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Abstract-The relationship between hepatic cortisol sulfotransferase activity (HCSA) and several types 
of hypertension was examined in male rats. It was found that development of Grollman hypertension 
was paralleled by increased HCSA. The maximum blood pressure differences observed between expcri- 
mental animals and controls. in individual experiments. were X3 and 95 mm. accompanied by 13X 
and 124”,, HCSA increases. HCSA was also elevated significantly. compared to controls, in spon- 
taneously hypertensive Okamoto rats (SHR) and in hypertension elicited in intact or Grollman operated 
rats by daily. intramuscular injection of 0.6 mg of FLHC (9~Buoro- I I /I. 17x. 21 -trihydroxy-pregn-4- 
ene-3.20.dione) for 30-45 days. HCSA increased 47 and I52”,, in SHR and in FLHC treated animals 
respectively. Blood pressures were elevated 4@ 60 mm in both cases. Grollman operated animals given 
FLHC exhibited higher blood pressures than did intact animals. Administration of cortisol (6 mg) and 
corticosterone (3 mg) also caused hypertension in intact rats. This was accompanied by elevated HCSA. 
Deoxycorticosterone (3 mg) caused hypertension only in animals restricted to drinking I”,, saline. This 
hypertension was also accompanied by elevated HCSA. Conditions or steroid concentrations that did 
not result in hypertension did not elevate HCSA significantly. The increased HCSA in all the types 
of hypertension studied was largely due to STIII. 
from male rats. 

The adrenal cortex has been implicated in hypertcn- 
sion for many years. Its role has most often been 
attributed to the interaction of mineralocorticoids. 
renin and angiotensin. However. several mechanisms 
may be involved in adrenal cortical control of blood 
pressure. Mineralocorticoids, as deoxycorticosterone, 
require sodium replete diets for maximal hypertensive 
effects [I. 21 and their action appears to be dependent 
on plasma angiotensin II levels [3,4]. In contrast. 
cortisol and other natural and synthetic glucocorti- 
coids [S-S] cause hypertension which is unaffected by 
dietary sodium levels [S, 61 and may be accompanied 
by depressed renin and angiotensin levels [S]. 

The first evidence suggesting a relation between 
hypertension and a glucocorticoid metabolite came 
from studies by Kernel and coworkers [9, lo]. They 
reported that 17-hydroxycorticosteroid sulfate levels 
in blood and urine from human essential hyperten- 
sives were elevated in parallel with increased blood 
pressure. More recently[II] the Kornel group 
showed that after injection of tracer doses of 
[‘4C]cortisol, glucocorticoid sulfates were among the 
metabolites present at significantly higher levels in 
hypertensives than in normotensives. One possible 
explanation for this elevation of glucocorticoid sul- 
fates could be increased glucocorticoid sulfotransfer- 
ase activity. This possibility was first examined by 
Turcotte and Silah [12] who linked elevated “corti- 
costerone sulfotransferase” activity with Grollman 
hypertension in male rats. 

The studies described in this manuscript demon- 
strate that increased glucocorticoid sulfation accom- 
panies elevated blood pressure in several types of ex- 
perimental hypertension in male rats. The glucocorti- 
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the major glucocorticoid sulfotransferase of livers 

coid used as test substrate was cortisol. It was chosen 
because we have shown [I31 that it is an excellent 
substrate for all three glucocorticoid sulfotransferases 
(STI. ST11 and STIII) of rat liver. Our studies also 
demonstrate that most of the observed elevation of 
the enzyme activity in the various types of hyperten- 
sion tested is due to elevation of STIII, the major 
glucocorticoid sulfotransferase of livers from male 
rats. 

MATLRIALS AND METHODS 

hinu/,s und chw~ical.~. Animals were purchased 
from Charles River Breeding Labs (Wilmington, MA) 
or bred in our laboratory from selected Charles River 
tats. They were fed Purina rat,!mouse chow and water 
curl lib. Thirteen-week-old male CFSHR rats 
(Okamoto-derived spontaneously hypertensive rats. 
SHR) and normotensive CFN controls were pur- 
chased for studies of spontaneous hypertension. Male 
CDR Fisher rats, weighing 15&l 70 g were purchased 
for study of Grollman 1143. FLHC (9x-fluoro-I l/j’, 
17~~. 21-trihydroxy-pregn-4-ene-3. 20-dione). and other 
steroid mediated hypertension. Tritiated cortisol. 
[ 1,2-“Hlcortisol (44 Ci/m-mole), was obtained from 
the New England Nuclear Corporation (Boston. MA). 
The steroid was checked for purity, periodically, as 
described earlier [ 151. Non-radioactive steroids were 
obtained from Sigma (St. Louis. MO). All other sup- 
plies and chemicals were obtained from standard sup- 
pliers. 

Blootl prcssurr rlctrrrlzir7trtiorl. Systolic blood pres- 
sures were obtained weekly and on the day of sacri- 
fice, by the tail cuff method. Animals were anaesthe- 
sized lightly with ether before the measurements were 
made. The blood pressure module consisted of an 
electrosphygmograph coupler (No. 7211). a channel 
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amplifier (No. 7000), a pneumatic pulse transducer 
and a beeper,if3PR 4) purchased from Narco Biosys- 
terns ff-louston, TX). 

Ercpe cf.ssays. Suit&$ diluted entymc samples 
were assayed as described earlier [13]. Assays were 
started by adding 0.20ml of 1.2mM PAPS Q’-phos- 
phoadetlosine-5’-phosp~rosulbte)Y to 0.80 ml of a 
solution (pH 6.X) containing enzyme. 300 jlmoIcs aF 
KH,PO,. 5 ,umofes of MgCl:. 3 pm&s of mercap- 
toethanol and 0,&U ~~moles of f “Hfcortisof ( 1.15 mCi/ 
m-mole). Reaction mixtures were incubated for 0 and 
6Omin at 37.5” in a DubnofT shaker. Then the rcac- 
tion was terminated by i~~lrners~on. for 2 min. in a 
boiling water bath and addition of 1 ml of distilled 
water. The diluted mixtures were cooled on ice and 
extracted 3 times with 5 ml portions of dichlorometh- 
ane. The extracts were discarded and the aqueous 
residues transferred to scintill~~tion vials. Ten ml of 
cabosil [ I6] and 4”,5 drops of I M NaOH wcrc added 
to each vial. Vials were shaken to ensure homogeneity 
and counted in an ~~tertechni~ue SL-30 liquid scintil- 
lation s~ectra~lctcr. Suitable sets of yuenchod stan- 
dards were utilized to convert cpm to dis;min. 
Enzyme activity is given as /~g cortisof s&ted 
hr-’ mX of SO1!,, cytosol- ‘. Statistical significance was 
determined using Students f-test [I 7”. 

P~~rftcc~iorz r!f’Fl~yc~rnsir~r. Renal h~~ertcns~on was 
produced. in ISO-205 g rats by the Cirollman 
method [14]$ First. the rcnul pxrenchyma was com- 
pressed by drawing a suture tightly around the pole 
and body of the Left kidney. Seven to 10 days fatcr. 
the right kidney was removed. Between !5 and 20 
per cent OT the animals died in the i~3lned~~~te post- 
operative period. The remainder were ~n~~~nt~~iilcd un- 
til blood pressures wcrc signi~c~~lltl~ higher than 
those in unopcratcd controls (2.5 -6 months), Then 
both groups were sacrificed and hcpatic cartisot sulfo- 
transferasc levels determined. For stud& of spon- 
taneous h~~rt~~~s~ol~. 1%week-old SHR :ind CFN 
controls were monitored until. rn~~xjj~?~~i~l blood pres- 
sures were obtained in SHR (34 weeks). The animals 
were then sacrificed and cortisol sulfotransferasc 
studies carried out. Studies of FLHC hqpcrtcnsion 
were carried out with intact or Grollman-operated 
rats. The method used was a rnodi~~~tiol~ of that de- 
scribed by Hepp CJ~ II!. [xl. Animals were iiljcctcd im. 
with 0.10 ml of sesame oil or scsamc oil contairiing 
0.60 mg of FLHC’. Maximum blood pressure differ- 
ences were ob~~~~~~d within 30-45 days. Both groups 
were then sacrificed and their hopatic cortisof sulfo- 
transferasc levels compared. Studies of the hypertcn- 
sive eff&ts of other steroid hormones wcrc carried 
out similarly. Indicated amounts of cortisot. cortico- 
sterone and deoxycorticosteronc were injected daily. 
i.m.. in 0.10 ml of sesame oil. ,4fter blood pressure 
differences of 40-60 mm had developed between 
hypertensives and oil injectud controls (or a maxi- 
mum of 80 days) animals were sacrificed and cortisof 
sulfotransferasc activity tevcls compared. In the case 

of deoxycorticosteront. hormone and oil injected 
groups were each divided into two subgroups which 
received water or I “(, saline to drink. 

FJUctiorlritiorl c?f’cJ~ropl~r,s/lIil~ co~ri.scll su!fi,t,‘lril.~~i’~~~.s~, 
actiriq~. Cytosnl samples, 2.5-3.0 ml, wcrc loaded on 
2 x 5Ocm columns of DE.AE Sephadcx A-SO. The 
columns wcrc then &ted with liner gradients con- 
sisting of 3GOml cltch of TSM and TSM containing 
O.30M KU. Three ml fractions were collcctcd. The 
protein content ot’ the cluatcs was detcrmincd from 
the ahsorhancc at 2tiOrm-t. Ertryme assays wrc car- 

ried out on 0.5 ml diyito& of the column fractions. 

as already described. Rccoverics from columns were 
?5- YSJ,, of tho enqmc activity originallv applied. 
Paired columns wcrc always rim. Qnc con&ned c>to- 
sol from a control animal, the other contained cytosol 
from an experimental animal. The sulfotransferases 
clutinp from the columns were called STli and ST111 
as described carlicr [ 131. 

NEXLTS 

~~~~~~fj~ cY~hv1 .su~~~~~r~t~ls~~~il~~~~ ircmr_r rm7d illWi” 
~~~~~~‘~~f uf‘ ~~~~~~~~~~~~ h!~~?C~~iC~~lsioir irz IfMk f-f&s* we 

have already described the enzyme assay for tissue 
~rc~~~r~~t~oi~s from intact rats and identified the rcac- 
tion product as cortiso~-~1-sLil~~tc [ 131. We have also 
found that of eight tissues studied. liver coniaincd by 
far the most cortisol sirlfbtr:tnsfcrasc activityf. The 
properties of the entynte system arc similar in Ciroll- 
man hypertensivcs (data no& shown). Figure 1 shows 
that development of lxigh blood pressure in Grollman 
operated male rats is paralleled by clcvation of hcpa- 
tic cortisol sulfotr:tnsferrisc activity. The two largest 
blood pressure increases. X3 and 95 mm respectively, 
occurred 6 months after GraIlman surgery. They were 
accompanied by 131; and 1% per cent incrcascs of 
the enzyme activity. The insert in the figure shows 
that there is ;I statistic;Q sig~~~~~nt diffcrcncc in 
blood pressure and in co&sol sulf~~transfenlse activity 
hetwccn operated and intact rats. No significant dif- 
ference in growth or liver weight was ohscrved 
between the two groups. The Cirollman tcchniquo was 
a poor model to use to srudy hypertension. dcspitc 
the indicated relation hctween cortisol sulfotransfer- 
ase activity and elevation of the blood pressuru. Only 
40~50”,, of the operated animuls survived for cxtcnded 
periods of time. In addition (Xc Fig. it few animals 
dcvclopcd blood pressures more than 40 mm above 
controls. and this required up to 6 months. Accord- 
ingly. WC next ~tttcm~tcd to find a better system tu 
study and to extend the correlation between cortisol 
S~I~fo~ransfc~~sc actjvity and hypertension. 
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Fig. 1. The relation hetween cortisof sulfotransferase ac- 
tivity and blood pressure in Grollman operated maie rats. 
Grollman operated rats and intact controls were sacrificed 
and liver cqtosols were prepared (see Methods). Cortisol 
sulfotransfcrase activities were determined and the per cent 
increase of cortisol sulfation in hypertensives was plotted 
against the difference in blood pressure between control 
and hypertensive animals. Each point represents a single 
experiment. The insert summarizes the hlood pressure. 
enzyme activity, liver weight and body weight data for the 
two groups of animals. The data are given as the mean 
i: the standard deviation. Cortisol sulfotransferase activity 
is given as pg cortisol sulfated hr-’ ml W,, cytosol- ‘. 
The asterisks indicate statistically significant differences 

between control and experimental groups (P < 0.01). 

sulfation and spontaneous hypertension in Okamoto 
derived rats (SHR) purchased from Charles River 
Breeding Labs. Table la shows that SHR exhibit an 
average 53 mm blood pressure increase and an aver- 
age 47 per cent increase of hepatic cortisol sulfotrans- 
ferase activity, compared to CFN controls. Both 
changes are statistically significant. We also examined 
FLHC hypertension in male CDR Fisher rats injected 
daily for 30-45 days with 0.6 mg of FLHC. Table lb 
shows that FLHC injected rats developed statistically 
significant increases of blood pressure (average 
46 mm) and of cortisol sulfotransferase activity (aver- 
age 152 per cent). as compared to controls. Thus it 

appears that there is a relation between cortisol sulfa- 
tion and blood pressure in SHR and in FLHC treated 
rats, as well as in ~rollman hypertension. 

We also tested the effect of administering FLHC 
to Groliman operated rats, in the hope of developing 
an even faster more extensive hypertensive response. 
These studies (Table 2) suggest that the hypertensive 
effect of FLHC may be more extensive in Grollman 
operated animals than in intact animals (7X + 7 mm 
and 53 + I2 mm respectively), although the final 
levels of cortisol sulfot~nsfe~se activity (26.5 i: 5.4 
and 23.5 + 4.1 jig cortisol sulfated hr- 1 ml 505; cyto- 
sol- *) did not differ significantly. 

Frctctionufion of itrdi&luul cortisol sdfi)tranSfitmes 

of cytmols ,frortr twmtl md i~yputensiw ruts. These 
studies were carried out to determine the enzymatic 
basis for increased cortisol sulfotrallsfe~~se ac&ity in 
hypertensive rats. Mixing cytosol samples from con- 
trol animals and the various experimental groups 
gave simple additive enzyme activity. This suggested 
that differences in enzyme activity were not due to 
activators or inhibitors of sulfotransferase activity or 
changes in coenzyme utilization. Cytosol samples 
were fractionated on DEAE Sephadex A-50 columns. 
Figure 2 compares fractionation of cytosol samples 
from intact rats given oil or 0.6 mg of FLHC for 40 
days. Their blood pressures were 90 mm and 165 mm, 
respectively. As indicated. most of the increased 
enzyme activity appears to be due to elevated ST111 
levels. Similar chro~~tograms were obtained with 
cytosol samples from Grollman rats and SHR (not 
shown). 

7%r ejkts cf othrr steroid hortnows ou cortisol sui- 

,fbtrans$wxe wtii~ity and blood pressure in intact vats. 

Although FLHC is a potent mineralocorticoid as well 
as a glucocorticoid, Hepp et ul. [8] showed that it 
elevates the blood pressure as a glucocorticoid. We 
next examined the effects of two natural giucocorti- 
coids (cortisol and corticosterone) and of the min- 
eralocorticoid deoxycorticosterone on blood pressure 
and hepatic cortisol sulfotransferase activity in intact 
rats. These studies were carried out to &ermine 
whether the hypertensive response. if present, was 
separable from the elevation of the enzyme activity 

Table I. Blood pressure and hepatic cortisol sulfotransferase activity in spontaneously 
hypertensive rats (SHR) and FLHC treated rats 

Experiment 
Blood pressure Sulfotransferase Average 

No. (mm Hg) activity* ‘I;, increaset 

ia) CFN 9 97 * 6 4.7 2 1.0 
SHR 9 151 i4$ 6.9 i: 1.2:: 47 

(b) Oil 9 I#+7 9.5 * I.4 
FLHC 9 146 f 92 23.9 + 3.4: 152 

1617-week-old SHR and CFN rats were used for study of spontaneous hyper- 
tension. For studies of FLHC hypertension. CDR Fisher rats (180-200 g) were injected 
daily, im., for 3045 days with 0.1 ml of sesame oil or oil containing 0.6 mg of FLHC. 
Blood pressures were monitored until differences between experimclltal and control 
rats were JO-60 mm. Then animals were sacrificed and hcpatic cortisol sulfotransferase 
levels were determined (see Methods). 

* Cortisol sulfotransferase activity is given as pg cortisol sulfated hr- ’ ml 50”; cyto- 
sol-’ If: the standard deviation. 

? The average Y,, increase in cortisol sulfotransferase activity is given by 
[Experimental ActivityYontrol Activity x IOOJ - 100. 

J Statistically significant difference between experimental animals and controls 
(P < 0.01). 
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Table 7. The effect of FLHC‘ on blood pressure and cortisol sulfotransferase acticitk 
of livers from intact and Grollman operated rats 

Experiment 
Blood pressure Sulfotransferasc Average 

No. (mm Hg) activity* ‘I,, increase+ 

Intact-Oil 4 97 * 5 Y.Y + 1.x 
Intact-FLHC 4 150 + 11: ‘3.5 + 4.3$ 137 
Grollman-Oil 5 122 +3 13.1 * 4.3 
Grollman-FLHC 3 200 I IOF - + 26.5 * 5.4: IO0 

One week after completion of Grollman surgery. operated rats were divided into 
two groups. These groups were given 0.1 ml of scsamc oil or oil containing 0.6 mg 
of FLHC daily. i.m.. for 33 45 days. Two groups of intact animals from the same 
shipment wcrc treated similarly. Blood prcssurcs of all rat\ uerc taken weekly and 
on the day of sacrifice. After sacrifice hcpatic cortisol sulfotransferase Icvcl~ wcrc 
detcrmincd as described in Methods. 

* Cortisol sulfotransferase activity is given as /tg cortlsol sulfated hr ’ ml 50”,, cyto- 
solo ’ k the standard deviation. 

t The average “<) increase in cortisol sulfotransfcrase activity is glvcn by 
[Experimental Activity ,Control Activity x 1001 - 100. 

: Statistically sigmlicant diffcrcncc hetwcen cxperimcntal animals and controls 
IP < 0.01). 

(A) 

I 60 120 

FRACTION NUMBER 

Fig. 2. DEAE Scphadex A-50 chromatography of cjtoplasmic cortisol sulfotransfcrase activity from 
livers of intact and FLHC treated male rats. The figure depicts a representative paired cxperlment 
where cytosol samples from (A) oil and (B) FLHC treated animals described in Table 2 were used. 
Blood pressures were 90 and I65 mm. respectively. Two 2 x 50 cm columns of DEAE Scphadck A-50 
were prepared. Each column was loaded with 2.5 ml of cytosol. They were then clutcd with linear 
gradients consisting of 300 ml each of 0.05 M tris-0.25 M sucrose-O.003 M mercaptoethanol. pH 7.5 
(TSM) and TSM containing 0.30M KCI. Three ml fractions were collected. Protein was estimated 
from the absorbance at 280 nm. Aliquots. 0.50 ml, of indicated fractions were assayed for cortisol 
sulfotransferase activity (SW Methods). Enzyme activity is expressed as g cortisol sulfated hr ’ ali- 
quote’. Roman numerals represent sulfotransferases II and III (ST11 and STIII). The ST111 peaks 
arc shaded for better comparison. Molar concentrations represent peak KCI concentrations for elution 
of the individual cnyymes. EnLqme rccovcries were 75 per cent. The data were from one of foul- 

vcrq similar cxpcrimcnta. 
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Table 3. Blood pressure and hepatic cortisol sulfotransferase activity in rats given 
cortisol, corticosterone. deoxycorticosterone or fludrocortlsol 

Experiment 
Days of Dose Blood pressure Sulfotransfcrase 
injection (mg) (mm Hg) activity* 

(a) Oil (5) 33-40 103 * 8 8.9 & 1.5 
FLHC (5) 33 -40 0.2 112 + 8 11.6 + 4.0 

(b) Oil (8) 35-53 _ 101 * 9 17.7 * 6.6 
HC (5) 35-53 6.0 148 * 12: 37.1 i_ 5.3f 
DOC (5) 35-53 3.0 112 f II 19.9 _+ 6.3 
COR (4) 35-53 3.0 129 k 5f 55.9 * 15: 

(c) Oil (5)t 64 80 ~ 108 * IO 15.1 + 1.1 

DOC (4) 64-80 3.0 118 * 15 16.9 + 1.9 

DOC’ (4) 64-80 3.0 142 f 101 39.5 f 4.6: 

Rats were injected daily. 1.m.. as indicated with cortisol (HC). corticosterone (CORI. 
deoxycorticosterone (DOC) and fludrocortisol (FLHC). Blood pressures were moni- 
tored until experimental values stabilized or were 4&50 mm above controls. Animals 
were sacrificed and hepatic cortisol sulfotransferase levels determined (set Methods). 
Numbers in parentheses are numbers of individual determinations. 

* Cortisol sulfotransferase activity is given as !Lg cortisol sulfated hr- ’ ml 50”,, cyto- 
sol-’ i the standard deviation. 

t DOC and DOC’ rats were given Hz0 and I’:,, NaCl to drink. respectively. Oil 
data represents pooled values from controls given NaCl and water. 

: StatIstically significant difference between experimental animals and controls 
(P < 0.01). 

and whether the cortisol sulfotransferase response 
could be used as additional differentiation between 
glucocorticoid and rnineralocorticoid hypertension. 

The hypertensive effects of the hormones tested 
(Table 3) were accompanied by increased cortisol sul- 
fotransferase activity. Doses that did not elevate the 
enzyme activity did not increase the blood pressure 
significantly. For example, the results with 0.2mg of 
FLHC and 3.0 mg of DOC are shown in Table 3a 
and 3b. All of the test compounds except corticoster- 
one caused extensive weight loss compared to con- 
trols. Liver weight did not decrease markedly. Three 
mg doses of deoxycorticosterone caused hypertension 
only in the DOC’ group, which were maintained on 
lv/; saline (Table 3~). Cortisol sulfotransferase activity 
was elevated only in the hypertensive group. 

Fractionation of cytoplasmic cortisol sulfotransfer- 
ase activity on DEAE Sephadex A-SO columns 
showed that compared to controls (Fig. 3A), increased 
enzyme activity in response to glucocorticoids was 
due mostly to elevation of ST111 (Figs. 3B and 3C). 
Fractionation of cytosol from deoxycorticosterone 
treated hypertensives (Fig. 4B) showed a skewed 
enzyme peak which suggested that ST11 is present 
at a much higher relative concentration than in con- 
trols (Fig. 4A). Although clear resolution of ST11 and 
ST111 was not obtained. ST111 appears to be the 
major cortisol sulfotransferase of livers from deoxy- 
corticosterone treated hypertensives. 

DISCL’SSION 

Much remains to be done before the role of gluco- 
corticoid sulfates in hypertension can be ascertained. 
However, we feel that the studies reported herein sug- 
gest the potential importance of these compounds in 
the disease. Our studies of the relation between corti- 
sol sulfation and Grollman hypertension in male rats 
confirm and extend an earlier report by Turcotte and 
Silah [I21 that glucocorticoid sulfation is elevated in 
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Fig. 3. Fractionation of cytoplasmic cortisol sulfotransfer- 
ase activity from livers of intact rats given oil, corticoster- 
one or cortisol. The data represent one of three very simi- 
lar experiments. Cytosols were from animals described in 
Table 3b. The rats used in this experiment were injected, 
daily. with oil (A). 6.0mg of cortisol (B). and 3.0mg of 
corticosterone (C) for 42 days. Their blood pressures were 
99, 152, and 136 mm respectively. Cytosols were prepared 
and treated as in Fig. 2. All symbols are described in Fig. 2. 
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