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Introduction

Parkinson’s disease (PD) is the second most common 
neurodegenerative disorder after Alzheimer’s disease, 
affecting >1 million Americans over the age of 55 years. 
The hallmark of PD is the specific and progressive degen-
eration of nigrostriatal dopamine (DA) neurons and 
depletion of DA (Shastry 2000; Dauer and Przedborski 
2003; Huang et  al. 2003). PD symptoms are apparent 
only after loss of dopaminergic neurons in the substan-
tia nigra is at least 50%, leading to >80% reduction in DA 
levels in the striatum (Lang and Lozano 1998; Deumens 
et al. 2002). Several causal mechanisms have been pos-
tulated regarding the neuronal degeneration that occurs 
in PD (Figure 1) (Lang and Lozano 1998; Shastry 2000; 
Deumens et al. 2002; Dauer and Przedborski 2003; Huang 
et al. 2003). These include genetic factors, mitochondrial 
dysfunction, environmental toxins, and oxidative stress 
(Steece-Collier et  al. 2002; Chinta and Andersen 2008; 
Henchcliffe and Beal 2008; Hatcher et  al. 2008). Four 
genes have been found to be associated with inherited 

parkinsonism: α-synuclein, parkin, ubiquitin C-terminal 
hydrolase L1 (UCH-L1), and LRRK2 (Kitada et  al. 1998; 
Leroy et  al. 1998; Maries et  al. 2003; Paisán-Ruíz et  al. 
2004; Zimprich et  al. 2004; Brice 2005). Mutations in 
α-synuclein (Cookson and van der Brug 2008), parkin, 
and UCH-L1 genes (Gasser 2005; Gong and Leznik 2007) 
may ultimately lead to PD. Environmental factors such 
as pesticides, herbicides, and industrial chemicals have 
been identified as potential risk factors for PD, primar-
ily through their mediation of increased oxidative stress 
(Maguire-Zeiss et  al. 2005). Highly oxidative conditions 
in dopaminergic neurons are thought to be responsible 
for oxidative stress that has long been associated with 
development of PD.

It has been proposed that DA itself or its metabolite 
DA–quinone (DA-Q) may be responsible for the selective 
toxicity to dopaminergic neurons (Bisaglia et  al. 2007). 
At physiological pH, intramolecular cyclization of DA-Q 
by 1,4-Michael addition forms leukochrome, followed by 
aminochrome and ultimately neuromelanin (Figure 1). 
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However, a low pH environment partially protonates the 
amino group of DA, which slows the intramolecular cycl-
ization of DA-Q and enables a competitive intermolecular 
1,4-Michael addition with DNA and other cellular mac-
romolecules (Figure 1) (Cavalieri et al. 2002; Zahid et al. 
2011). As discussed above, toxicant and environmental 
triggers combined with genetic vulnerability are likely to 
converge on a common pathway toward cell death in PD. 
Idiopathic PD is responsible for some 95% of cases, and 
genetic mutations account for <10% of the total PD cases, 
suggesting that sporadic PD cases arise from a combina-
tion of genetic vulnerability and environmental exposure 
(Mizuno et al. 2001; Tanner 2003). Although a number of 
different mechanisms have been proposed in the etiol-
ogy of PD, none have been considered to have absolute 
predominance.

Catechol estrogens are present in the brain (Parvizi 
and Ellendorff 1983; Banger et al. 1990; Mitamura et al. 
2000). Like DA, catechol estrogens can be bioactivated to 

catechol quinones (Figure 1). The catechol quinones of 
both DA and estradiol (E

2
) react with cellular macromol-

ecules. The catechol quinone of DA reacts with DNA to 
form DNA adducts (Figure 1) (Lévay et al. 1997; Cavalieri 
et al. 2002; Zahid et al. 2011), analogously to the adducts 
that are formed by the catechol quinone of E

2
 (Figure 1) 

(Cavalieri et al. 2006). In addition, deactivating enzymes 
such as NQO1 and NQO2 are shown to detoxify DA-Q 
as well as E

2
-3,4-Q (Harada et al. 2001; Zafar et al. 2006; 

Gaikwad et al. 2007, 2009c). Since DA and estrogen qui-
nones follow similar metabolic activation and deactiva-
tion pathways and both interact with macromolecules, 
catechol estrogen quinones present in the brain could 
complement the toxicity of DA-Q.

Our laboratory has extensively investigated the molec-
ular mechanisms of estrogen carcinogenesis operating 
through catechol estrogens, and we have provided ample 
evidence that the formation of depurinating estrogen–
DNA adducts is a critical step in cancer initiation (Cavalieri 

Figure 1.  Proposed mechanism of initiation of neurodegeneration or cancer by dopamine and/or catechol estrogens.
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and Rogan 2010). Estrogen metabolism is a balanced 
set of activating and deactivating pathways (Figure 2). 
When it is in balance, oxidation of the catechol estrogens 
to quinones is minimized, but when the metabolism is 
unbalanced, formation of the reactive catechol estrogen 
quinones increases, resulting in additional DNA adducts 
(Figure 2). The predominant depurinating estrogen–DNA 
adducts 4-OHE

1
(E

2
)-1-N3Ade and 4-OHE

1
(E

2
)-1-N7Gua 

(Cavalieri et al. 2006) are shed from cells into the blood-
stream and, eventually, are excreted in urine (Gaikwad 
et al. 2008, 2009a,b; Yang et al. 2009). The release of the 
depurinating adducts generates apurinic sites in the DNA 
which, in turn, induce mutations (Cavalieri et al. 2006). 
Considering the resemblance of bioactivation of endog-
enous catechol estrogens and DA and their involvement 
in binding to DNA (Figure 1), we were interested in test-
ing the hypothesis that the depurinating estrogen–DNA 
adducts may be involved in the etiology of PD, and the 
results presented in this article are consistent with this 
hypothesis.

Materials and methods

Phenyl solid phase extraction (SPE) cartridges were pur-
chased from Varian (Palo Alto, CA). Androstenedione 

(AD), testosterone (T), estrone (E
1
) sulfate, E

2
, 2-OHE

2
, 

2-OHE
1
, 16α-OHE

2
, 16α-OHE

1
, 2-OCH

3
E

2
, 2-OCH

3
E

1
, 

4-OCH
3
E

2
, 4-OCH

3
E

1
, 2-OH-3-OCH

3
E

2
, and 2-OH-3-

OCH
3
E

1
 were purchased from Steraloids Inc. (Newport, 

RI). 4-OHE
2
 and 4-OHE

1
 were synthesized as previously 

described (Saeed et al. 2005). 2-OHE
2
-1-SG, 2-OHE

2
-4-SG, 

2-OHE
1
-1-SG, 2-OHE

1
-4-SG, 2-OHE

2
-(1 + 4)-Cys, 2-OHE

1
-

1-Cys, 2-OHE
1
-4-Cys, 2-OHE

2
-1-NAcCys, 2-OHE

2
-4-NAc-

Cys, 2-OHE
1
-1-NAcCys, 2-OHE

1
-4-NAcCys, 4-OHE

2
-2-SG, 

4-OHE
1
-2-SG, 4-OHE

2
-2-Cys, 4-OHE

1
-2-Cys, 4-OHE

2
-

2-NAcCys and 4-OHE
1
-2-NAcCys, 4-OHE

2
-1-N7Gua, 

4-OHE
1
-1-N7Gua, 4-OHE

2
-1-N3Ade, 4-OHE

1
-1-N3Ade, 

2-OHE
2
-6-N3Ade, and 2-OHE

1
-6-N3Ade were synthe-

sized by the following reported methods (Stack et  al. 
1996, Cao et  al. 1998; Li et  al. 2004; Zahid et  al. 2006). 
All solvents were of HPLC grade and all other chemicals 
used were of the highest grade available.

Study population and sample collection
Sixty urine samples were collected. Fifteen men (age range 
43–76 years, median 64 years) and five women (age range 
54–86 years, median 77 years) with PD were recruited 
from the Neurology Clinic, University of Nebraska Medical 
Center (UNMC) between September and December 2007 
(Table 1). One of the inclusion criteria was fulfilling “Gelb” 

Figure 2.  Biosynthesis and metabolic activation of estrogens. Metabolic activation of 2- and 4-catechol estrogens yields the corresponding 
reactive quinones. The quinones react with DNA to form depurinating DNA adducts. In deactivation, the catechol estrogens are methylated 
to form methoxy catechol estrogens; in addition, the quinones are reduced by quinone reductase, as well as conjugated with GSH, and 
are thus rendered harmless. A shift in the apparent balance between these activating and deactivating pathways toward formation of 
depurinating DNA adducts could lead to the initiation of Parkinson’s disease (PD).
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criteria for probable PD (Gelb et al. 1999). Patients with 
known history of breast or prostate cancer were excluded. 
For each PD sample, two gender-matched healthy con-
trols were recruited. The UNMC Institutional Review 
Board approved all procedures, and signed consents 
included authorization to collect and bank urine samples 
and collect demographical and clinical information.

A spot urine sample of about 50 mL was collected from 
each participant and 1 mg/mL ascorbic acid was added to 
prevent oxidation of the catechol moieties in the various 
estrogen compounds. The urine samples were aliquoted 
and five 10-mL aliquots were stored at −80°C until analy-
sis. Thus, each analytical sample was thawed only once 
prior to analysis.

Solid phase extraction of urine
SPE method development and validation was previously 
described (Gaikwad et al. 2008). In brief, after adjusting 
2-mL aliquots of urine to pH 7, they were loaded onto 
phenyl 100-mg cartridges pre-conditioned with metha-
nol and the loading buffer, 10 mM ammonium formate, 
pH 7. The cartridges were washed with loading buffer, 
and then the compounds of interest were eluted from the 
cartridge by using an elution buffer, methanol/10 mM 
ammonium formate, pH 7 (90:10) with 1% acetic acid. 
The eluates from both the case and control samples were 
concentrated and subjected to ultra performance liquid 
chromatography/tandem mass spectrometry (UPLC-MS/
MS) analysis.

UPLC-MS/MS analysis of urine samples
All experiments were performed on a Waters (Milford, 
MA) Quattro Micro triple quadrupole mass spectrometer 

by using electrospray ionization (ESI) in positive ion (PI) 
and negative ion (NI) mode, with an ESI-MS capillary volt-
age of 3.0 kV, an extractor cone voltage of 2 V, and a detec-
tor voltage of 650 V. Desolvation and cone gas flow were 
maintained at 400 and 60 L/h, respectively. Desolvation 
temperature and source temperature were set to 200 and 
100°C, respectively. For all studies, a methanol:water (1:1) 
mixture with 0.1% formic acid was used as the carrier 
solution. The parent and daughter ion data obtained for 
all standard compounds were used to generate the mul-
tiple-reaction monitoring (MRM) method for UPLC-MS/
MS operation (Gaikwad et al. 2008).

UPLC-MS/MS analyses of estrogen-related com-
pounds (Table 2) in urine extracts were carried out with 
a Waters Acquity UPLC system connected with the high-
performance Quattro Micro triple quadrupole mass 
spectrometer. Analytical separations on the UPLC system 
were conducted using an Acquity UPLC BEH C18 1.7 µm 
column (1 × 100 mm) at a flow rate of 0.15 mL/min. The 
gradient started with 80% A (0.1% formic acid in water) 
and 20% B (0.1% formic acid in acetonitrile), changed to 
79% A over 4 min, followed by a 6-min linear gradient to 
45% A, resulting in a total separation time of 10 min. The 
elutions from the UPLC column were introduced to the 
Quattro Micro mass spectrometer. QuanLynx software 
(Waters) was used to quantify the estrogen metabolites, 
conjugates, and DNA adducts, which were expressed as 
pmol/mg creatinine (Cr). Cr was also measured by mass 
spectrometry (Gaikwad et  al. 2008). Limit of detection 
and coefficient of variation for the UPLC-MS/MS method 
were presented earlier (Gaikwad et al. 2008).

A batch of 10 random samples was run in triplicate 
during each UPLC-MS/MS analysis. For each batch 

Table 1.  Characteristics of Parkinson’s disease patients.
Subject Gender Race Age Age at onset Family history
1 Female White 85 72 No
2 Female White 54 49 No
3 Female White 56 55 No
4 Female White 77 71 No
5 Female White 86 79 No
6 Male White 53 46 No
7 Male White 69 54 Yes*,**
8 Male White 74 68 No
9 Male White 64 61 Yes*
10 Male White 47 45 No
11 Male White 66 57 Yes**
12 Male White 43 37 No
13 Male White 63 61 Yes**
14 Male White 46 40 No
15 Male Hispanic 72 66 No
16 Male White 64 52 Yes*
17 Male White 76 69 No
18 Male White 68 64 Yes*
19 Male White 57 42 No
20 Male White 60 59 No

*First degree relative.
**Second degree relative.
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of samples, pure standards were used to optimize the 
UPLC-MS/MS conditions prior to analysis and construct 
a calibration curve. In addition, for each batch, the stan-
dard mixture was run before the first sample, after the fifth 
sample and after the last (10th) sample to prevent errors 
due to matrix effect and day-to-day instrument varia-
tions. Immediately after the initial standard and before 
the first sample, two spiked samples were run to correct 
for the drift in the retention time of all estrogen-related 
compounds due to matrix effect. Each sample was ana-
lyzed in triplicate. After UPLC analysis, the mean value 
was calculated for all the compounds obtained from each 
sample; repeat analyses varied with 10%.

Statistical analysis
Variables
Patients with PD were coded as 1 and controls as 0 so 
that those at increased odds of PD would show an odds 
ratio >1.00. We used the ratio of depurinating N3Ade 
and N7Gua adducts to the sum of their respective estro-
gen metabolites and conjugates (see Table 2 for precise 
formula) as a summary measure of adduct formation 

because the ratio reflects the degree of imbalance in 
estrogen metabolism that can lead to toxicity. A logarith-
mic transformation was applied to the DNA adduct ratio 
in order to improve linearity of the variable in logistic 
regression models. Age was normally distributed and 
used as a continuous variable.

Statistical tests conducted
The levels of the four individual compounds and the 
adduct ratio were compared between PD cases and con-
trols using medians and ranges because the compounds 
were not normally distributed. All bivariate analyses 
were conducted using the exact Wilcoxon two-sample 
test. Significant differences in age between cases and 
controls were tested using a two-sample t-test. We first 
tested whether men and women differed in their levels 
of the compounds and the adduct ratio to determine 
whether sex was a confounder on the relationship 
between each compound and the odds of being a PD 
case. Logistic regression models were used to assess the 
relationship between the adduct ratio and the odds of 
having PD, controlling for age and gender. Due to using 

Table 2.  Representative metabolic profile of a urine sample obtained from a man with Parkinson’s disease.a

No. Compound
Total pmole/mg 

creatinine No. Compound
Total pmole/mg 

creatinine No. Compound
Total pmole/mg 

creatinine
1 Androstenedione 2.6 14 4-OCH

3
E

2 6.8
29 4-OHE

2
-2-SG

0.7

2 Testosterone 1.1 15 4-OCH
3
E

1
30 4-OHE

1
-2-SG

3 E
1
 Sulfate 4.2 16 2-OH-3-OCH

3
E

2 0.0
31 4-OHE

2
-2-Cys

4 E
2

b

6.2
17 2-OH-3-OCH

3
E

1
32 4-OHE

1
-2-Cys

5 E
1

b 18 2-OHE
2
-1-SG

1.2

33 4-OHE
2
-2-NAcCys

6 2-OHE
2 13.5

19 2-OHE
2
-4-SG 34 4-OHE

1
-2-NAcCys

7 2-OHE
1

20 2-OHE
1
-1-SG 35 4-OHE

2
-1-N7Gua

1.25
8 4-OHE

2 8.8
21 2-OHE

1
-4-SG 36 4-OHE

1
-1-N7Gua

9 4-OHE
1

22 2-OHE
2
-1 + 4-Cys 37 4-OHE

2
-1-N3Ade

0.48
10 16α-OHE

2 71.6
23 2-OHE

1
-1-Cys 38 4-OHE

1
-1-N3Ade

11 16α-OHE
1

24 2-OHE
1
-4-Cys 39 2-OHE

2
-6-N3Ade

0.07
12 2-OCH

3
E

2 38.2
25 2-OHE

2
-1-NAcCys 40 2-OHE

1
-6-N3Ade

13 2-OCH
3
E

1
26 2-OHE

2
-4-NAcCys  Ratioc × 1000 106

   27 2-OHE
1
-1-NAcCys    

  28 2-OHE
1
-4-NAcCys    

aTypically, each 2-mL urine sample was analyzed at least two times. The data obtained from LC/MS-MS were processed and normalized 
to creatinine levels. Since the E

1
 and E

2
 derivatives are interconvertible, the total amount for each E

1
 plus E

2
 derivative in the various 

categories is presented and used for calculating the final ratio of depurinating adducts to their respective metabolites and conjugates.
bFree E

2
 and E

1
 in the urine sample.

c 4-OHE (E )-1-N3Ade  4-OHE (E )-1-N7Gua

4-catechol estrogen
1 2 1 2+

ss  4-catechol estrogen conjugates 

#37 38 35 36

#8 9 14 1+
=

+ + +
+ + + 55 29 through 34+

.

2-OHE (E )-6-N3Ade

2-catechol estrogens 2-catechol estroge
1 2

+ nn conjugates 

#39 40

#6 7 12 13 16 through 28
=

+
+ + + +

.

Ratio = 

4-OHE (E )-1-N3Ade  

4-OHE (E )-1-N7Gua

4-catechol estrogen

1 2

1 2

+

ss 

 4-catechol estrogen conjugates

2-OHE (E )-6-N3Ade

2-ca
1 2

+
+

ttechol estrogens  

2-catechol estrogen conjugates

+



















 × 1000.
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the log-transformed adduct ratio, the odds ratio for hav-
ing PD is not associated with a one unit change in the 
level of the adduct ratio, but is an exponential function 
of both the slope coefficient and the log level of the ratio 
(Elswick et al. 1997). Nonetheless, the odds ratio associ-
ated with levels of important catechol pathway products 
and PD provides a measure by which to estimate the 
effect size on the risk of PD. All analyses were carried out 
in SAS version 9.2 (SAS Institute, Cary, NC); confidence 
intervals (CI) and P-values are reported at the 95% level 
of significance.

Results

An initial study of the possible relationship between for-
mation of estrogen–DNA adducts and PD was conducted 
by analyzing the estrogen metabolites, conjugates, and 
depurinating DNA adducts in urine samples from 20 
patients, 15 males and five females, diagnosed with PD. 
The characteristics of the PD patients are presented in 
Table 1. The patients’ motor scores (UPDRSIII) aver-
aged 17.2 ± 8.2 and their total UPDRS scores averaged 
31.0 ± 16.3 (“The unified Parkinson’s” 2003). All of the 
PD patients were administered levodopa, 85% took a DA 
agonist, 25% were on a monoamine oxidase b inhibitor 
and 20% on a COMT inhibitor. Of the six subjects with a 
family history of PD, four had a first-degree relative with 
PD, and thus, were considered to have familial PD. Two 

cases had a second-degree relative with PD and were 
considered to have sporadic PD. One case, #7 in Table 1 
and Figure 3, had both first-degree and second-degree 
relatives diagnosed with PD.

The relative levels of the estrogen–DNA adducts 
in these samples were compared with those in urine 
samples from 40 gender-matched male (30) and female 
(10) healthy controls (Figure 3). The mean ages (stan-
dard deviation) of cases and controls did not differ (PD 
cases: 62.3 ± 7.3 vs. controls: 63.9 ± 12.3, P = 0.59). Of the 
compounds analyzed, only the thiol conjugates dif-
fered significantly by gender (medians: males = 3.11, 
females = 0.65, P = 0.0001); the adduct ratio did not sig-
nificantly differ between men and women.

The 40 estrogen-related compounds analyzed after 
partial purification of the urine samples by SPE are pre-
sented in Table 2. In the PD cases and the male and female 
healthy controls, the median levels of methoxy conjugates 
and thiol conjugates (GSH, Cys and NAcCys) were statis-
tically significantly higher in the controls compared with 
the cases (P = 0.001 and P = 0.0002, respectively; Figures 2 
and 4). This result suggests that greater formation of 
the methoxy and thiol conjugates provides a protective 
effect in relation to PD. In contrast, the median levels 
of the 4-OHE

1
(E

2
)-1-N3Ade (P = 0.005) and 4-OHE

1
(E

2
)-

1-N7Gua (P = 0.004) adducts were significantly higher 
in the cases compared with the controls (Figures 2 and 
5). No difference was found between the two groups for 

Figure 3.  Ratio of depurinating estrogen–DNA adducts to their respective metabolites and conjugates in urine samples from healthy 
controls and cases with Parkinson’s disease (PD).
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the median levels of the 2-OHE
1
(E

2
)-6-N3Ade adducts 

(P = 0.74), which were present at much lower levels (data 
not shown). None of the patient characteristics were sta-
tistically associated with the adduct ratio.

To find the balance between the activating and deac-
tivating pathways in PD cases and healthy controls, the 
ratio of depurinating adducts to the sum of their respec-
tive estrogen metabolites and conjugates (see Table 2) 
was analyzed (Figures 2 and 6). The median ratio in the 
PD cases, 53.5, was significantly higher than the median 
ratio in the controls, 25 (P = 0.008). In the ratio of adducts 
to their respective metabolites and conjugates, the 

preponderant role is played by the N3Ade and N7Gua 
adducts of 4-OHE

1
(E

2
), whereas the N3Ade adducts of 

2-OHE
1
(E

2
) play a very minor role.

An increase in the adduct ratio from 50 to 100 trans-
lates into a 2-fold increase in the odds of being a PD 
case. Using an unadjusted model, the odds ratio (OR, 
95% CI) for the DNA adduct ratio in cases versus con-
trols was 2.26 (1.22, 4.19). As expected, after adjusting 
for age and gender, the OR (95% CI) for the DNA adduct 
ratio in cases versus controls was 2.34 (1.25, 4.36). Thus, 
neither age nor sex significantly altered the OR calcu-
lated from these results. In summary, PD patients have 

Figure 4.  Median levels of (A) 4-OCH
3
E

1
(E

2
) (P = 0.001) and (B) 4-OHE

1
(E

2
)-thiol conjugates (GSH, Cys, NAcCys, P = 0.0002) from Parkinson’s 

disease (PD) cases and healthy controls.
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significantly higher levels of depurinating estrogen–
DNA adducts in their urine than do healthy control men 
and women.

Discussion

A number of different mechanisms have been proposed 
in the etiology of PD, but none has been thought to 
have absolute predominance. Based on resemblance, 
activity, and location of catechol estrogens and DA, we 

hypothesized that the catechol estrogen quinones could, 
along with DA-Q, be responsible for initiation of PD 
(Figure 1).

Catechol estrogens are thought to become bioacti-
vated and act as endogenous carcinogens through the 
intermediacy of catechol estrogen quinones (Cavalieri 
et al. 2006; Gaikwad et al. 2008, 2009a,b; Yang et al. 2009; 
Cavalieri and Rogan 2010). These quinones are demon-
strated to react with DNA to form predominantly depuri-
nating 4-OHE

1
(E

2
)-1-N3Ade and 4-OHE

1
(E

2
)-1-N7Gua 

Figure 5.  Median levels of (A) 4-OHE
1
(E

2
)-1-N7Gua (P = 0.005) and (B) 4-OHE

1
(E

2
)-1-N3Ade (P = 0.004) adducts from Parkinson’s disease 

(PD) cases and healthy controls.
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adducts (Cavalieri et al. 1997; Li et al. 2004). Due to their 
structural features, these adducts depurinate, forming 
abasic sites in DNA. Error-prone repair of the abasic sites 
has been established to be a primary cause of mutations 
that are critical for cancer initiation (Cavalieri et al. 2006). 
Thus, catechol estrogens, particularly 4-OHE

1
(E

2
), that 

lead to the formation of depurinating adducts could be 
responsible for induction of mutations in the α-synuclein, 
parkin, UCH-L1, and/or LRRK2 genes.

Catechol estrogen metabolism involves a bal-
ance between activating and deactivating pathways 
(Cavalieri et  al. 2006; Gaikwad et  al. 2008, 2009a,b; 
Yang et  al. 2009), which are depicted in Figure 2. 
Activating pathways lead to formation of depurinat-
ing DNA adducts, whereas protective pathways mini-
mize oxidation of catechol estrogens to quinones, 
and their subsequent reaction with DNA (Figure 2). 
Minimization occurs by two-electron reduction of 
quinones to catechols, methoxylation of catechols, 
and conjugation of quinones. In this case–control 
study, we have examined urinary profiles of cases with 
PD and healthy controls. Comparison of the estrogen 
metabolic profiles of these two groups clearly shows 
the median 4-OCH

3
E

1
(E

2
) and 4-OHE

1
(E

2
)-thiol con-

jugate (GSH, Cys, NAcCys) values were higher for con-
trols compared with PD cases (Figure 4). In contrast, 
the median 4-OHE

1
(E

2
)-1-N3Ade and 4-OHE

1
(E

2
)-

1-N7Gua values were higher in PD cases compared 
with controls (Figure 5). This suggests that in con-
trol subjects, estrogen metabolism is balanced, that 
is, the levels of estrogen–DNA adducts are low and/

or the levels of estrogen metabolites and conjugates 
are high. In subjects with PD, however, the estro-
gen metabolism is unbalanced, that is, the levels of 
depurinating estrogen–DNA adducts are high and/or 
the levels of estrogen metabolites and conjugates are 
low. The observation of high levels of depurinating 
estrogen–DNA adducts in urine from cases with PD 
(Figure 5) is consistent with the hypothesis that these 
adducts may be a causative factor in the etiology of 
PD. The median 2-OCH

3
 E

1
(E

2
) and 2-OHE

1
(E

2
)-6-

N3Ade values in both groups did not show any trend, 
indicating that this pathway may not be an important 
factor in PD. Furthermore, the analysis of DNA adduct 
ratios was carried out to quantify the degree of imbal-
ance in the estrogen metabolism. The ratios obtained 
for cases with PD are found to be higher, whereas the 
ratio levels for the healthy control samples remained 
lower (Figure 6). The higher ratio value reflects the 
higher levels of DNA adducts in urine of patients with 
PD. These results suggest that high levels of estrogen–
DNA adducts may be an important determinant of PD 
initiation. However, further studies are needed to con-
firm this finding, although given the effect size for the 
DNA adduct ratio, we calculated that we had greater 
than 97% power to detect the 2-fold increased risk we 
found with one unit increase in the adduct ratio.

As presented in Figure 1, at neutral pH DA-Q under-
goes intramolecular cyclization in which the nucleo-
philic amino group by 1,4-Michael addition forms 
the bicyclic compound called leukochrome. This is 
further oxidized to aminochrome, which cyclizes to 

Figure 6.  Median ratios of depurinating estrogen–DNA adducts to the sum of their corresponding estrogen metabolites and conjugates in 
Parkinson’s disease (PD) cases and healthy controls (P = 0.008).
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form neuromelanin. When the pH of the environment 
decreases to 6 or below, an intermolecular 1,4-Michael 
addition between DA-Q and DNA becomes competi-
tive with the intramolecular cyclization (Figure 1). In 
this case, formation of the depurinating adducts DA-6-
N3Ade and DA-6-N7Gua occurs (Figure 1) (Zahid et al. 
2011). The apurinic sites thus formed in the DNA can 
generate mutations that could lead via several steps to 
neurodegeneration. This is analogous to the mecha-
nism of metabolic activation of the estrogens in which 
E

1
(E

2
)-3,4-Q react with DNA to form the 4-OHE

1
(E

2
)-1

-N3Ade and 4-OHE
1
(E

2
)-1-N7Gua adducts (Figure 1) 

(Cavalieri and Rogan 2010).
Recently, Edwards and his colleagues (Hnasko et  al. 

2010) reported that excessive amounts of glutamate can 
result in a lumenal pH of 5.5 in dopaminergic neurons. 
Under these conditions, DA-Q could react with mito-
chondrial or nuclear DNA to form the depurinating 
DA–DNA adducts.

In summary, the levels of estrogen metabolites, conju-
gates, and depurinating DNA adducts differ significantly 
between healthy controls and cases with PD. The ratios 
of depurinating DNA adducts to their respective estrogen 
metabolites and conjugates were significantly associated 
with health status. The PD cases have relatively high lev-
els of estrogen–DNA adducts in their urine. Our results 
are consistent with the hypothesis that formation of 
estrogen–DNA adducts could be one of the critical events 
in the initiation of PD. It is possible that critical muta-
tions generated by specific DNA damage could result 
in neuronal degeneration. Taken together, these results 
are consistent with the hypothesis that catechol estrogen 
quinones, along with DA-Q, could initiate PD through 
their genotoxicity.
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