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tracellular enzyme which also contains copper and zinc 
 [2] . CuZn-SOD is not only found intracellularly but also 
circulates in blood plasma where its levels have been as-
sociated with different disease states  [3, 4] . Due to the 
molecular mass of the enzyme it has been believed that 
the enzyme cannot cross the cell membrane, and that en-
capsulation of CuZn-SOD protein into liposomes or oth-
er carrier molecules may be required to induce effects 
 [5–7] . In a most recent report, Chu et al.  [8]  described 
endocytosis of native extracellular superoxide dismutase 
(EC-SOD) into mouse endothelial cells via a clathrin-
 dependent pathway. In the early 1990s, CuZn-SOD was 
reported to cause relaxation of precontracted rabbit ar-
teries with a threshold concentration of about 1 U/ml  [9] , 
and similar effects were observed in rat aorta and femoral 
artery  [10] . However, although rapid endocytosis of pro-
teins into endothelial cells has been reported  [11, 12] , it is 
still unknown whether endothelial cell endocytosis of 
CuZn-SOD occurs. 

 Materials and Methods 

 Vascular Function Experiments 
 Vascular function experiments were performed as described 

 [13] . Adult male Wistar rats were anesthetized, sacrificed by ex-
sanguination, and the aorta removed. The thoracic aorta placed 
in cold Krebs-Ringer bicarbonate solution (in mmol/l:   NaCl 118.6, 
KCl 4.7, CaCl 2  2.5, KH 2 PO 4  1.2, MgSO 4  1.2, NaHCO 3  

  25.1, EDTA 
calcium disodium 0.026, and glucose 11.1), cleaned   from perivas-
cular tissue, and cut into rings. Rings were suspended in organ 
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 Abstract 
 Cytosolic CuZn-SOD (SOD1) is a dimeric, carbohydrate-free 
enzyme with a molecular weight of about 32 kDa and also 
circulates in human blood plasma. Due to its molecular mass 
it has been believed that the enzyme cannot penetrate the 
cell membrane. Here we report that rapid endocytosis of 
FITC-CuZn-SOD into human endothelial cells occurs within 
5 min. Moreover, relaxation of rat aortic rings in response to 
CuZn-SOD is associated with a lag time of 45–60 s and only 
observed in the presence of intact endothelial cells. The re-
sults indicate acute and rapid endothelial cell endocytosis of 
CuZn-SOD, possibly via activation of a receptor-mediated 
pathway. Intracellular uptake via endocytosis may contrib-
ute to the vascular effects of CuZn-SOD, including vasodila-
tion, and is likely to play a role in regulation of vascular tone 
and diseases such as atherosclerosis. 

 Copyright © 2006 S. Karger AG, Basel 

 Introduction 

 Cytosolic CuZn-SOD (SOD1) is a dimeric, carbohy-
drate-free enyzme with a molecular weight of about 
32 kDa  [1]  whereas EC-SOD (SOD3) is a tetrameric ex-
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chambers containing 25 ml of Krebs-bicarbonate   solution (37   °   C, 
pH 7.4, 95% O 2  and 5% CO 2 ), and allowed to equilibrate   for 1 h. 
Resting tension was gradually increased, and rings   were repeat-
edly exposed to 100 mmol/l KCl until the optimal   tension for gen-
erating force during isometric contraction was   reached and equil-
ibrated for 30 min. Vessels were   left at resting tension throughout 
the study.   Rings were precontracted with norepinephrine (Sigma 
Chemical Co., St. Louis, Mo., USA) to approximately 80% of the 
response obtained with KCl 100 mmol/l and exposed to cumula-
tive concentrations of CuZn-SOD (0.075–75 U/ml, from bovine 
erythrocyes, Sigma Chemical Co.). Procedures and experimental 
protocols   were performed in accordance with the local authorities 
for   animal research and the American Heart Association guide-
lines   on research animal use. 

 Cell Culture Experiments 
 Human umbilical vein endothelial cells were grown on glass 

slides to subconfluency in phenol-red free medium. Experiments 
using FITC-SOD were performed at 4 or at 37   °   C as described  [14, 
15] . Cells were then incubated with 40 U/ml of FITC-labeled SOD 
(40 U/ml, Sigma Chemical Co.) and experiments were terminated 
after 5 or 30 min. Cells were washed several times with phos-
phate-buffered saline to remove residual SOD protein from the 
cell surface and then viewed under a fluorescence microscope 
(Leitz AG). Fluorometry was performed using a PerkinElmer 
3000 fluorometer (PerkinElmer, Boston, Mass., USA) as described 
 [15] , and samples were measured three times for each experiment 
and time point, and averaged values were used for calculation of 
SOD concentrations per 500,000 cells. 

 Statistical Analysis 
 Data are given as means  8  SEM. The unpaired Student t test 

was used to compare the relaxant response at individual time 
points in rings with to those without endothelial cells  [16] . Statis-
tical significance was accepted at p values  ! 0.05. 

 Results 

 CuZn-SOD elicited a concentration-dependent dila-
tor response only in the presence of intact endothelial 
cells ( fig. 1 ). To test whether H 2 O 2 , a potent endothelium-
 derived vasodilator  [17] , contributes in the dilator effect 
of CuZn-SOD, experiments were also performed after 
preincubation with catalase (1,000 U/ml) with no effect 
on the relaxant response (data not shown). The threshold 
concentration of CuZn-SOD to cause a relaxant effect 
was at around 0.1 U/ml. We further observed that the 
relaxant effect in response to CuZn-SOD – unlike that 
in response to acetylcholine – does not occur instanta-
neously after adding the drug to the bath, but that relax-
ation shows a slow onset with a lag time of 45–60 s after 
application to the organ bath. The relaxant effect was 
initially interpreted as increased NO bioactivity by intra-
cellular scavenging of superoxide anion thereby pro-

longing the intracellular half-life of NO  [18] , this, how-
ever, would require transport of the protein into the cy-
toplasm. In view of the observed slow-onset relaxant 
response, we hypothesized that other mechanisms such 
as binding of CuZn-SOD to endothelial cells or even up-
take into the cells might be involved. Therefore, we next 
studied the effects of FITC-labeled SOD on cultured 
 human endothelial cells. At 4   °   C, only binding but no 
uptake of SOD into the cells was observed. Binding 
to the cells’ surface was 5.5  !  10 11  molecules of SOD 
per 500,000 cells, equaling a SOD concentration of ca. 
0.12 U/ml. This concentration is close to the threshold 
concentration (ca. 0.1 U/ml) found to cause relaxant re-
sponses in precontracted arterial rings in organ chamber 
experiments in our present ( fig. 1 ) and in previous stud-
ies  [9, 10] . By contrast and compared with experiments 
performed at 4   °   C, SOD uptake was observed at 37   °   C and 
cell SOD content increased by 31-fold to 1.73  !  10 13  mol-
ecules of SOD per 500,000 cells, equaling a SOD concen-
tration of ca. 4 U/ml. A SOD concentration of 4 U was 

  Fig. 1.  Concentration-dependent relaxation responses to exoge-
nous CuZn-SOD in precontracted rat aorta rings with (+,  I ) and 
without (–,  y ) endothelial cells. Note threshold concentration of 
about 0.1 U/ml, submaximal effects were observed at concentra-
tions of 7.5 U/ml and above. n = 6–10/group; (+) endothelium vs. 
(–) endothelium. 
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found to be sufficient to cause about 80% of the maximal 
relaxant effect of the enzyme in organ chamber experi-
ments at 37   °   C ( fig. 1 ). Analysis of FITC-SOD-treated 
human endothelial cells showed uptake of the enzyme 
into the cell cytoplasm with the greatest fluorescence sig-
nal found in proximity to the plasma membrane. Nu-
merous vesicles of different sizes were visible ( fig. 2 ), 
compatible with a rapid endocytotic process. Fluorescent 
vesicles were observed after 5 min of incubation, and in-
cubation for 30 min did further increase the fluorescent 
signal. 

 Discussion 

 The findings of the present study support the notion 
that CuZn-SOD rapidly binds to and crosses endothelial 
cell membranes, possibly via receptor-mediated endocy-
tosis as has been most recently described for the extracel-
lular isoform of this enzyme  [8] . Rapid endocytosis of 
exogenously added CuZn-SOD into rat hepatocytes was 
first described almost 20 years ago  [19–21]  and endocy-
tosis was associated with a 4-fold increase in intracellular 
enzyme activity  [19] . The uptake and effects of SOD in 
hepatocytes were blocked by cytochalasin B, which typi-
cally blocks receptor-mediated uptake of proteins  [19] . To 
our knowledge, until now a receptor mediating cellular 
binding and uptake of CuZn-SOD has not been identi-
fied. Similarly to our study, binding of FITC-labeled 

CuZn-SOD was observed after only 5 min of incubation 
in human monocytes  [22] , and uptake of SOD showed 
different patterns between monocytes and neutrophils, 
including perinuclear accumulation in the cytoplasm af-
ter 3 h of incubation  [22, 23] . Again, CuZn-SOD endocy-
tosis was associated with increased intracellular enzyme 
activity, leading to a reduction of PMA-induced mono-
cyte superoxide production  [23] . Finally, it has been re-
ported that in certain cells not only endocytotic but also 
exocytotic pathways exist that control bioactivity of 
CuZn-SOD and involve ATP-sensitive, Golgi-apparatus-
mediated mechanisms  [24] . 

 Based on findings of the present study we propose 
that endothelial cell endocytosis via activation of a re-
ceptor-mediated pathway – and possibly exocytosis of 
the protein – contribute to acute and chronic vascular 
effects of CuZn-SOD which are likely to play a role for 
vascular tone and atherogenesis  [25] . Although CuZn-
SOD is present in plasma in humans  [3, 4] , the physio-
logical and pathophysiological relevance of circulating 
CuZn-SOD protein is still unclear. Cardiovascular risk 
factors affect the protective endothelial effects of CuZn-
SOD as aging reduces cell binding and the rate of inter-
nalization of CuZn-SOD  [26]  and also attenuates endo-
thelial cell-dependent vasodilator effects of the enzyme 
 [10] . As CuZn-SOD transcriptionally downregulates 
HMG-CoA reductase  [27]  it likely also plays a role in 
lipid metabolism. Thus, the potential role of circulating 
levels and endothelial cell endocytosis of CuZn-SOD 

  Fig. 2.  Representative fluorescent image 
of human endothelial cells after 5 min 
of  exposure to 40 U/ml of FITC-
labeled CuZn-SOD. Internalized FITC-
CuZn SOD is seen as fluorescent bright 
spots in the cytoplasm representing endo-
cytosed vesicles. A part of FITC-CuZn-
SOD is adsorbed and bound at the cell 
membrane. 
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protein  [3]  in the context of atherosclerotic vascular dis-
ease requires further study and possibly may extend the 
understanding of this antioxidant enzyme beyond be-
ing simply a ‘determinant of the bioactivity of nitric ox-
ide’  [18, 28, 29] . 
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