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Abstract

Pulmonary arterial hypertension (PAH) prevalence is increasing worldwide,

and the prognosis is poor with 5‐year survival < 50% in high risk patients. The

relationship between metal exposure/essential metal dyshomeostasis and

PAH/right ventricular dysfunction is less investigated. The aim of this study is

to investigate vegetable consumptions and metal levels between PAH patients

and controls. This was a prospective, single center pilot study. Questionnaires

were completed by all study subjects (20 PAH patients and 10 healthy

controls) on smoking, metal exposure risks, metal supplements, and vegetable

consumptions. Blood and urine samples were collected to measure 25 metal

levels in blood, plasma, and urine using an X Series II quadrupole inductively

coupled plasma mass spectrometry. Statistical analysis was conducted

using SAS 9.5 and results with p value < 0.05 were considered significant.
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Vegetables consumptions (broccoli risk ratio [RR] = 0.4, CI = (0.2, 0.9)],

cabbage [RR= 0.2, CI = (0.1, 0.8)], and brussel sprouts [RR= 0.2, CI = (0.1,

0.5)]) are associated with less risks of PAH. In the plasma samples, silver

(p< 0.001), and copper (p= 0.002) levels were significantly higher in PAH

patients. There was significant positive correlation between cardiac output and

cardiac index with plasma levels of silver (r= 0.665, p= 0.001 and r= 0.678

p= 0.001), respectively. There was significant correlation between mixed

venous saturation, 6‐min walk distance, and last BNP with plasma levels of

chromium (r=−0.520, p= 0.022; r=−0.55, p= 0.014; r= 0.463, p= 0.039),

respectively. In conclusion, there are significant differences between PAH and

control groups in terms of vegetable consumptions and metal concentrations.

Silver and chromium levels are correlated with clinical indicators of PAH

severities.
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INTRODUCTION

Pulmonary hypertension is a syndrome characterized by
marked remodeling of the pulmonary vasculature and a
progressive rise in the pulmonary vascular load, leading
to hypertrophy and remodeling of the right ventricle.1

It is estimated that 1% of the world population and up to
10% of persons older than 65 years of age have pulmona
hypertension.1 Pulmonary arterial hypertension (PAH,
World Symposium on Pulmonary Hypertension classifi-
cation Group 1) affects 25 persons (most of whom are
women) per 1 million population in Western countries,
with an annual incidence of 2–5 cases per million.2 Death
results from right ventricular failure if pulmonary
hypertension is left untreated. Despite these therapeutic
interventions, the prognosis is generally poor, necessitat-
ing further investigation into the pathogenesis of PAH to
improve novel therapeutic strategies.3

In vitro and in vivo experimental models and clinical
data showed that oxidative stress, an imbalance between
the generation of reactive oxygen species (ROS) and
the biological system's ability to detoxify these ROSs or
to repair the resulting damages, appears as a significant
mediator and predictor of worse outcomes in PAH.3

Noteworthy, environmental factors are considered key
determinants of cardiovascular disease (CVDs). Although
lifestyle choices such as smoking, diet, and exercise are
viewed as major environmental influences, the contribu-
tion of environmental pollutants, including nonessential
metals, to CVDs is important and needs more attention.
Exposures to nonessential metals, such as arsenic (As),
lead (Pb), and cadmium,4 have been linked to increased

incidence of CVDs.5,6 For instance, urinary alterations of
nonessential metals, such as As and Cd, and essential
metals, such as copper (Cu) and zinc (Zn), were
associated with increased CVD risk.7 A recent meta‐
analysis of 350,000 individuals from 37 countries showed
that exposure to As, Pb, Cd, and Cu was directly
associated with increased CVD incidence and mortality
in a dose‐response manner.8,9 For peripheral vascular
disease (PVD), Pb and Cd appear to be significant
mediators of smoking‐induced PVD.7 Cd has been shown
to increase atherosclerosis in animal models, and
environmental exposure to Cd damages the heart and
blood vessels by increasing ROS generation. However,
current studies suffer from multiple drawbacks with
most studies being cross sectional in design and the
relationship between metal exposure/essential metal
dyshomeostasis and PAH/RV dysfunction is less investi-
gated.10 A small study found an association between
isolated RV failure and self‐reported exposure to
occupational dusts.11 Biomass fuel exposure not only
cause obstructive and/or restrictive lung disease but also
leads to systolic and diastolic right ventricular dys-
function.12 In another study, each 11.62‐μg/m3 increase
in same‐day mean PM2.5 concentration was associated
with small but significant increases in estimated PA
diastolic pressure [0.19mmHg; 95% confidence interval
(CI): 0.05–0.33] and RV diastolic pressure (0.23 mmHg;
95% CI: 0.11–0.34).13

Understanding the molecular mechanisms of non-
essential metal toxicities and essential metal dyshomeos-
tasis in PAH/RV dysfunction would have a significant
impact on exploring potential therapeutic options. For

2 of 13 | EL‐KERSH ET AL.



instance, metal toxicity by either generating ROS via
Fenton reaction, or by competing/replacing essential
metals from essential metal‐containing proteins, tran-
scription factors and enzymes to alter their functions,
could be a central mechanism behind metal toxicity and
essential metal imbalance‐associated PAH/RV dys-
function.14 In fact, the association between altered iron
(Fe) homeostasis and PAH have attracted attention
recently, because treatment of Fe deficiency in PAH
improved patients’ exercise tolerance, quality of life,
hospitalization rates and mortality.15 Furthermore, intra-
cellular Fe deficiency in mouse pulmonary artery smooth
muscles directly led to PAH and RV failure, demonstrat-
ing a causal relationship.16

We recently found that antimony, a nonessential
metal, blood and plasma levels were significantly higher
in PAH patients when compared to controls. In addition,
there was a significant correlation between plasma
antimony level and prognostic hemodynamic parameters
of PAH including mean right atrial pressure (mRAP),
cardiac output (CO), cardiac index (CI), pulmonary
vascular resistance (PVR), and mixed venous oxygen
saturation (SvO2).17 We aim to explore the potential links
between other essential and nonessential metals and
PAH in the current study. We hypothesize that metal
levels are different between PAH and controls and are
correlated with clinical parameters of PAH.

METHODS

This was a prospective, single center pilot study that
recruited patients from the University of Louisville
Health Pulmonary Hypertension center over a period of
3 months. Patients with PAH who were ≥18 years old
were eligible to participate. The recruited PAH patients
did not have any known prior history of occupational
heavy metal exposure.

IRB approval (University of Louisville IRB# 20.0947)
was obtained, and all the included patients signed an
informed consent before recruitment. All participants
completed a questionnaire on environmental exposures
and vegetable consumptions (frequency, amounts, cook-
ing methods and whether cooking water was consumed).
Blood and urine samples were collected from 20 PAH
patients and from 10 volunteer apparently healthy
controls to measure 25 metal levels in whole blood,
plasma, and urine using an X Series II quadrupole
inductively coupled plasma mass spectrometry (ICP‐MS,
Thermo Fisher Scientific). The ICP‐MS trace metal assay
protocol included several steps with all procedures
avoiding metal contamination. The sample digestion
tubes (Eppendorf or metal free tubes) were treated with

concentrated acid/nitric acid overnight and washed/
rinsed by deionized (DI) water 5 times then tubes were
dried. A total of 100 μl blood samples were transferred
to digestion tubes. A total of 700 μl 70% HNO3
(cat# A509P500, trace metal grade; Fisher Scientific)
were added into sample tubes, and digestion tubes
were placed in 65°C incubation shaker for 4 h till
sample solutions became clear. All digested solution
was carefully transferred into 12 mL DI water (~4%
HNO3 concentration required by ICPMS machine). The
solution was mixed well and filtered by 45 μm cell
strainer. Sample tubes were standard 15mL (VWR metal
free tube 89049–172). Five tubes 35mL 4% HNO3/DI
water solutions were made for assay blank and making
standards (each tube 33mL DI water +2mL 70% HNO3
and mixed well, VWR 89049–176). At that point samples
are ready for assay.

We collected available demographics, hemodynamics,
6‐min walk distance (6MWD), brain natriuretic peptide
(BNP) level, and REVEAL Lite 2 risk score of the
recruited PAH patients. Due to the small size of this pilot
study, normality of the data is difficult to check. The
logarithmic transformation can produce approximately
normally distributed metal levels.18 The blood, plasma
and urine metal levels were logarithmically transformed
and then compared among groups using a two‐sample
t‐test (or analysis of variance [ANOVA] when comparing
more than two factors) for continuous variables and
a χ2‐test (or Fisher's exact test when the expected
frequency within any cell was less than 5 in a 2×2 table)
for categorical variables. The association of exposure to
vegetables with PAH was also evaluated. The relative
risk was used to evaluate the effect of exposure to
vegetables on PAH. The individual variations among all
PAH patients were examined in terms of the blood,
plasma urine metal levels. In addition, the Pearson's
correlation coefficient and p value were used to
evaluate the relationship between heavy metals and
clinical biomarkers. Statistical analysis was conducted
using SAS 9.5 and results were declared significant
at α= 0.05.

RESULTS

Vegetable consumptions and PAH

A total of 30 subjects (20 PAH patients and 10 controls)
were included in this study. Of the 20 PAH patients
included, 80% were female and the mean age
was 57.6 years. There were significant associations
between PAH and more smoking (p= 0.017), older age
(p= <0.001), less broccoli sprouts (p= 0.020), cabbage
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(p=<0.001), and brussel sprouts (p= 0.002) consump-
tions (Table 1). Smoking was associated with higher
risk of PAH risk ratio [RR] = 2.0, CI = (1.3, 3.1)] and
vegetables consumptions (broccoli [RR = 0.4, CI =
(0.2, 0.9)], cabbage [RR = 0.2, CI = (0.1, 0.8)], and
brussel sprouts [RR = 0.2, CI = (0.1, 0.5)]) were associ-
ated with lower risk of PAH.

Metal levels and PAH

In the whole blood samples, copper levels (p= 0.007)
were significantly higher, and thorium (p< 0.001) levels
were significantly lower in PAH patients when compared
to controls (Table 2). In the plasma samples, sodium
(p= 0.007), potassium (p= 0.002), copper (p= 0.002),

TABLE 1 Comparison between
pulmonary arterial hypertension (PAH)
and control subjects for smoking history,
broccoli, cabbage, cauliflower, brussel
sprouts consumption.

Variables Total (N= 30) Control (N= 10) PAH (N= 20) p value

Sex 0.384†

F 22 (73.3) 6 (60.0) 16 (80.0)

M 8 (26.7) 4 (40.0) 4 (20.0)

Smoking history 0.017†

Never 20 (66.7) 10 (100.0) 10 (50.0)

Ever 9 (30.0) 0 (0.0) 9 (45.0)

Current 1 (3.3) 0 (0.0) 1 (5.0)

Broccoli sprouts 0.020†

<2 times/mo 16 (53.3) 2 (20.0) 14 (70.0)

2–4 time/mo 10 (33.3) 6 (60.0) 4 (20.0)

5–8 times/mo 1 (3.3) 1 (10.0) 0 (0.0)

>8 times/mo 2 (6.7) 1 (10.0) 1 (5.0)

Missing 1 0 1

Cabbage <0.001†

<2 times/mo 19 (63.3) 2 (20.0) 17 (85.0)

2–4 time/mo 5 (16.7) 4 (40.0) 1 (5.0)

5–8 times/mo 4 (13.3) 3 (30.0) 1 (5.0)

>8 times/mo 1 (3.3) 1 (10.0) 0 (0.0)

Missing 1 0 1

Cauliflower 0.551†

<2 times/mo 23 (76.7) 7 (70.0) 16 (80.0)

2–4 times/mo 5 (16.7) 3 (30.0) 2 (10.0)

>8 times/mo 1 (3.3) 0 (0.0) 1 (5.0)

Missing 1 0 1

Brussel sprouts 0.002†

<2 times/mo 24 (80.0) 5 (50.0) 19 (95.0)

2–4 times/mo 4 (13.3) 4 (40.0) 0 (0.0)

>8 times/mo 1 (3.3) 1 (10.0) 0 (0.0)

Age <0.001

Frequency 30 10 20

Mean (95% CI) 50.7 (45.3–56.2) 37.1 (29.9–44.3) 57.6 (52.4–62.7)

Median (min–max) 54.5 (23–79) 34 (23–56) 59 (34–79)

Note: The † in the “p value” column means the p value calculated by the Fisher's exact test.

Abbreviation: CI, confidence interval.
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and silver (p< 0.001) levels were significantly higher in
PAH patients (Table 2). In the urine samples, thallium
levels (p= 0.035) were significantly lower in PAH
patients.

Idiopathic versus nonidiopathic PAH
metals comparison

Of the 20 PAH patients, there were 6 idiopathic PAH and
14 nonidiopathic PAH patients. In the whole blood, iron
levels were significantly higher (p= 0.006) and copper
levels were significantly lower (p= 0.01) in idiopathic
PAH when compared to nonidiopathic PAH (Table 3). In
the plasma, potassium (p= 0.002), silver (p< 0.001), and
lead (p= 0.038) were significantly higher; but copper

levels (p= 0.008) were significantly lower in idiopathic
PAH (Table 3).

Differences between the lowest and
highest metal levels in PAH and control

Range of the majority of the whole blood, plasma and
urine metal levels were greater in PAH patients than
those in control subjects (Table 4).

Metal levels and PAH severity

There was significant positive correlation between
mRAP and whole blood zinc (r= 0.48771, p= 0.029),

TABLE 2 Comparison of metal levels after logarithmic transformation in the whole blood, plasma, and urine samples between
pulmonary arterial hypertension (PAH) and control subjects.

Total (N= 30) Control (N= 10) PAH (N= 20) p value

Whole blood metals (log ng/mL)

Copper 0.007

Mean (95% CI) 6.8 (6.7–6.9) 6.7 (6.6–6.8) 6.9 (6.8–7.0)

Median (min–max) 6.8 (6.4–7.3) 6.7 (6.4–7.1) 6.9 (6.6–7.3)

Thorium <0.001

Mean (95% CI) −5.8 (−6.6 to −4.9) −3.4 (−5.3 to −1.5) −6.9 (−6.9 to −6.9)

Median (min–max) −6.9 (−6.9 to 0.5) −2.0 (−6.9 to 0.5) −6.9 (−6.9 to −6.9)

Plasma metals (log ng/mL)

Sodium 0.007

Mean (95% CI) 15.0 (15.0–15.0) 15.0 (14.9–15.0) 15.0 (15.0–15.0)

Median (min–max) 15.0 (14.9–15.0) 15.0 (14.9–15.0) 15.0 (14.9–15.0)

Potassium 0.002

Mean (95% CI) 12.3 (12.2–12.4) 12.1 (12.0–12.1) 12.4 (12.3–12.6)

Median (min–max) 12.2 (11.9–13.0) 12.0 (11.9–12.2) 12.4 (11.9–13.0)

Copper 0.002

Mean (95% CI) 7.1 (7.0–7.2) 6.9 (6.7–7.0) 7.2 (7.1–7.3)

Median (min–max) 7.1 (6.4–7.5) 6.8 (6.4–7.5) 7.2 (6.8–7.5)

Silver <0.001

Mean (95% CI) −3.1 (−4.1 to −2.1) −5.7 (−7.3 to −4.0) −1.9 (−2.7 to −1.0)

Median (min–max) −2.0 (−6.9 to 0.8) −6.9 (−6.9 to 0.5) −1.7 (−6.9 to 0.8)

Urine metals (log ng/mL)

Thallium 0.035

Mean (95% CI) −1.5 (−1.9 to −1.0) −0.7 (−1.2 to −0.2) −1.8 (−2.4 to −1.2)

Median (min–max) −1.4 (−6.9 to 0.4) −0.7 (−2.0 to 0.4) −1.7 (−6.9 to −0.9)

Note: Only metals which showed significant differences are shown here.

Abbreviation: CI, confidence interval.
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plasma levels of sodium (r= 0.449, p= 0.047) and
calcium (r= 0.543, p= 0.013) (Table 5). There was
significant positive correlation between PAWP and
plasma levels of calcium (r= 0.519, p= 0.018) and
selenium (r= 0.444, p= 0.049); and urine arsenic
(r= 0.46, p= 0.041) (Table 5). There was significant
positive correlation between CO and whole blood level
of sodium (r= 0.485, p= 0.03), and plasma levels of
silver (r= 0.665, p= 0.001); and negative association
with whole blood potassium (r=−0.448, p= 0.047).
There was significant positive correlation between CI
and whole blood levels of sodium (r= 0.555, p= 0.011),
calcium (r= 0.487, p= 0.029) and plasma levels of silver
(r= 0.678, p= 0.001) with negative correlation with
whole blood potassium (r=−0.539, p= 0.014), and iron
(r=−0.478, p= 0.032). There was significant a negative
correlation between PVR and plasma silver (r=−0.467,
p= 0.037). There was significant negative correlation
between SvO2 and whole blood levels of magnesium
(r=−0.618, p= 0.004), plasma levels of magnesium
(r=−0.616, p= 0.004) and chromium (r=−0.52,

p= 0.022), and urine levels of chromium (r=−0.476,
p= 0.039), manganese (r=−0.661, p= 0.002), barium
(r=−0.464, p= 0.045) and uranium (r=−0.725,
p= 0.001). There was a positive association between
SvO2 and plasma silver levels (r= 0.667, p= 0.001).

There was significant negative correlation between
REVEAL Lite 2 scores and urine levels of beryllium
(r=−0.462, p=0.046) and sodium (r=−0.597, p=0.006).
There was significant negative correlation between
last 6MWD and plasma levels of chromium (r=−0.55,
p=0.014) and urine levels of uranium (r=−0.55,
p=0.014). There was significant positive association
between last 6MWD and whole blood barium (r=0.555,
p=0.013) and plasma silver (r=0.5815, p=0.009). There
was significant positive correlation between last BNP and
plasma levels of chromium (r=0.463, p=0.039) and urine
level of uranium (r= 0.514, p= 0.02). There was significant
negative association between last BNP and urine sodium
(r=−0.457, p=0.042) and calcium (r=−0.444, p=0.049)
levels. There was a negative association between Compera
risk scores and plasma silver (r=−0.555, p= 0.011); a

TABLE 3 Comparison of metal levels after logarithmic transformation in the whole blood, plasma, and urine samples between
idiopathic and nonidiopathic pulmonary arterial hypertension (PAH).

Total (N= 30) Control (N= 10) Idiopathic (N= 6) Nonidiopathic (N= 14) p value

Whole blood metals (log ng/mL)

Iron 0.006

Mean (95% CI) 12.9 (12.9–13.0) 13.0 (13.0–13.1) 13.1 (13.0–13.2) 12.8 (12.7–12.9)

Median (min–max) 13.0 (12.4–13.2) 13.0 (12.9–13.2) 13.1 (12.9–13.2) 12.9 (12.4–13.1)

Copper 0.010

Mean (95% CI) 6.8 (6.7–6.9) 6.7 (6.6–6.8) 6.8 (6.7–6.9) 6.9 (6.8–7.0)

Median (min–max) 6.8 (6.4–7.3) 6.7 (6.4–7.1) 6.8 (6.6–7.0) 6.9 (6.6–7.3)

Plasma metals (log ng/mL)

Potassium 0.002

Mean (95% CI) 12.3 (12.2–12.4) 12.1 (12.0–12.1) 12.6 (12.4–12.8) 12.4 (12.2–12.6)

Median (min–max) 12.2 (11.9–13.0) 12.0 (11.9–12.2) 12.7 (12.3–12.9) 12.3 (11.9–13.0)

Copper 0.008

Mean (95% CI) 7.1 (7.0–7.2) 6.9 (6.7–7.0) 7.1 (7.0–7.3) 7.2 (7.1–7.3)

Median (min–max) 7.1 (6.4–7.5) 6.8 (6.4–7.5) 7.2 (6.8–7.3) 7.2 (6.8–7.5)

Silver <0.001

Mean (95% CI) −3.1 (−4.1 to −2.1) −5.7 (−7.3 to −4.0) −2.1 (−4.1 to −0.2) −1.7 (−2.7 to −0.8)

Median (min–max) −2.0 (−6.9 to 0.8) −6.9 (−6.9 to 0.5) −1.2 (−6.9 to −0.7) −2.0 (−6.9 to 0.8)

Lead 0.038

Mean (95% CI) −1.5 (−2.3 to −0.8) −2.0 (−3.1 to −0.9) −2.9 (−5.5 to −0.3) −0.6 (−1.1 to −0.2)

Median (min–max) −1.0 (−6.9 to 1.2) −1.4 (−6.9 to −0.7) −1.7 (−6.9 to 1.0) −0.7 (−2.0 to 1.2)

Note: Only metals which showed significant differences are shown here.

Abbreviation: CI, confidence interval.
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positive association with urine manganese (r=0.487,
p=0.029) and uranium (r=0.489, p=0.028) levels.

DISCUSSIONS

We performed a pilot study to evaluate the possible
correlations between whole blood, plasma and urine
metal levels and PAH etiology, classification, and clinical
severity. The major findings include antioxidant rich
vegetable consumptions are less in PAH patients; copper,
thorium, sodium, potassium, silver, and thallium are
different in PAH patients; idiopathic PAH patients have
different iron, copper, potassium, silver and lead levels;

heterogenicity of metal levels in PAH are much higher
than controls; multiple metals show significant correla-
tions with hemodynamic and clinical severity parameters
in PAH patients.

The importance of oxidative stress and inflammation
was recently demonstrated in a PAH murine model since
sulforaphane, a Nrf2 activator, attenuated oxidative
stress, prevented the pathological changes of the RV in
PAH mice by increasing cardiac Nrf2 expression and its
downstream antioxidants.19 In addition, sulforaphane
did not protect RV systolic and diastolic functions in Nrf2
knockout PAH mice verifying the essential role of Nrf2 in
SFN‐mediated prevention of RV dysfunction and PAH,
and increasing Nrf2 activity in patients with PAH may

TABLE 4 Differences between the lowest and highest of metal levels after logarithmic transformation in the whole blood, plasma, and
urine samples between pulmonary arterial hypertension (PAH) and control subjects.

Metal (log ng/mL)

Blood Plasma Urine

PAH Control PAH Control PAH Control

Beryllium 7.94 6.80 6.80 6.80 7.57 7.57

Sodium 0.38 0.20 0.12 0.08 2.67 2.94

Magnesium 1.15 0.23 1.97 0.31 3.35 2.80

Aluminum 1.50 1.47 11.88 0.75 3.61 5.09

Potassium 0.49 0.23 1.11 0.31 2.71 1.99

Calcium 0.42 0.21 0.41 0.16 4.99 2.96

Vanadium 7.80 7.42 7.85 7.94 7.95 6.25

Chromium 7.99 0.00 7.05 0.00 8.94 6.25

Manganese 2.95 1.32 0.00 7.05 12.26 0.00

Iron 0.79 0.31 1.71 0.97 14.17 3.00

Cobalt 6.93 5.95 2.30 6.24 3.32 3.43

Nickel 9.23 8.11 8.44 7.49 2.77 1.88

Copper 0.74 0.66 0.76 1.06 3.53 2.90

Zinc 0.64 0.35 0.99 0.58 2.97 3.81

Arsenic 8.18 7.85 6.93 6.93 12.37 4.04

Selenium 1.14 0.74 1.47 0.65 12.06 12.60

Molybdenum 3.21 1.18 2.89 2.19 5.04 4.34

Silver 2.48 5.55 7.74 7.42 5.56 4.87

Cadmium 7.05 6.65 4.86 4.86 8.55 8.71

Antimony 2.99 2.63 2.28 1.43 7.75 0.00

Barium 10.35 9.36 8.66 2.56 4.72 2.74

Thallium 4.86 0.00 0.00 0.00 5.96 2.39

Lead 2.70 1.55 8.11 6.24 2.62 1.61

Thorium 0.00 7.42 4.86 4.86 4.87 4.87

Uranium 0.00 – – – 4.87 –

Note: “–” means missing value.
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have therapeutic potential.20 Clinical trials evaluating
effects of Nrf2 activators in PAH are currently under-
way,21 pointing to the potentials of Nrf2 activators in the
management of PAH. In our study, consumption of
sulforaphane rich vegetables such as broccoli, cabbage
and brussel sprouts are significantly lower in PAH
patients when compared to controls. However, whether
and how much sulforaphane rich vegetables contribute
to PAH pathogenesis and progression is unknown due
the potential confounding factors including consumption
amounts, cooking methods and other dietary intakes.

Copper level was significantly higher in the whole
blood and plasma of PAH patients when compared to
controls in this study. Cellular copper plays an important
role in angiogenesis and extracellular matrix remodeling
and increased copper in vascular smooth muscle cells has
been demonstrated to be associated with atherosclerosis
and hypertension in animal experiments. In a study of
seven pulmonary hypertension patients, mean serum
copper level was significantly higher in patients with
pulmonary hypertension, indicating that increased
serum copper may be a cause or a marker of PAH.22 In
addition, serum levels of copper were found to be higher
in chronic obstructive lung disease patients with pulmo-
nary hypertension compared to patients without pulmo-
nary hypertension.23 In animal studies, elevated serum
copper concentration was found in monocrotaline
induced pulmonary hypertension rats24 and the severity
of cardiopulmonary damage was accompanied by a dose‐
dependent elevation in serum copper concentration.25

Furthermore, a copper‐depleted diet prevented, and
copper chelation with tetrathiomolybdate reversed, the
development of severe SU5416 + hypoxia PAH rats26 and
increased copper transportation in pulmonary arteries
and smooth muscle cells contributes to the development
of hypoxia‐induced pulmonary hypertension.27 These
findings suggest copper restricted diet or chelation
therapy might be potential therapeutic targets for PAH.

The differences and correlations in essential metals
such as sodium, potassium, calcium, and magnesium in
PAH are more complex as many PAH patients are on
diuretics, which can significantly affect these metal
concentrations. Whether dysregulation of these metals
is merely a marker of the PAH disease or is actually a
causal or worsening element for PAH is unknown and
deserves preclinical and clinical studies.

Our results on heterogenicity of metals in PAH and
control patients showed a larger range of metal
concentrations in PAH except a few metals. As PAH
itself is a heterogenous disease and exact etiologies are
unknown, direct metal toxicities or other factors affecting
metal concentrations could be related to PAH and
explain its progression. We also showed different metal

levels between idiopathic and non‐idiopathic PAH
patients and metal dysregulation might be the causal
agent in some idiopathic PAH cases.

Another metal that deserves attention in PAH is
silver. In this study, silver level was found to be positively
correlated with CO, CI, SvO2, and 6MWD; negatively
correlated with PVR and Compera risk scores in PAH
patients. Several previous studies have demonstrated
effects of silver on hemodynamics of the left heart.
Arozal et al.28 found that silver has a cardioprotective
effect against myocardial infarction through the amelio-
ration of nuclear factor kappa B expression level induced
by oxidative stress overproduction. Ramirez‐Lee et al.29

demonstrated sustained vasoconstriction and increased
cardiac contractility in response to silver in diabetic rats.
They also found that low concentrations of silver
increased nitric oxide production without modifying
cardiac parameters while high concentrations of silver
promoted a sustained vasoconstriction and increased
cardiac contractility related to oxidative stress in rat
heart.30 In addition, silver has been correlated with the
initiation of atherosclerosis by evoking oxidative stress,
damaging to cell membrane, apoptosis, and inhibiting
cell proliferation. Furthermore, silver appear to suppress
the expression of nitric oxide synthase, which in turn
leads to a decrease in the production of nitrogen oxide, a
potent vasodilator.31 By suppressing levels of nitric oxide
and creating an oxidative milieu, it becomes evident how
high concentrations of silver might further exacerbate
PAH hemodynamics.

Higher chromium levels showed correlations with
worse mixed venous oxygenation, worse 6min walk, and
higher heart failure markers. A recent meta‐analysis
of 11 eligible randomized controlled trials with 637
participants indicated that supplementation with chro-
mium significantly decrease blood pressures.32 In
another human study of 62 patients, chromium levels
were found significantly higher in patients with systolic
ischemic heart disease.33 The exact mechanisms of how
chromium contribute to PAH disease progression is
unknown. Possible explanations could be worse RV
function from chromium exposure or hypotension effects
from chromium exacerbates RV ischemia and causes
further deterioration.

There are several limitations of this study. The
sample size is small with only 20 PAH patients from a
single center. To better evaluate the association between
metal exposure and PAH, and the correlations between
clinical indicators and metal concentrations, power
analysis needs to be performed in the future. Calcula-
tions of power and sample size are based on ANOVA and
linear regression. We expect that more significant or
correlated risk factors can be detected as the sample size
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increases and a spurious association or a false correlation
that was caused by cofounders can be removed. In
addition, multiple factors could have contributed to
metal levels in patients including diet, supplements,
medications, or other disease processes. Furthermore,
only correlations could be inferred from this study, not
causal relationships. Preclinical and randomized control
studies to evaluation mechanisms of metal and PAH
interactions and chelation therapy in PAH patients with
abnormal metal levels are needed.

In conclusion, there are significant differences
between PAH and control groups in terms of vegetable
consumptions and metal concentrations. Silver and
chromium levels are correlated with clinical indicators
of PAH severities.
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