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The sensitivity of isolated glomeruli from normotensive ( Wistar-Kyoto, WKY) and spontaneously 
hypertensive (SHR ) strains to oxidant stress was studied by determining the incidence of pyknosis, 
karyohexis and karyolysis after incubation with different concentrations of hydrogen peroxide (H,O,) 
(4.7 x 10-9-10-3 M ) .  Even though the proportion of glomeruli containing nuclei that demonstrated 
these features increased progressively with increasing concentrations of H,O,, the number of severely 
damaged glomeruli was relatively small even at concentrations of 4.7 x 

Examination of the surface epithelial cells of glomeruli using scanning electron microscopy revealed no 
evidence of disturbance of the macroscopic or podocyte structure or, of increased blebbing after 
H,O,-treatment. These data suggest damage to nuclei is an early result of ROS stress on glomeruli. 

Preincubation of WKY glomeruli with captopril or lisinopril resulted in a significant drop in the 
proportion of WKY glomeruli demonstrating structural damage after oxidant stress. In  contrast, 
preincubation of SHR glomeruli with lisinopril had no effect on oxidant-induced changes in the morphology 
of SHR glomeruli, whereas captopril effected a significant increase in the proportion of glomeruli 
demonstrating damage at all concentrations of H,O,. 
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INTRODUCTION 

Recent evidence suggests that reactive oxygen species (ROS) play a major role in 
mediating the glomerular injury associated with many experimental forms of 
immunologically and non-immunologically determined glomerular disease.'-3 
Resident mesangial, epithelial and endothelial cells in the normal glomerulus produce 
low concentrations of ROS as a result of aerobic metabolism. Following insult, 
glomerular exposure to these species increases markedly primarily because of release 
by the macrophages and neutrophils that infiltrate the glomerulus as part of the 
inflammatory p r o c e ~ s . ~  

Many studies have shown that ROS have complex effects on both cell function 
and structure. These include acting as mitogens at low concentrations while high 
concentrations may cause cell damage and even death via mechanisms such as 
oxidation of lipid and DNA bases, scission of DNA and perturbation of intracellular 
calcium homeo~tas i s .~-~  
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Because of the potentially harmful effects of ROS, cells modulate their concentration 
by mechanisms that include iron sequestration, scavenging and widespread expression 
of the antioxidant enzymes. CuZn- and Mn-superoxide dismutase, catalase and 
Se-glutathione per~xidase .~  Previous studies from this and other laboratories have 
however shown only weak expression of antioxidant enzymes by glomerular cells 
suggesting either, the importance of scavengers (e.g. vitamins A, E and GSH) or 
that the glomerulus is particularly susceptible to ROS-induced damage.*,' Support 
for the latter suggestion comes from studies showing the protective influence of 
antioxidant enzymes, scavengers of the hydroxyl radical and the iron chelator, 
desferrioxamine, in experimental models of glomerular disease. lo  Angiotensin 
converting enzyme inhibitors (ACEI) have also been shown to limit the severity of 
many forms of experimentally determined glomerular injury although the 
mechanism(s) responsible for this effect is unknown.".'2 It has been suggested in 
the case of one ACEI, captopril, that this results from scavenging of ROS by the 
sulphydryl group in its molecular structure. This view is not, however, supported by 
recent in vitro ~ o r k . ' ~ , ' ~  

Most studies of the role of ROS in the pathogenesis of glomerular disease and the 
potentially protective effects of ACEI have been undertaken in whole animals. 
Observations on isolated glomeruli or cultured glomerular cells have been limited to 
the effects of ROS on metabolic activity and have failed to relate these to ROS-induced 
structural injury. The present study has several aims. First, to examine the sensitivity 
of the isolated glomerulus to oxidant stress by determining the effect of different 
concentrations of hydrogen peroxide ( H 2 0 ,  ), on glomerular structure. Second, to 
assess whether this is modified by a sulphydryl and a non-sulphydryl-containing 
ACEI and third, to determine whether glomeruli from a spontaneously hypertensive 
strain of rats (SHR) respond similarly to H ,02  as those from the normotensive 
Wistar-Kyoto strain (WKY) since SHR are more vulnerable to injury than WKY. 

MATERIALS AND METHODS 

Preparation of Isolated Glomeruli 

Glomeruli were isolated from kidneys from male WKY and SHR (16-18 weeks) 
using a modified sieving technique.' 5,16 Kidneys were removed without perfusion, 
chilled in ice-cold Krebs-Henseleit buffer (pH 7.4) and decapsulated. Cortices were 
passed through 250, 100 and then 7 5  pm nylon sieves with glomeruli being collected 
from the 75 pm sieve. Purity of glomerular suspensions, assessed by light microscopy, 
was >95%. 

Incubation of Isolated Glomeruli with H 2 0 2  

Suspensions (0.9 ml) of glomeruli (approx. protein 0.25 mg) in Krebs-Henseleit 
buffer were pipetted into pre-warmed (37°C) polypropylene tubes and after 10 min 
incubation, H 2 0 2  was added to give final concentrations of 0 and 4.7 x lo-', lop8, 
lop7, l ow5 ,  and M. Following further incubation (20 min, 37"C), 
with frequent gentle agitation, glomeruli were harvested by centrifugation (2200 g, 
4"C, 2 min). In experiments to study the effects of ACEI, captopril and lisinopril 
(25  pM),  were added to glomeruli 20 min before H 2 0 2 .  The dose of ACEI was 
selected on the basis of previous ~ t u d i e s . ' ~ , ' ~  

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
1/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



EFFECTS OF OXIDANT STRESS ON GLOMERULI 273 

Examination of Glomerular Structure using Light Microscopy 

Glomeruli were sedimented after incubation with H,02  alone or H 2 0 ,  plus ACE1 
and fixed in 10% neutral buffered formalin for 24 h. The glomerular suspensions 
were washed three times in phosphate buffered saline, resuspended in 20% (w/v)  
human albumin (Blood Product Laboratory, Elstree, Herts ) and recentrifuged (200 g, 
10 min, 20°C). Absolute ethanol was gently layered on top of the pellet and left for 
48 h. Glomeruli thus embedded in a block of denatured protein were processed to 
paraffin wax, Sections ( 4 y m )  were cut, stained with haematoxylin and eosin and 
examined for pyknosis (shrinkage and condensation of nuclei), karyohexis 
(fragmentation of nuclei), karyolysis (lysis of nuclei) and for evidence of 
morphological damage to glomerular structure such as acellularity and gross 
enlargement. The finding of any or all of these parameters in any glomerulus resulted 
in it being recorded as damaged: the degree of damage to each glomerulus being 
graded 0,l-30,31-60 and > 60% according to the percentage of nuclei demonstrating 
pyknosis, karyohexis and/or karyolysis. Each assessment involved examination of 
100 glomeruli and was performed in quadruplicate at each concentration of H20, .  
Glomeruli not exposed to H,O, were examined under otherwise identical conditions. 
Examinations were carried out by C.H. who was unaware which experimental group 
the glomerular preparation had been obtained from. 

Examination of Glomerular Structure using Scanning Electron Microscopy 

Glomeruli were also examined by scanning electron microscopy after exposure to 
the following concentrations of H,O,; 0, 4.7 x lO-’M and 4.7 x M. 
Glomeruli were sedimented after incubation with H20, ,  fixed (20 h, 4°C) in 2.5% 
(w/v)  glutaraldehyde in 0.1 M sodium cacodylate buffer containing 2 mM calcium 
chloride and washed three times in the cacodylate buffer. The glomerular pellet was 
incubated ( 1  h )  with osmium tetroxide (1% w/v  in the cacodylate buffer), washed 
three times with the cacodylate buffer and dehydrated through to 100% ethanol. 
Unsectioned specimens were mounted onto boats, coated with gold and examined 
using a Jeol lOOCX instrument. Twenty glomeruli from the control group and each 
H,O,-treated group were examined at magnifications x 900- x 25000 for evidence 
of damage to macroscopic structure, blebbing and loss of podocyte structure. 

Statistical Analysis 

X2 tests were used to test for differences in damage proportions. 

RESULTS 

Efects of H,O, on Glomerular Structure 

Figure 1 shows that both the proportion of glomeruli from WKY and SHR exhibiting 
pyknosis, karyohexis and karyolysis, and the proportion containing up to 30%, 
31-60% or greater than 60% of cells demonstrating damaged nuclei increased 
progressively with increasing concentrations of H,Oz. Although H ,02  in 
concentrations as low as 4.7 x lo-’ M, significantly increased ( p  < 0.05) the 
proportion of nuclei demonstrating damage, the number of glomeruli that were 
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FIGURE 1 Extent of damage induced by H 2 0 ,  on isolated glomeruli from WKY and SHR. Undamaged 
glomeruli are shown by 0 ,  those showing 1-30% damaged nuclei by A, and those showing 31-60% by 
0, and ~ 6 0 %  by 1. 

severely damaged (i.e. >6O% of cells) was relatively small even at H,O, 
concentrations as high as 4.7 x 

M H,02, glomeruli were further 
examined using scanning electron microscopy. Examination of WKY glomeruli at 
x 900 magnification revealed a surface view of the glomerulus comprising a network 
of capillary loops (Figure 3a).  In a few glomeruli some localised separation of the 
capillaries was observed. Since the frequency of this phenomenon was similar in 
control and H,O,-treated samples, it is likely to be related to mechanical stress 
suffered during the preparation of glomeruli by sieving or during fixation. At 
magnifications of x 8800 and x 25000, epithelial cells and their inter-digitating foot 
processes were visible (Figure 3b, 3c) .  There was no evidence of membrane blebbing 

M. 
After exposure to 0,4.7 x lo-' M and 4.7 x 

loo 1 SHR loo 1 WKY 

1 1 
O t , , , , , , i  0 4 , , 1 , , , 1  

-9 -8 -7 -6 -5 -4 -3 -9 -8 -7 -6 -5 -4 -3 
Hydrogen Peroxide conc. (x4.7M) Hydrogen Peroxide cow. (x4.7M) 

FIGURE 2 Influence of captopril and lisinopril on H202-induced glomerular damage. The percentage 
of glomeruli undamaged after exposure to H,O, alone is shown by (0 ), after captopril by ( A )  and after 
lisinopril by (0). Since SEM values were small (0.8%-2.5%) they are not shown. 
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EFFECTS OF OXIDANT STRESS ON GLOMERULI 215 

in any of the glomeruli examined or of increased disruption of podocyte structure in 
H,O,-treated preparations. Similar results were obtained from SHR glomeruli 
although preparations from this strain appeared more susceptible to damage during 
preparation. 

Effects of ACE1 on H,O,-Induced Changes in GIomeruIar Structure 

The effects of captopril or lisinopril on the morphology of WKY and SHR glomeruli 
exposed to H,O, concentrations between lo-* M and 4.7 x M are shown in 
Figure 2. Pretreatment with both ACEI resulted in similar, significant decreases 
(p  < 0.01 ) in the proportion of WKY glomeruli demonstrating karyohexis, karyolysis 
and pyknosis at  all concentrations of H,O, compared with corresponding unstressed 
glomeruli. 

In contrast to its protective effect on glomeruli from WKY, preincubation of SHR 
glomeruli with captopril resulted in a significant increase (p  < 0.001 )in the proportion 
of glomeruli containing cells with damaged nuclei following exposure to all 
concentrations of H,02. Lisinopril however, had no effect on H,O,-induced changes 
in the morphology of SHR glomeruli. 

DISCUSSION 

We have described concentration-dependent injury to isolated glomeruli from WKY 
and SHR by H,O,. H,O, was selected as the most appropriate oxidant since the 
effects of superoxide anion may result from its disproportionation into H,O,. 
Preparations of isolated glomeruli were studied so that any systemic effects of ACEI 
were excluded. 

The study shows that incubation of isolated glomeruli from both WKY and SHR 
with H,O, resulted in a similar progressive increase in the proportion of cells 
demonstrating karyohexis, karyolysis or pyknosis. Although significant damage was 
evident at concentrations of H20 ,  as low as 4.7 x M, a substantial proportion 
of glomeruli showed no evidence of nuclear damage even after incubation with 
4.7 x M H,O,. Interestingly, our studies using scanning electron microscopal 
examination of the surface epithelial cells of control glomeruli, and preparations 
exposed to 4.7 x M H,O, revealed no evidence of membrane 
blebbing, or of increased disruption of the macroscopic appearance or podocyte 
structure by H,O,. These initial observations support the view that ROS-mediated 
damage to DNA, presumably as a consequence of intranuclear formation of hydroxyl 
 radical^,^ is one of the earliest consequences of exposure of glomeruli to even 
apparently physiological levels of H,O,. They are, therefore, consistent with studies 
showing that damage to DNA is a rapid result of oxidant stress. For example, 
endothelial cells demonstrate strand breaks only 30 min after exposure to 
50 x lop6  M H,O, while cell lysis and death were not evident until 3-6 hours post 
stress.17 

The effects of H,O, on WKY glomeruli were significantly attenuated by both 
lisinopril and captopril. Although there are no reports of the influence of ACEI on 
the structural integrity of glomeruli exposed to oxidant stress in uitro, the present 
findings complement those of in uiuo studies in which the severity of glomerular 
injury, induced by both immunological and non-immunological challenges thought 

M and 4.7 x 
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EFFECTS O F  OXIDANT STRESS ON GLOMERULI 211 

FIGURE 3 Scanning electron microscopical examination of control WKY glomeruli. a shows an isolated 
glomerulus viewed at a magnification x 900. b shows surface epithelial cells and podocyte structure at a 
magnification of x 8800. c shows a higher power ( x 25000) view of podocyte structure. 

to be partly mediated by ROS, has been attenuated by treatment with an ACEI."." 
By contrast, neither ACEI afforded protection to glomeruli from SHR ; indeed the 
severity of H,O,-induced injury to glomeruli from SHR was significantly increased 
in the presence of captopril. 

Although the mechanisms by which ACEI influence H,O,-induced glomerular 
damage are unclear it has been suggested that in the case of captopril, this involves 
scavenging of ROS by the sulphydryl group. This claim, however, is not supported 
by recent studiesi4 and, since the extent of protection afforded during the present 
study by both ACEI to glomeruli from WKY was similar, yet different from that of 
SHR glomeruli it is unlikely that scavenging played a major role. Furthermore it 
appears unlikely that the relatively low concentrations of ACEI used would scavenge 
the amounts of H,O, used. 

The mechanism(s) of the strain differences in glomerular response to captopril is 
also unclear. There are currently no data on the relative levels of expression of 
antioxidant enzymes such as catalase and glutathione peroxidase in WKY and SHR 
glomeruli. However, since several ACEI cause strain-dependent changes in the ratio 
of glomerular PGE, + PGI,/TXA, p r o d ~ c t i o n , ' ~ . ' ~  it is possible this effect may 
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278 L. CLAYTON et al. 

protect WKY but not SHR glomerular cells from oxidant stress since TXA, is 
cytotoxic to at least some cells (e.g. hepatocytes) and the extent of TXA, induced 
injury can be limited by both PGE, and PGI,.l* 
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