-lead citrate stain and then examined using 
a transmission electron microscope (H-7800TEM; Hitachi 
High-Technologies Co., Ltd.).

In the five male Wistar rats fed COD diet for 20 weeks 
from 6 weeks of age, no gross remarkable changes were no-
ticed at necropsy. The heart weight was 1.19 ± 0.14 g (control 
group: 1.21 ± 0.10 g), and the body weight-corrected heart 
weight was 0.26 ± 0.02 g/BW g (control group: 0.24 ± 0.01 
g/BW g). No obvious differences were observed. Hemato-
logical examination revealed that the levels of hemoglobin 
and hematocrit were decreased in rats fed copper-deficient 
diet relative to those fed normal diet (rats with COD: 12.40 ± 
0.75 g/dL, control: 14.82 ± 0.53 g/dL; rats with COD: 34.68 
± 1.93%, control: 41.64 ± 1.05%, respectively). Plasma bio-
chemical examination showed that the levels of Cu as well 
as Fe were decreased in rats fed COD diet (rats with COD: 
15.00 ± 4.7 μg/dL, control: 156.00 ± 8.20 μg/dL; rats with 
COD: 107.00 ± 17.00 μg/dL, control: 183.60 ± 14.9 μg/dL, 
respectively). These changes were attributed to the effect of 
impaired mobilization of stored iron due to decreased ceru-
loplasmin activity caused by COD1. No other abnormalities 
were detected in clinical signs, body weight, or urinalysis.

The results of the histopathological examination are 
summarized in Table 1. Lesions were seen in the area un-
der the left ventricular endocardium in samples from rats 
fed with copper-deficient diet (Fig. 1A and B), and cardio-
myocyte degeneration, necrosis, and mononuclear cell infil-
tration in the interstitium (Fig. 1E and F) were noted in all 
cases, whereas fibrosis was observed in two cases. Masson’s 
trichrome staining showed an increase in collagen or reticu-
lum fibers between myocardial cells in the degenerated and 
necrotic areas (Fig. 1C, D, G, and H). These findings are 
believed to be related to myocardial injury. Interestingly, 
mesh-like structures of the capillary endothelial cells were 
observed within the intact, non-degenerative myocardial tis-
sue under the left ventricle (Fig. 2A–D). Compared with that 
in control samples, immunohistochemical staining showed 
that collagen IV, a marker for the basement membrane, was 

Table 1.	 Histopathological Findings in Control and Copper-deficient Rats
Organ: Group Control Copper-deficient rats

Histopathological findings Number of animals 5 5
Heart <5/5> <0/5>

Degeneration/necrosis, cardiomyocyte, mononuclear cell 
infiltration, left ventricular endocardium

± 0 3
+ 0 2
2+ 0 0
3+ 0 0

Fibrosis, interstitium, left ventricular endocardium  ± 0 2
+ 0 0
2+ 0 0
3+ 0 0

Liver, kidney, brain, sciatic nerve, duodenum, aorta, sternum (bone), sternum (marrow) <5/5> <5/5>

<>: Not remarkable/Number of animals examined. ±: slight +:Mild 2+:Moderate 3+: Severe.
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Fig. 1.	 Light microscopic images of hematoxylin and eosin (H&E)- (A, B, E, and F) and Masson’s trichrome-stained (C, D, G, and H) heart 
tissue sections from (A, E, C, and G) control rats and (B, F, D and H) rats with copper deficiency (COD). (A, B) Lesions (enclosed by the 
line) are visible under the left ventricular endocardium in (B) rats with COD. Bar = 200 µm. (C, D) An increase in the number of collagen 
or reticulum fibers between the myocardial cells was seen in (D) rats with COD compared to (C) the control rats. Bar = 200 µm. (E, F) 
Cardiomyocyte degeneration, necrosis and mononuclear cell infiltration in the interstitium of (F) rats with COD were observed. Bar = 20 
µm. (G, H) An increase in collagen or reticulum fibers between the degenerated and necrotic myocardial cells was also observed in (H) 
rats with COD compared with (G) the control rats. Bar = 20 µm.
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either reduced or nonexistent around the myocardial cells 
under the left ventricular endocardium in specimens from 
rats fed copper-deficient diet (Fig. 3A–C). This was sugges-
tive of basement membrane injury. Similarly, immunostain-
ing for vWF, a marker for vascular endothelial cells, showed 
that vascular endothelial cells under the left ventricular 
endocardium spiked out or thickened to form a mesh-like 
structure in the lumen of heart tissue specimens from rats 
with COD compared with that in controls (Fig. 3D–F). The 
extent of these vascular endothelial changes and myocar-
dial damage correlated with each other. Additionally, dis-
appearance of vascular endothelial cells and infiltration of 
phagocytic macrophages were observed in the animals with 
severe myocardial injury (data not shown).

TEM revealed that the basement membrane was de-
tached between the capillaries and myocardial cells. Other 
findings included projection of capillary endothelial cells 
into the lumen and thickening of capillary endothelial cells, 
including mitochondrial dilation (Fig. 4A–C). Furthermore, 
disappearance of capillary endothelial cells and infiltration 
of macrophages involving phagosomes were noted in the 
samples with severe myocardial injury (data not shown). 
SEM showed that the surface of the capillary endothelium 
in rats with COD had a roughened appearance and pro-
truded into the lumen in a spike-like or mesh-like manner 
(Fig. 4D–F).

We performed histopathological examination, im-
munohistochemistry, SEM, and TEM on the heart of an 

experimentally induced COD rat model and evaluated the 
morphological effects of COD on the cardiovascular system. 
Histopathological examination of hearts from copper-defi-
cient rats revealed degeneration and necrosis of cardiomyo-
cytes under the left ventricular endocardium, mononuclear 
cell infiltration, fibrosis in the stroma, and mesh-like chang-
es in capillary endothelial cells. Reduced or nonexistent 
expression of collagen IV, detachment and disappearance 
of basement membrane, and ultrastructural change/disap-
pearance of vascular endothelial cell suggestive of base-
ment membrane and vascular endothelium damage were 
observed using immunostaining and electron microscopy. 
Changes detected in the myocardium and interstitium in this 
case were similar to those previously reported for COD7, 9. 
In a previous report13, 14, no change was observed in the cap-
illary endothelium at the lesion site in a copper-deficient rat 
model; therefore, these changes constitute a novel finding 
in our study.

Basement membrane damage was attributed to modi-
fication due to mechanical or physical load of the cardio-
myocyte-basement membrane under the left ventricular en-
docardium. Additionally, a decrease in the activity of lysyl 
oxidase, which is responsible for collagen cross-linking, due 
to COD15 is thought to play a role in this process. The lo-
calization of failure of basement membrane under the left 
ventricular endocardium and the higher pressure in the left 
ventricle16 further supports this phenomenon during the 
pathogenesis. Because the changes in distribution of both 

Fig. 2.	 Light microscopic images of hematoxylin and eosin (H&E)- (A, B) and Masson’s trichrome-stained (C, D) heart tissue sections from 
(A, C) control rats and (B, D) rats with copper deficiency (COD). A mesh-like structure (arrowheads) of capillary endothelial cells was 
observed within intact, non-degenerative myocardial tissue under the left ventricle in (B, D) the rats with COD. Bar = 40 µm.
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Fig. 3.	 Light microscopic images of immunohistochemically stained heart tissues from control rats and rats with copper deficiency (COD). (A) 
Most cardiomyocytes were labeled with collagen IV in the control rats. (B) Weak collagen IV-labeled cardiomyocytes were observed in 
the slight lesions of rats with COD. (C) No collagen IV-labeled cardiomyocytes were observed in the severe lesions of rats with COD. (A, 
B) Bar = 40 µm. (C) Bar = 50 µm. (D) von Willebrand factor (vWF)-labeled capillary endothelial cells in the control rats were smooth. 
(E) vWF-labeled capillary endothelial cells were spike-shaped in the lumen (arrowheads) of the slight lesions of rats with COD. (F) vWF-
labeled capillary endothelial cells were thickened to form a mesh-like structure in the lumen (arrowheads) of the severe lesions in rats with 
COD. (D–F) Bar = 40 µm.

Fig. 4.	 Transmission and scanning electron micrographs of heart tissues from control rats and rats with copper deficiency (COD). (A) The base-
ment membrane between the capillaries and the myocardial cells in the control rats was smooth. (B) The detachment of the basement 
membrane between the capillaries and myocardial cells (asterisk), and in part, the projections of the capillary endothelial cells into the 
lumen (arrowheads) in the slight lesions of rats with COD. (C) Thickened capillary endothelial cells, including the mitochondrial dilation 
in the severe lesions of rats with COD. (A-C) Bar = 1.0 µm. (D) The capillary endothelium surface in the control rats was smooth. The 
surface of the capillary endothelium was rough and protruding into the lumen in a (E) spike-like or (F) mesh-like manner in the (E) slight 
or (F) severe lesions of rats with COD. (D–F) Bar = 6.0 µm; ca, capillary; e, endothelial cell; b, basement membrane; m, myocardial cell.
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vascular endothelial cells and basement membranes corre-
lated with each other, it is reasonable to assume that these 
changes are associated with a decrease in the survival of 
vascular endothelial cells due to basement membrane dam-
age17. Furthermore, capillary compression due to myocardial 
contraction was stronger on the endocardial side than on the 
epicardium side18, and the focus was localized to just below 
the left ventricle with high ventricular pressure. Therefore, 
it is conceivable that a combination of mechanical and phys-
ical loads along with basement membrane damage could be 
an important characteristic of the pathogenesis.

Intimal hyperplasia with totipotent mesenchymal cells 
has been observed after a balloon-induced injury in the ex-
ternal carotid artery of copper-deficient rats19. Similarly, 
plexiform lesions observed in patients with pulmonary arte-
rial hypertension are considered to be part of an overshoot-
ing regenerative process20. The network structure of vascu-
lar endothelial cells observed in this study may be explained 
as an abnormal neovascular proliferation process in the con-
text of vascular endothelial damage. Moreover, the mesh-
like changes in vascular endothelial cells were observed 
within intact, non-degenerative myocardial tissue. These 
changes are likely to be early pathological changes, formed 
during the pathological regeneration process of the endothe-
lial cells on the affected basement membranes. Furthermore, 
the pathogenesis of an abnormal neovascular proliferation 
may be related to decreased Cu/Zn-superoxide dismutase 
activity19 and excessive delivery of angiogenic factors21.

Mitochondrial dilation observed in the vascular en-
dothelial cells is likely to be associated with a compensa-
tory mechanism in response to the reduced activity of cyto-
chrome c oxidase, a cuproenzyme in the electron transport 
system22, or high metabolic demand of the myocardium dur-
ing its adaptation to stress23. Therefore, the mitochondrial 
changes observed in vascular endothelial cells in this study 
may be associated with decreased cytochrome c oxidase ac-
tivity or higher metabolic demand.

As the extent of vascular endothelial changes tended 
to be proportional to the extent of myocardial injury in our 
findings, the microcirculatory disturbance observed was 
likely related to abnormal vascular endothelial cell regen-
eration and may be associated with the occurrence of myo-
cardial degeneration and necrosis. Furthermore, because 
mitochondrial changes and cardiomyocyte hypertrophy 
have been reported in a model of marginal dietary COD23, it 
follows that the initial changes in the myocardium leading to 
cardiac hypertrophy may include mitochondrial increase or 
swelling22. Subsequently, changes in intramyocardial cap-
illaries are likely to induce microcirculatory disturbances, 
ultimately resulting in degeneration and necrosis of the 
myocardium. However, whether abnormal vascular remod-
eling causes progression in the pathology remains unclear20. 
Additional studies are needed to answer this question; in-
cluding immunostaining with angiogenic and myocardial 
damage-related antibodies and additional measurement of 
biochemical myocardial markers.

It should be also added that these changes in the myo-

cardium were distinguishable from those in progressive car-
diomyopathy in rats in that they were stronger than those in 
the control and involved degenerative changes in the base-
ment membrane and vascular endothelial cells.

In conclusion, mesh-like lesions of vascular endothelial 
cells were discovered adjacent to the left ventricular endo-
cardium in the heart of rats with COD, likely caused by ab-
normal vascular remodeling after damage to the basement 
membrane and mechanical effects of myocardial contrac-
tions. Although cardiomyocyte damage may be related to 
microcirculatory disorders caused by damage to the base-
ment membrane and vascular endothelial cells, additional 
investigations are necessary to better understand the exact 
mechanism of the pathogenesis.
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