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Abstract-The adenylyl cyclase activity of homogenates of striatal tissue from rat brain has been used 
as a model to test the hypothesis that the products of the reaction of polyphenols with ferric iron 
compounds are toxic. Dopamine (DA), at levels that stimulate adenylyl cyclase, inhibited the activity 
in the presence of 2 mol of potassium ferricyanide (FC), methemoglobin or ferricytochrome c per mol 
of DA. Combinations of potassium ferrocyanide and DA were not inhibitory. Neither pyrocatechol 
nor hydroquinone stimulated the activity, but these polyphenols were inhibitory in the presence of FC. 
Tyramine, phosphorylated DA or phosphorylated pyrocatechol had no effect on the activity of the 
enzyme in the presence or absence of FC. Forskolin was unable to stimulate the adenylyl cyclase once 
the latter was inhibited by DA plus FC, and dithiothreitol could not reverse inhibition by DA plus FC. 
Incubation of DA with FC, in the absence of the homogenate, resulted in substances that were not 
inhibitory. These findings suggest that the polyphenols plus FC react to yield substances that inhibit 
the adenylyl cyclase by affecting the catalytic unit of the enzyme complex. 
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The oxidation of polyhydroxy aromatic compounds, 
including the catecholamines, yields semiquinones, quin- 
ones, and reactive oxygen compounds. Furthermore, the 
generation of these chemically reactive compounds is 
correlated with some of the adverse effects of the oxidized 
substances [l-.5]. 

Iron compounds are required for life. However, iron 
overload is associated with toxic effects [6,7], and 
dislocation of iron, due ‘:o bleeding into the parenchyma 
of the brain, is associated with the development of post- 
brain-injury epilepsy [8]. The above observations and the 
rapid, nonenzymatic oxidation of the catecholamines by 
soluble compounds of fer:ric iron have led to the hypothesis 
that the products of the oxidation of catecholamines by 
ferric iron compounds are associated with some of the toxic 
effects of both iron and the catecholamines. The present 
research tested this bfpothesis with the dopamine- 
stimulated adenylyl cyclase activity of homogenates of 
striatal tissue from rat brain [9, lo] as a model. The results 
demonstrated that DA+, L-DOPA or NE, at levels that 
stimulate the enzyme in a standard assay, are inhibitory in 
the presence of FC. In acldition, DA plus methemoglobin 
or ferricytochrome c inhibited the enzyme, suggesting that 
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ferric-iron proteins may interact with DA to yield inhibitors 
of the enzyme. The results are consistent with the conclusion 
that the combination of ferric iron and a 1,2- or 1,4- 
dihydroxybenzene derivative inhibits adenylyl cyclase due 
to effects at the catalytic subunit of the enzyme complex. 
The results also showed that the inhibitory products 
generated by the reaction of FC with DA exhibit a relatively 
short half-life in the assay and that the inhibition is not 
readily reversible by D7T. 

Materials and Methods 

Dopamine-3 or 4-monophosphate ester [ll] and 
pyrocatechol monophosphate ester 1121 were prepared by 
piblished methods: Ali other mat&i~ls were pbrchaseh 
from the Sigma Chemical Co.. St. Louis. MO. or Fisher 
Scientific, F%tsburgh, PA. Protein in homogenates was 
determined by the biuret method [13] using 3.3 mM sodium 
deoxycholate to clarify the assay reaction mixtures and 
bovine serum albumin as the standard protein. CAMP was 
determined by a competitive binding assay [14] with a kit 
from DPC of Los Angeles, CA. Striatal homogenates were 
prepared and adenylyl cyclase was assayed using 
modifications of published methods [9, lo]. Male Sprague- 
Dawley rats (200-300g) were anesthetized with sodium 
pentobarbital (50 mg/kg, i.p.) and exsanguinated. Whole 
brains were immediately removed and placed in 0” isotonic 
saline. Striatal tissue was dissected from the brains and 
homogenized with 50 vol. of 80 mM Tris-maleate, pH 7.5, 
at 0”. Homogenates were stored on ice and assayed within 
2 hr. The standard adenylyl cvclase assay contained the 
following in a volume df-25dpL: 80mG Tris-maleate, 
oH 7.4; 4.00 mM MeSO,: 100 UM GTP: 0.60 mM sodium 
BDTA; 0.50 mM 3yisol&tyl-i-methylxinthine; 1 .OO mM 
sodium ATP; 50 FL of striatal homogenate (100-125 pg 
protein); and the indicated additions. The components of 
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Table 1. Inhibition of striatal adenylate cyclase by DA Table 2. Effects of forskolin and forskolin plus DA and 
plus FC FC on adenylyl cyclase activity 

CAMP CAMP 
(pm01 . mg protein-‘. mint) (nmol mg 

Additions (PM) protein’ ‘mini’) 
Additions (PM) 2.5 min 5.0 min 

Forskohn (6) 922 
None 168 * 2 
DA f50) 361 ? 36* 

325 2 5 
634 ? 54* 

DA (50), forskolin (6) 
DA (50). FC (1001. forskolin (6) 

12 + 3 
0.3 + 0.11* 

FC (ioij 159 t 14 313 2 8 FC (iOd), forskolin (6) ’ ’ 7?2 
DA (50) FC (100) 512 4* 104 + 30* 

The standard assay was used except that 0.6% DMSO 
The standard assay described in Materials and Methods (v/v) was added to permit addition of forskolin. The 

was used with the indicated additions. Means * SEM for control rate was 63 2 15 pmol CAMP. mg protein’. mini’. 
three replications are reported. Means * SEM for three replications are reported. 

* Significantly different from the no addition control, * Significantly different from the forskolin only assay, 
P < 0.05. P < 0.05. 

the assay, except for ATP, were mixed at O”, with the 
homogenate and FC or another iron compound added next 
to last and last. The mixtures were incubated on ice for 
20min and then transferred to a 30” water bath. After 
5 min in the 30” bath, the assays were initiated with the 
addition of ATP. Incubation was terminated 2.5 or 5.0 min 
after the addition of ATP by addition of 25OpL of 6% 
perchloric acid. The assays were titrated to pH 6.5-7.0 with 
30% (w/v) aqueous KHCOa, incubated on ice for 0.5 hr, 
and then centrifuged for 3 min at 2000 g. CAMP was then 
determined in the supernatant fractions. The results are 
corrected for CAMP in assays incubated without ATP. The 
experiments were replicated three times, and statistical 
analysis was performed using Student’s two-tailed t-test, 
with P < 0.05 indicating significance. 

Results and Discussion 

As seen in Table 1, 50 nM DA stimulated the adenylvl 
cyclase activity of striatal homogenates, as reported [9, id], 
and 1OOuM FC had no effect, whereas 50uM DA ulus 
100 PM FC was strongly inhibitory. At the levels examined, 
DA or the other test compounds, as well as the tested 
combinations, had no effect on the determination of CAMP 
by the binding assay. Testing various levels of FC with 
50pM DA in the standard assay showed that 2mol of 
FC/mol of DA were required to produce maximal inhibition 
of the enzyme. Varying DA concentrations with 100~M 
FC in the assay showed that 25 PM DA produced inhibition, 
whereas 5.0 PM DA was not inhibitory. In the absence of 
FC, 25 PM DA, but not 5.0 PM DA, stimulated the activity. 
A 200 PM concentration of potassium ferrocyanide in the 
standard assay had no effect on the yield of CAMP with or 
without 50 PM DA. Thus, 2 mol of FC/mol of DA, with 
DA at a level that stimulates the activity, inhibits CAMP 
synthesis in the standard activity. 

Several compounds were tested in the standard assay, 
with and without FC, to determine if ability to stimulate 
adenvlvl cvclase activitv was reauired for inhibitorv action 
in the presence of FC. Fifty micromolar L-DOPA or 50 PM 
NE. without and with 100 uM FC in the assavs. affected 
the enzyme in a manner similar to DA, as in Table 1. On 
theotherhand, a50 yMconcentrationofeitherpyrocatecho1 
or hydroquinone had no effect on the activity of the enzyme 
but inhibited the activity in the presence of 1OOpM FC. 
Tested compounds that had no effect on the enzyme with 
or without 1OOpM FC in the assay included: 50pM 
dopamine 3-or 4-monophosphate ester; 50 FM pyrocatechol 
monophosphate ester; and 50 PM tyramine. Thus, ability 
to inhibit the enzyme in the presence of FC is not correlated 
with ability of the test substance to stimulate the activity 
in the absence of FC. The inhibitory action of test 

compounds in the presence of FC, however, does correlate 
with the expected generation of quinones and other 
substances via oxidation by FC [l-5]. Finally, the phosphate 
esters of DA, which are postulated to have biological roles 
[ll], had no role, other than inactivation of DA, in the 
stimulation of adenylyl cyclase by DA. 

Forskolin, which acts on the catalytic subunit of adenylyl 
cyclase to stimulate activity [ 1.51, could not fully stimulate 
the enzyme complex once inhibition bv DA plus FC was 
established (Table 2). In addition, exogenous GTP was not 
reouired for 50 uM DA ~1~s 100 UM FC to cause inhibition 

1 

in the standard assay. These results, plus the observation 
that pyrocatechol or hydroquinone inhibited the enzyme 
in the presence of FC, but did not stimulate the activity 
alone, indicate that the inhibition caused by DA plus FC 
is due to effects on the catalytic subunit of the adenylyl 
cyclase complex. 

The reaction of DA with FC would be expected to yield 
the semiquinone and quinone of DA as initial products, 
with other products accumulating with time. It was of 
interest to determine if the inhibitory products were among 
the early products of the oxidation. To do this, DA and 
FC were incubated (at levels that would give 50yM DA 
and 100 PM FC in the final assay) in the assay buffer for 
20 min at room temperature before the otherwise standard 
assay was completed. Under these conditions, DA plus FC 
caused no inhibition of the adenylyl cyclase, showing that 
the initial products of the reaction of DA plus FC are 
inhibitory, whereas the products that appear later are not 
active inhibitors. 

DTT, which reduces disulfide groups, rapidly bleached 
FC in the assay buffer due to the reduction of FC to 
ferrocyanide. Therefore, the effects of DTT added to the 
standard assay before and after FC were determined (Table 
3). When added to the assays before FC, DTT protected 
the enzyme from inhibition; however, when added after 
FC, DTT was not protective. The results indicate that DTI 
protects by rapidly reducing FC and that the inhibition of 
the enzyme complex by DA plus FC is probably not due 
to the formation of disulfide bonds in the catalytic unit of 
the enzyme. DTI alone increased the activity of the enzyme 
with and without 50 PM DA. This accounts for the inclusion 
of DTI in adenvlvl cvclase assavs [16. 171. 

Since iron is &sported, stoied’and functions as iron- 
proteins in biological systems, it wasof interest to determine 
if ferric iron-proteins could react with DA to inhibit 
adenylyl cyclase as FC does. Methemoglobin plus DA 
inhibited the enzyme (Table 4), although the preincubation 
period at 30” had to be extended from 5 to 20 min before 
starting the otherwise standard assay with ATP. Hemoglobin 
was not inhibitory in the presence of DA. Both hemoglobin 
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Table 3. Effects of DTT on the inhibition of adenylyl cyclase by DA plus FC 

CAMP (pmol . mg protein-‘. mini) 

DTT added before D’lT added 2 min 
Additions (PM) any other additions before ATP 

DTr (2) 88 2 10 147 * 4 
D’IT (2), DA (0.05) 360 ? 20* 381 + 21* 
D’IT (2), DA (0.05) FC (0.10) 370 * 42* 13 * 3* 
D’IT (2), FC (0.10) 143 + 37 184 2 35 

The standard assay was used with the D’IT added as indicated. Means ? SEM for 
three replications are reported. 

* Significantly different from the D’IT only assay, P < 0.05. 

Table 4. Inhibition of adenylyl cyclase by DA plus methemoglobin 

Additions (PM) CAMP (pmol. mg protein-’ * min’) 

None 
DA (50) 
Hemoglobin (100) 
DA (50), hemoglobin (100) 
Methemoglobin (100) 
DA (50), methemoglobin (100) 

40 2 4 
156 2 32* 
86 r 22* 

230 2 26* 
73 2 11* 
25 2 2* 

The standard assay was used except that the assays, complete except for ATP, 
were incubated for 20 min at 30” before ATP was added. The rates are calculated 
for homogenate protein in the assays. Means 5 SEM for three replications are 
reported. 

* !$ignificantly different from the no addition control, P < 0.05. 

and methemoglobin alone protected the enzyme during the 
30” incubation, possibly due to the added protein in the 
assays. With the modified assay used in Table 4, 100,uM 
ferricytochrome c plus SOPM DA resulted in inhibition 
equal to that reported for methemoglobin plus DA, whereas 
100pM ferricytochrome c was not inhibitory (results not 
shown). Since proteins containing ferric iron occur in uiuo, 
these results may be relevant to the toxic effects of 
catecholamines and similar compounds that can be oxidized 
by ferric iron. 

In summary, DA, or several polyphenols including L- 

DOPA or NE, plus FC inhibited the DA-stimulated 
adenylyl cyclase activity of homogenates of striatal tissue. 
Polyphenols active in this regard did not need to be capable 
of stimulating the enzyme alone, and forskolin could not 
fully stimulate the enzyme inhibited by DA plus FC, 
suggesting that inhibition is at the catalytic unit of the 
adenylyl cyclase complex. Preincubation of DA with FC 
produced colored producl:s that did not inhibit the enzyme. 
suggesting that the inhibitory products, generated by the 
reaction of DA plus FC, have relatively short half-lives in 
the assay buffer. D’IT protected the enzyme from inhibition 
by DA plus FC when added to the assay before FC, but 
DTT was not capable of reversing inhibition established 
by DA plus FC, indicating that inhibition is not due to 
oxidation of sulfhydryl groups of the catalytic unit of the 
complex. The literature [l-5], as well as the results reported 
here, suggests that the observed inhibition is due to 
the generation of semiquinones, quinones, or reactive 
compounds of oxygen by the reaction of a polyphenol plus 
a soluble compound of ferric iron. The ferric iron proteins 
methemoglobin or ferricytochrome c plus DA inhibited 
the complex, indicating that ferric iron proteins plus 

catecholamines, or other polyphenols, subject to oxidation 
by ferric iron, may react to give inhibitory substances in 
u&o. The resultssupport the hypothesis that catecholamines 
react with ferric iron compounds to yield toxic substances. 
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