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Treatment with Tin Prevents the Development of 
Hypertension in Spontaneously Hypertensive Rats 

Cytochrome P-450-dependent metabolites of arachidonic acid (AA) increased in the 
kidneys of young, spontaneously hypertensive rats (SHRs) during the period of rapid 
elevation of blood pressure (BP) but not in adult SHRs or in Wistar Kyoto rats 
(WKYs) with normal BP. Treatment of SHRs and WKYs with stannous chloride 
(SnC12), which selectively depletes renal cytochrome P-450, restored BP to normal, 
coincident with a natriuresis, in young but not in adult SHRs and did not affect either 
BP or sodium excretion in WKYs. Depletion of renal cytochrome P-450 was associated 
with decreased generation of these AA metabolites only in young SHRs. The 
antihypertensive effect of  SnClz in young SHRs was greatly reduced by prevention of 
its cytochrome P-450-depleting action. 

THE MECHANISMS RESPONSIRLE FOR 

the elevation of BP in essential hy- 
pcrtcnsion are not understood ( 2 ) .  

The animal modcl most frequently used to 
study csscntial hypertension is the SHK (2). 
In the young SHK, betwccn ages 5 and 13 
weeks, BP increases rapidly: for example, 
systolic BP rises from 100 to 170 mmHg, 
whcrcas in the agc-matched WKY systolic 
BP rarely excecds 130 n11llHg (3). Hyper-
tension in the SHR can be corrected by 
renal transnlant from a normotensive donor 
( 4 ) ,  suggesting that abnormalities in renal 
fu~~ctioncontribute to clevation of BP. Al- 
tcrations in salt and watcr excretion, renal 
blood flow, and glomenilar filtration ratc 
have been described in the SHR at 4 to 8 
wecks of agc (3, 5 ) but are compensated for 
in the older SHR. It has becn suggested that 
these alterations in renal function in the 
young SHR are the fi~nctional expression of 
abnormal renal AA metabolism through the 
cyclooxygenase pathway (6, 7). Thus, in- 

creased product~on of thromboxanc (Tx) AZ 
has been describcd in the SHR (8) and may 
contribute to the aforementioned abnormal- 
ities in rcnal hemodynamics and excretory 
function (9). 

Metabolites of AA generated by cyto- 
chrome P-450 monooxygenascs also have 
the potential to alter BP by affecting vascular 
tone and Naf ,Kf-adenosine triphosphatase 
(Na ' ,K+-Al'l'asc) activity (10, 11). We 
have reccntly reported that renal cyto-
chrome P-450 lcvels and metabol~sm of AA 
by cytochrome P-450-dcpendent monooxy-
gcnascs arc elevated in the SHR during the 
developmental phase of hypertension, ages 5 
to 13 weeks, when comparcd to those in the 
WKY (12). Whcn hypertension becomes 
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Fig. 1. The effect of Sn2+ trcatmcnt 011 UP in 7- 
and 20-week-old SHRs and WKYs. We measured 
HP from the tail without anesthesia, using a 
plcthysmograph, every day for four consecutive 
days. Rats werc treated for 4 days with SnCI,, 10 
mg per 100 g of body weight, subcutaneously. 
Results are expressed as the mean +- SEM (rz = 6 
for each of the four groups). Values obtained 
before and after treatment were compared by the 
unpaired Student's t tcst; * indicates P < 0.05 for 
control versus SnCI, trcatmcnt in 7-week-old 
SHRs. The range of RP in 7-week-old SHRs, 
treated and untreated, was 115 to 140 and 150 to 
160 mmHg, respectively. For corresponding 
groups of 7-week-old WKYs, BP rangcd between 
105 to 120 and 110 to 130 mmHg. The HPs in 
20-week-old SHRs and WKYs rangcd between 
175 to 190 and 110 to 140 mmHg, respectively, 
and were unaffected by SIICI~ treatment. 

established in the adult SHR. abnormal AA 
metabolism is not apparent. 

Wc evaluated the possiblc contribution of 
increased renal cvtochromc P-450 levels and 
attendant enhanced synthcsis of AA metabo-
lites by thc cytochron~e P-450 monooxygcn- 
ases of the kidney to the clevation of BP in 
the SHR. We studicd thc cffccts of decreas- 
ing renal cytochrome P-450 content on BP 
and renal cytochrome 1'-450-dependent AA 
metabolism. We depleted renal j tochromc 
P-450 by inducing heme oxygenase, which 
is the rate-controlling enzyme in heme ca- 
tabolism (13) and thereby affects the avail- 
ability of heme for hemoproteins such as 
cytochrome P-450 monooxygenases. As in- 
duction of hemc oxygenase with cobalt 
(Co") has been reported to reduce renal 
AA metabolism by cytochrome P-450 
monooxygenases (14), we elected to treat 
the SHRs with Co2~'. Treatment with cobal- 
tous chloride (CoC12) (12 mg per kilogram 
of body weight, subcutaneously, for 4 days) 
reduced UP in the 7-week-old SHRs from 
140 t 5 to 80 t 5 mmHg (n = 4, mean 
t SEM, P < 0.05) and reduced cyto-
chrome P-450dependcnt AA metabolism 
from 788 r 139 to 617 -+ 132 ng of AA 
converted per milligram of protei~i per 30 
min (n = 4). However, the UP-lowering 
effect of CO" was associated with unaccept- 

able toxicity and high mortality even in thc 
short tcrml ~ m o n i  the metal- ions, which 

u 

are inducers of hemc oxygenasc, tin (sn2 ' ) 
is unique as it is selective for the kidney, 
havinglittle effect on hepatic heme oxygen- 
asc (15). Moreover, the potcncy of Sn2+ 
surpasses that of any of the known inducers 
of ienal heme oxygenase. Furthcr, stannous 
chloride (SnC12) is not associated with acutc 
toxicity in the rat and renal function is 
unimpaired during the 4-day pcriod of treat- 
ment (16'). 

We trcated SHRs and WKYs with SnCI2 
and relatcd the changes in heme oxygenasc 
activity, cytochrome P-450 content, and AA 
mctabollte formation to the effects on BP. 
SHRs and WKYs, agcs 6 and 20 wceks, 
wcrc injected with cither SnClz (10 mg per 
100 g of body weight, subcutaneously) or 
vehicle control for 4 days and then killed to 
measure heme oxygenase activity and cyto- 
chrome P-450 levels and the formation of 
cytochrome P-450-dcpendcnt AA mctabo-
lites within thc kidneys. Treatmcnt with 
sn2+ for 4 days reduced BP in 7-week-old 
SHRs, whcreas it was cssentially without 
effcct in 20-week-old SHRs (Fig. 1). A 
significant effect of SnC12 on BP of young 
SHRs was cvident by day 1 of trcatment: 
BP was reduced by 12 ? 3 mmHg on day 1 
and by 25 ? 3,31 r 3, and 32 ? 4 mmHg 
on days 2, 3, and 4, respectively, from a 
control level of 155 r 4 mmHg (P < 0.01 
for each day versus control; m;ltiplc com-

parisons werc done by the Ncwman-Keuls' 
multiple range test). Treatmcnt with Sn2+ 
did not affcct the BP of 7- and 20-week-old 
WKYs. Renal heme oxygenasc in both 
young and adult SHRs and WKYs was 
stimulated five- to eightfold by treatment 
with sn2 '  and was associatcd with an ap- 
proximately 50% reduction in renal cytb- 
chrome P-450 content (Table 1). In contrast 
to thc effect on thc kidney, hepatic hemc 
oxygenase activity and hepatic cytochromc 
P-450 content wcrc unaffected by treatment 
with SnC12 in the SHR and thc WKY, 
confirming thc rcported selcctivc stimula- 
tion of renal hemc oxygenasc by tin (15). 

Renal cytochromc P-4504cpendent metab- 
olites of AA, dcfincd as thosc metabolites 
whose formation is dcpendent on the addi- 
tion of NADPH (reduced form of nicotin- 
arnide adenine dinuclcotide phosphate) (1  
mild) and inhibited by SKF-525A (100 yM) 
(24 ) , werc formcd in grcatcr quantities by 
renal cortical microsomes obtained from 7- 
wcek-old SHRs as comparcd to age-
matched WKYs (Table 1). Treatment with 
SnC12 for 4 days caused a significant reduc- 
tion in cortical and medullary synthesis of 
thesc AA metabolites only in the young 
SHR. A dosc-responsc relation was dcmon- 
strated in thc young SHR for the effects of 
SnC12 on UP and renal cytochrome P-450- 
related AA metabolism. Thus, increasing 
SnC12 doscs of 1, 5, and 15 mg per 100 g of 
body weight resulted in corresponding 

Table 1. Effect of 4-day treatment with SnCI, on cortical heme oxygcnasc activity, cortical cytochromc 
P-450 content, and cytochromc P-450-dependent AA mctabolism. The microsomal fraction was 
obtained from the renal cortex and outer medulla of control and S1l2+-treated rats by homogenization of 
the tissue in tris-HCI sucrose buffer, p H  7.6, and ccntrifugat~on at 2,000'q for 10 mi11 and at 40,000,q for 
60 min. We measured heme oxygenasc activity by following bilirubin formation as dcscribcd by 
Abraham et al. (24). We determined the cytochromc P-450 contcnt by measuring the carbon monoxide 
difference spectra as described by Omura and Sato (25). Cytochrome P-4504cpcndcnt AA metabolites 
were determined by incubating the microsomes (0.3 mg of protein) with [I4C]AA(0.2 to 0.4 pCi) in 
the presence of an NADPH-generating system (glucose C-6 phosphate, 0.1 m M ;  NADP, 0.4 mA4; 
glucose C-6 phosphate dehydrogenase, 1 unit) in a total volume of 1 ml, for 30 mi11 at 37°C ( t z  = 5). 
The reaction was terminated and AA metabolites were extracted and separated by thin-layer 
chromatography as dcscribcd by Sacerdoti r t  al .  (12). Results are expressed as mean 2 SEM. Kesults 
obtained werc comparcd between SHKs and WKYs (*) of the same age or after treatment with Sn2+ 
with controls ( t )  of corresponding age within a group by analysis of variance with Newman-Kculs' tcst. 
The difference was considered to be significant for P < 0.05. 

Heme Cytochromc Cytochrome P-450 
oxygcnasc P-450 mctabolism per 30 min 


Trcat- Kat activity per hour content (ng of AA converted 

ment (pmol per mg (pmol per mg per mg of protein) 

of protein) of protein) Cortex Medulla 

SHR 771 2 182 185 + 11Control WKy 776 t 193 141 t 13" 
SHR 4858 + 422-1- 87 + 22-1-Tin WKY 3576 t 282t 77 It 1 3 t  

SHR 874 2 115 200 + 36Control WKY 820 + 61 155 t 17 

SHK 5774 t 1126t 100 ? 36 t 
Tin WKY 6420 2 315-1- 72 + 18-1-
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grcatcr reductions in B1' of 16 * 3, 24 t 2, 
and 36 2 2 mmHg (control, 151 1- 2 
mmHg) and in renal cortical microsomal 
AA metabolism; namely, 665 + 98, 618 * 
100, and 5 70 * 10 ng of AA converted per 
milligram of protein pcr 30 min (control, 
835 * 57 nglmg pcr 30 min). The magni- 
tudc of the decrease in BP produced by 
SnC12 in the young SHR was linearly rclated 
to the degrce of reduction in renal cyto- 
chrome P-450 AA metabolism (slope ? 

SE = 7.6 + 1.1). 
We measured thc 24-hour urinary sodium 

(Na~') excretion on the day before treatment 
with Sn2i (day -1) and on the fourth day 
of treatment (day 4) bcfore thc rat was 
killed. Excretion of Nai increascd from 
1059 2 193 to 1682 2 158 microcquiva- 
lents per day (P  < 0.025) in 7-wcck-old 
SHRs trcated with SnCl2. Corresponding 
values (day -1 versus day 4) fbr untreated 
7-wcek-old SHRs wcre 1342 ? 220 vcrsus 
984 2 160 peqlday and for SnC12-treated 
and untreated, 7-wcek-old WKYs wcre 
1700 ? 107 vcrsus 1383 t 57 peqlday and 
1491 * 181 versus 1487 + 114 peqlday, 
rcspectively ( t l  = 5). Urinary volume and 
potassium (K+) cxcrction also increased by 
the 4-day treatment with SnC12 in 7-weck- 
old SHRs as compared to control SHRs of 
thc samc agc; values at day 4 were as 
k)llows: volume, 15.1 * 1.6 versus 10.6 t 
1.0 muday ( P  < 0.05); K ~ '  excretion, 
3430 + 328 versus 1931 * 283 peqlday 
(P < 0.01). 

l'revention of SnC12 induction of hcmc 
oxygenase by concomitant treatment for 4 
days with tin-protoporphyrin (50 pmol pcr 
kilogram of body weight, subcutaneously), a 
competitivc inhibitor of hcmc oxygenase 
(17), reduced the BP-lowering effect of sn2+ 
in 7-wcek-old SHRs. In thesc cxpcriments, 
SnCl?, when given alone, reduced B1' from 
152 t 2 to 123 t 3 mtnHg (n  = 9, 
P < 0.01), whercas cotreatnlcnt of 7-week- 
old SHRs with SnCI2 and tin-protoporphy- 
rin greatly attenuated thc BP-lowering effect 
of Sn2', the BP falling only to 140 * 3 
mmHg from a control level of 153 2 2 
mnHg.  Tin-protoporphyrin did not affcct 
the B1' of the young SHR when given alone. 
The coadministration of tin-protoporphyri~~ 
with SnC12 was also associated with a lesscr 
rcduaion of renal cytochrome P-450 con- 
tent. The latter fell to  only 140 ) 25 pmol 
per milligram of protcin from control cyto- 
chrome P-450 levels of 178 * 11 pmollmg 
when tin-protoporphyrin was coadminis-
tered with SnC12, as compared to the low 
lcvcls of 60 2 5 ptr~ol/mg obtained whcn 
SnCI2 was given without the moderating 
effect of tin-protoporphyrin. 

It was critical to our hypothesis that ~n~~ -
induced changes in BP could bc linked to 

corresponding changes in renal cytochrome 
1'-450 content. Thus, stimulation and inhi- 
bition of heme oxygenase was shown to 
producc corresponding effects on BP and on 
Lcnal cytochro&c P-&0 contcnt, lowering 
and raising the levcls, rcspectivcly. Because 
renal mechanisms are critical to BP control. 
wc gaincd considerable advantage in having 
a means to manipulate specifically the cyto- 
chrome P-450 svstem of thc kidriev inde- 
pendently without atfecting that of the liver. 

Depletion of cytochrome 1'-450 resulted 
in ciccrcased formation of renal c-tochrome 
P-450-de~endcnt AA metabolites. A rcla- 
tion betwcen thc level of renal cytochromc 
P-4504ependent AA metabolites aud 
changes in Bp is supportcd by scver.11 obser- 
vations. (i) Increased formation of these AA 
metabolites occurred only in the young 
SHR (12), aud SnC12 treatment reduced 
their formation significantly only in this 
group (Table 1). (ii) Increasing doses of 
SnCI2 caused corresponding grcatcr rcduc- 
tions in BP in the youllg SHR, which werc 
related to the magnitude of reduced forma- 
tion of cytochrome P-450-dependent AA 
metabolites. (iii) Scveral of the& AA metab-
olites have UP-elevating propcrties. Thus, 
thc omcga oxidation products of AA consti-
tute a large component of the metabolites 
identified in the kidney of thc young SHR 
(12) and have been shown to constrict blood 
vessels (18) aud stimulate Na+,Ki -ATPasc 
(19). 

Rapp and Dahl (20) have demonstrated in 
a salt-sensitive strain of genetically hyperten- 
sive rats cnhanced activity of a cytochrome 
P-450-related hydroxylase, which gives risc 
to 18-hydroxycorticosterone, a potcnt min- 
eralocorticoid. Thev ~rcsented evidence that , . 
the differences 111steroidogencsis bctwcen 
salt-scnsitive aud salt-rcsistant strains of hy-
pertensive rats are causcd by mutation of a 
spccific cytochrome P-450 controlled by a 
singlc genetic locus. More recently, Mclby rt  
a / .  (21) reportcd on excessivc production of 
another potent mineralocorticoid, 19-nor-
deoxycorticostcrone, in thc young SHR. 
The natriuresis demonstratcd in the young 
SHR coincident with the antihypertensive 
action of Sn2~' treatment may derive, then, 
fro111 reduced formation of mincralocorti- 
coids as well as reduccd svnthcsis of Na+- 
retaining AA met.xbolites. This natriuresis 
occurred dcspitc a dccrease in BP, indicating 
restoration toward normal of the relation 
bctwecn BP and Nai excretion. Thus, it has 
been proposcd that hypertension acts as a 
compensatory mechanism to rcstore Na' 
hon>eostasis (22) in the face of enhanccd 
activity of Na+-retaining factors. Finally, 
sn2+ treatment has long-term effects on BP 
of thc SHR. In an on-going study in the 
SHR, normal BP persisted for the duration 

of the study, 7 weeks bcyond the discon- 
tinuance of SnC12 treatnlcnt (23) 
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