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Association of Catalytic Iron With Cardiovascular Disease

Mohan M. Rajapurkar, MDa, Sudhir V. Shah, MDc,d,*, Suhas S. Lele, MDe,
Umapati N. Hegde, MD, DNBa, Shelly Y. Lensing, MSc, Kalpesh Gohel, MD, DNBa,

Banibrata Mukhopadhyay, MSc, PhDb, Sishir Gang, MD, DM, DNBa, and
Marsha L. Eigenbrodt, MD, MPHc

The ability of iron to cycle reversibly between its ferrous and ferric oxidation states is essential
for the biological functions of iron but may contribute to vascular injury through the generation
of powerful oxidant species. We examined the association between chemical forms of iron that
can participate in redox cycling, often referred to as “catalytic” or “labile” iron, and cardio-
vascular disease (CVD). In our cross-sectional study of 496 participants, 85 had CVD. Serum
catalytic iron was measured using the bleomycin-detectable iron assay that detects biologically
active iron. The odds of existing CVD for subjects in the upper third of catalytic iron were 10
times that of subjects with lower catalytic iron in unadjusted analyses. The association was
decreased by 1/2 by age adjustment, but little additional attenuation occurred after adjusting for
age, Framingham Risk Score, estimated glomerular filtration rate, hypertension status, high-
density lipoprotein cholesterol, and systolic blood pressure, with the association remaining
strong and significant (odds ratio 3.8, 95% confidence interval 1.4 to 10.1). In conclusion, we
provide preliminary evidence for a strong detrimental association between high serum catalytic
iron and CVD even after adjusting for several co-morbid conditions; however, broader pro-
spective studies are needed to confirm these findings, which would support therapeutic trials to
assess the beneficial effects of iron chelators on CVD. Published by Elsevier Inc. (Am J

Cardiol 2012;109:438–442)
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Cardiomyopathy is known to occur in several iron over-
load states1; however, a role for iron in atherosclerotic
ardiovascular disease (CVD) in the absence of iron over-
oad is less clear.2–5 Although several in vitro6 and animal7,8

studies have supported a role for iron in atherosclerosis,
human observational studies have provided inconsistent re-
sults.3–5,9–11 Several factors, including the fact that total
body iron is not reliably related to the level of biologically
active iron,12,13 may have contributed to these inconsisten-
cies.13 In the present study we evaluated groups of patients

ith several long-term conditions to assess the association
etween serum catalytic iron and CVD after controlling for
arious co-morbidities.

ethods

This cross-sectional study was approved by the institu-
ional ethics committees at the participating centers, and
ritten informed consent was obtained from all study par-

icipants. The 568 subjects who agreed to participate in-
luded 349 participants from a survey of healthy govern-
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ental workers, 147 patients with chronic kidney disease
CKD) who attended Muljibhai Patel Urological Hospital,
nd 72 patients with angiographically established stable
oronary artery disease who attended cardiology clinics at
haila Amin General Hospital. To adjust for the Framing-
am 10-year coronary heart disease (CHD) risk score,14

subjects �20 years of age and those �80 years of age were
excluded. Given the potential impact of hemodialysis on
laboratory values, we excluded 58 patients on hemodialysis,
leaving 496 participants for analyses.

All subjects underwent a detailed clinical evaluation
from July 2007 through June 2008 at the Muljibhai Patel
Urological Hospital, where risk factor profiles and medical
histories including medical diagnoses and tobacco use were
carefully recorded. Body mass index was calculated as
weight (kilograms) divided by height (meters) squared.
With the participant in a seated position �3 blood pressure
measurements were taken 5 to 10 minutes apart and the
average blood pressure was used in these analyses. Hyper-
tension was defined as blood pressure �140/90 mm Hg,
self-reported diagnosis of hypertension, or use of antihyper-
tensive medications. Diabetes was diagnosed based on
American Diabetes Association criteria or current use of
oral hypoglycemic agents or insulin. Stable coronary artery
disease was defined as patients with angiographically estab-
lished coronary disease excluding those with effort angina,
unstable angina, and acute myocardial infarction in the
previous 3 months. Electrocardiography was performed in
all participants to evaluate for changes that would suggest
ischemic heart disease. In addition to stable obstructive
coronary artery disease, patients from any site with previous

angina, chronic stable angina, or previous myocardial in-
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439Miscellaneous/Catalytic Iron and Cardiovascular Disease
farction were included as subjects with CVD. CKD was
defined from National Kidney Foundation KDOQI guide-
lines (2006) based on estimated glomerular filtration rate
(eGFR), proteinuria, and structural damage. For men eGFR
was calculated by the Cockcroft-Gault equation: eGFR �
(140 – age) � weight (kilograms)/72 � serum creatinine
(milligrams per deciliter); for women the value was multi-
plied by 0.85. Framingham Risk Score was defined based on
the National Cholesterol Education Program definition of
10-year CHD risk,14 where any tobacco use was substituted
or smoking.

Participants had blood drawn after fasting for �12 hours.
easurements of blood glucose, lipid profiles, serum ferri-

in, and high-sensitivity C-reactive protein were performed
n a fully automated biochemistry analyzer. Serum creati-
ine was measured by the Jaffe kinetic reaction with alka-
ine picric acid using a kit prepared by Erba Diagnostics

annheim (Mumbai, India).
Catalytic iron was measured from serum using the bleo-

ycin-detectable iron assay as described previously.15,16

Briefly, the assay uses bleomycin, which binds to and de-
grades DNA in the presence of labile iron, forming a prod-
uct that reacts with thiobarbituric acid to form a chromogen.
To avoid external iron contamination, reactions were car-
ried out in disposable polypropylene tubes and all soluble
reagents except bleomycin were treated overnight with
Chelex (Bio-Rad Laboratories India Pvt. Ltd., Mumbai,
India) (300 mg for a 10-mL solution). Intra-assay coeffi-
cients of variation for serum bleomycin-detectable iron (cat-
alytic iron) for low (mean 0.04 �mol/L), medium (mean
0.57 �mol/L), and high (mean 3.15 �mol/L) levels of cat-
lytic iron were 8.1%, 8.8%, and 4.0%, respectively,
hereas interassay coefficients of variation were 13.0%,

Table 1
Clinical characteristics overall and for those in upper one-third and lower

Full Sa
(n �

Age (years) 45 �
Men 85

ystolic blood pressure (mm Hg) 126 �
otal cholesterol (mg/dl) 197 �
ow-density lipoprotein (mg/dl) 125 �
igh-density lipoprotein (mg/dl) 44.1 �
riglycerides (mg/dl) 138 �
igh-sensitivity C-reactive protein (mg/L) 1.7 (0.7
erum creatinine (mg/dl) 0.9 (0.8
erritin (ng/ml) 50 (30
stimated glomerular filtration rate (ml/min/1.73 m2) 88.4 �
iagnosis
Cardiovascular disease 17
Chronic kidney disease 51
Diabetes mellitus 17
Hypertension 25
Obesity (body mass index �30 kg/m2) 7.10

Uses tobacco 24

* Number available except for ferritin, where only 152 and 291 were a
† Wilcoxon rank-sum test for continuous variables and chi-square test f

1/3 versus the lower 2/3 of catalytic iron.
4.9%, and 10.7%, respectively. h
Serum catalytic iron was log-transformed or categorized
nto thirds using SAS (SAS Institute, Cary, North Carolina)
uantiles because of markedly skewed distribution. Subjects
n the lowest 2/3 of catalytic iron formed the reference
roup because of the very low CVD prevalence in the
owest third. Boxplots depicted the distribution of serum
atalytic iron on the log scale for the overall sample and for
articipants with any and those without all the co-morbid
onditions in the present study (diabetes mellitus, CKD,
VD, and hypertension). Differences in clinical character-

stics for participants in the upper 1/3 versus the lower 2/3
f catalytic iron were tested with chi-square tests (categor-
cal variables) and with Wilcoxon rank-sum tests (continu-
us variables). Logistic regression models tested associa-
ions between serum catalytic iron and CVD. To control for
mportant clinical characteristics, multivariable models
ere developed using purposeful selection17 with a statis-

ical significance criterion of a p value �0.05 (Wald test for
ovariates and deviance test for interactions). Covariates
ere tested for confounding and were retained if they pro-
uced an �15% change in the odds ratio (OR) for level of
atalytic iron. Because of marked correlation with major
isease categories and risk factors, center effects could not
e tested in logistic models. Possible interactions between
erum catalytic iron and major clinical characteristics iden-
ified initially by Breslow-Day tests of homogeneity were
valuated by the deviance test in the fully adjusted logistic
odel. SAS 9.2 was used in all analyses.

esults

This middle-aged population of mostly men had several
o-morbid conditions (Table 1). Prevalences of CVD for the

irds of serum catalytic iron

Serum Catalytic Iron p Value†

Upper 1/3 Lower 2/3
(n � 165)* (n � 331)*

51 � 13 43 � 11 �0.0001
81% 86% 0.16

131 � 20 124 � 9 0.0001
195 � 80 199 � 71 0.007
127 � 97 124 � 38 0.003

40.6 � 13.7 45.9 � 7.4 �0.0001
170 � 81 122 � 75 �0.0001

2.4 (1.0–10.3) 1.4 (0.6–3.4) �0.0001
1.0 (0.8–1.7) 0.9 (0.8–1.0) �0.0001
61 (38–135) 44 (26–80) �0.0001
70.6 � 34.5 97.3 � 24.8 �0.0001

39% 6.00% �0.0001
75% 38% �0.0001
32% 9.40% �0.0001
49% 14% �0.0001
10% 5.40% 0.05
21% 26% 0.21

for the upper 1/3 versus the lower 2/3, respectively.
orical variables indicating differences of characteristics across the upper
two-th

mple
496)

12
%
14
74
63
10.2
80
–4.9)
–1.0)
–92)
31.0

%
%
%
%
%
%

vailable
or categ
ighest to lowest thirds of catalytic iron were 39%, 8.6%,
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and 0.9%. Therefore, to have sufficient events in the refer-
ence group, we combined subjects within the middle and
lower thirds of catalytic iron. Several significant detrimental
associations were found for subjects in the upper third of
serum catalytic iron (range 0.14 to 16.7 �mol/L) compared
o lower levels (range 0.01 to 0.13 �mol/L): they were older

and had higher systolic blood pressure, abnormal lipid lev-
els (lower high-density lipoprotein, higher low-density li-
poprotein, and higher triglycerides), higher high-sensitivity
C-reactive protein, higher serum creatinine, higher ferritin,
lower eGFR, and higher prevalences of co-morbidities
(CVD, CKD, diabetes mellitus, hypertension, and obesity;
Table 1). No significant differences in gender or prevalence
of tobacco use were found for level of catalytic iron. How-
ever, the limited numbers of women could have prevented
identification of gender differences.

In the overall sample, the median (interquartile range) for
serum catalytic iron was 0.1 �mol/L (0.1 to 0.17; Figure 1).
Subjects with �1 co-morbidity (diabetes, hypertension,
CKD, or CVD) had significantly higher catalytic iron (me-

Figure 1. Boxplots for serum catalytic iron overall and by co-morbidity sta
or hypertension vs absence of these co-morbidities) using a log scale (y ax
uartiles with the smallest (whiskers above boxes) and largest (whiskers b

are depicted.

Table 2
Serum catalytic iron medians and interquartile ranges by patient co-morbi

Catalytic Iron (�mol/L) Age (years) CVD

�62 �62 Yes No
(n � 459) (n � 37) (n � 85) (n � 41

Median 0.1 0.20* 0.21 0.10*
Interquartile range 0.10–0.15 0.14–0.32 0.14–0.29 0.09–0.1

* All p values are �0.0001 for Wilcoxon rank-sum tests comparing me
dian 0.13 �mol/L, interquartile range 0.1 to 0.24) than
subjects with no co-morbidity (median 0.1 �mol/L, inter-
quartile range 0.08 to 0.11, p �0.0001; Figure 1). Median
serum catalytic iron was significantly higher for patients
�62 years old compared to younger subjects and for sub-
jects with (compared to those without) CVD, CKD, diabetes
mellitus, and hypertension (Table 2).

In the final analytic sample, the odds of having existing
CVD was 10 times as high for subjects in the upper third of
catalytic iron compared to those in the lower 2/3 in unad-
justed analyses (Table 3). Adjusting for age decreased the
OR by �1/2 (OR 4.9, confidence interval 2.5 to 9.3), but the
association remained highly significant (p �0.0001). Addi-
tional adjustment for gender had minimal impact on the
association (Table 3). Although the Breslow-Day test for
homogeneity of effects found potential interactions between
levels of catalytic iron and diabetes mellitus, CKD, hyper-
tension, and age category, no significant interaction was
found in fully adjusted logistic regression models. In the
final model that adjusted for age, Framingham Risk Score,
eGFR, hypertension status, high-density lipoprotein choles-

sence of diabetes mellitus, chronic kidney disease, cardiovascular disease,
t to third quartiles (box heights), medians (horizontal lines within boxes),
xes) values within 1.5 times the interquartile range, and outliers (circles)

nd age

CKD Diabetes Mellitus Hypertension

Yes No Yes No Yes No
� 251) (n � 245) (n � 83) (n � 413) (n � 126) (n � 370)

0.13 0.10* 0.19 0.10* 0.2 0.10*
0–0.25 0.08–0.12 0.11–0.40 0.10–0.14 0.11–0.40 0.09–0.13

or those with and without each characteristic.
tus (pre
is). Firs
elow bo
dities a

1) (n

3 0.1
terol, and systolic blood pressure, the OR was decreased to
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3.8, but the association remained significant (Table 3). Test-
ing the log-transformed catalytic iron in the logistic models
yielded results that were consistent with those based on
categorical catalytic iron; significant associations with CVD
were found in analyses mirroring those listed in Table 3.
After adjustment for age, Framingham Risk Score, eGFR,
hypertension status, high-density lipoprotein cholesterol,
and systolic blood pressure, the OR was 1.8 (95% confi-
dence interval 1.4 to 2.2, p �0.0001) for each unit increase.
However, the association was nonlinear because the addi-
tion of the squared term was significant in analyses. There-
fore, we focused on the results based on categorical catalytic
iron.

Discussion

In this study we report a direct association between
serum catalytic iron and prevalent CVD after controlling for
multiple known risk factors for atherosclerosis. Several of
these risk factors were associated with serum catalytic iron
in bivariate analyses. However, we acknowledge several
study limitations. We used a convenience sample including
17% with stable CHD for this cross-sectional exploratory
analysis. To understand the direction of the association
between catalytic iron and CVD in the general population
would require additional prospective studies. Another po-
tential issue for our study and other studies is that a single
measurement of catalytic iron is unlikely to reflect the
overall long-term exposure to reactive catalytic iron.13 This
may have resulted in the lack of a detrimental association in
1 study of incident CHD.5 Furthermore, because of the
small sample, we were unable to explore completely several
potential interactions that suggested that catalytic iron as-
sociations might vary depending on the presence or absence
of some diseases and possibly by age. Although associa-
tions with various types of CVD are of interest, our partic-
ipants with CVD were almost exclusively patient with sta-
ble CHD, preventing evaluation of other categories of
vascular disease. In addition, the Framingham 10-year CHD

Table 3
Odds ratios and 95% confidence intervals indicating association for
upper one-third versus lower two-thirds of serum catalytic iron and
existing cardiovascular disease

Model
(n � 496)

Level of Catalytic
Iron

OR (95% CI) p Value*

Unadjusted Upper 1/3 10.1 (5.8–17.5) �0.0001
Lower 2/3 1

Adjusted for age,
gender

Upper 1/3 4.9 (2.6–9.5) �0.0001

Lower 2/3 1
Full model† Upper 1/3 3.8 (1.4–10.1) �0.0072

Lower 2/3 1

* Wald chi-square test for upper 1/3 versus lower 2/3 for serum catalytic
iron from logistic regression models.

† Adjusted for age, Framingham 10-year coronary heart disease risk
score, estimated glomerular filtration rate, high-density lipoprotein choles-
terol, systolic blood pressure, and hypertension.
CI � confidence interval.
risk score is known to be suboptimal for representing CHD
risk in patients with CKD. Nonetheless, one of the striking
findings was that the unadjusted odds of having existing
CVD for subjects in the upper third of serum catalytic iron
was 10 times that for subjects with lower levels. Even after
adjustments for important clinical characteristics, the OR
remained high and significant at 3.8. This is in keeping with
previous studies that demonstrated the presence of iron in
human atherosclerotic plaques18–20 and with the association
of catalytic iron with acute coronary syndrome.16

A direct association between increased iron stores and
atherosclerotic CVD is still controversial.3 As reviewed, the
iron-heart hypothesis was first postulated by Sullivan21 in
the early 1980s. He suggested that the lower incidence of
CHD in premenopausal women compared to men of the
same age is attributable to lower body iron stores caused by
regular blood loss. However, epidemiologic studies assess-
ing serum ferritin or its change as an indicator of iron stores
have provided conflicting results, with some studies report-
ing a positive association with atherosclerotic disease or its
progression11,22–24 and others, including a meta-analysis of
incident CHD, reporting no association.2,25–27 Some incon-
sistencies may have resulted because the iron in ferritin is
bound, and only free or loosely bound iron participates in
redox reactions15 that produce free radicals in biological
amples. It is important that total body iron is not consis-
ently related to the level of biologically active iron12,13 and

that many studies evaluating ferritin may not have ac-
counted completely for confounding by inflammation.22–27

Demonstration that removal of catalytic iron results in
clinical benefit would provide evidence for the role of cat-
alytic iron in CVD. It should be noted that the first random-
ized multicenter trial (Iron [Fe] and Atherosclerosis Study
[FeAST]) reported no significant benefit in all-cause mor-
tality or nonfatal myocardial infarction in patients who
underwent a decrease in iron stores by phlebotomy.28 Sul-
ivan29 argued that, among other reasons, the FeAST trial

may have failed because the study design did not achieve
full iron depletion. Nevertheless, in our opinion, the study
results were not surprising because iron status does not
reflect the iron available to catalyze free-radical reactions as
we previously reported in an animal study.12 An iron-defi-
cient diet resulted in low total body iron but had no effect on
catalytic iron in the kidney cortex after ischemia-reperfu-
sion injury. Thus, iron status per se may not dictate suscep-
tibility to injury but rather iron that is catalytically available
to participate in free radical reactions. Iron may contribute
to atherosclerosis by affecting several biological processes
relevant to atherosclerosis6,20,30 and by impairing vascular
function.30 Therapeutic trials would provide additional ev-
idence for a cause–effect relation between catalytic iron and
CVD.
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