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Abstract: Perfluorinated compounds (PFCs) are non-biodegradable synthetic chemical compounds
that are widely used in manufacturing many household products. Many studies have reported the
association between PFCs exposure with the risk of developing cardiovascular diseases (CVDs).
However, those reports are still debatable, due to their findings. Thus, this review paper aimed to
analyse the association of PFCs compound with CVDs and their risk factors in humans by systematic
review and meta-analysis. Google Scholar, PubMed and ScienceDirect were searched for PFCs studies
on CVDs and their risk from 2009 until present. The association of PFCs exposure with the prevalence
of CVDs and their risk factors were assessed by calculating the quality criteria, odds ratios (ORs), and
95% confidence intervals (CIs). CVDs risk factors were divided into serum lipid profile (main risk
factor) and other known risk factors. The meta-analysis was then used to derive a combined OR test
for heterogeneity in findings between studies. Twenty-nine articles were included. Our meta-analysis
indicated that PFCs exposure could be associated with CVDs (Test for overall effect: z = 2.2, p = 0.02;
Test for heterogeneity: I2 = 91.6%, CI = 0.92–1.58, p < 0.0001) and their risk factors (Test for overall
effect: z = 4.03, p < 0.0001; Test for heterogeneity: I2 = 85.8%, CI = 1.00–1.14, p < 0.0001). In serum
lipids, total cholesterol levels are frequently reported associated with the exposure of PFCs. Among
PFCs, perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) exposure increased
the risk of CVDs than other types of PFCs. Although the risk of PFOA and PFOS were positively
associated with CVDs and their risk factors, more observational studies shall be carried out to identify
the long-term effects of these contaminants in premature CVDs development in patients.

Keywords: perfluorinated compound; perfluoroalkyl compound (PFCs); meta-analysis; cardiovascu-
lar disease (CVDs); CVDs risk factors

1. Introduction

Perfluorinated compounds are synthetic chemicals produced by 3M companies since
the 1940s. PFCs consist of at least one perfluoroalkyl moiety (CnF2n+1) attached to one
or more hydrophilic head groups [1]. PFCs are used in manufacturing products, such
as non-sticky kitchenware [2], stain-resistant household products, waterproof clothing,
mattresses [3] and food packaging [2]. Other than that, they are used in electronics,
automotive, aerospace and firefighting materials [1,3]. PFOA, PFHxS and PFOS are among
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the most common PFCs used in the industry [3–5]. For the past 30 years, PFCs are detected
in the environment, such as water, air and soil [6–8]. They are also detected in the mother’s
breast milk [9], food sources, such as beef and seafood [7,10]. The presence of more than 7
to 11 fluorides made PFCs not biodegradable, due to the stable compound. Defluorination
of the structure of the compounds are not possible, since the alkyl chain of PFCs does not
have any carbon–hydrogen substitution [11]. The PFCs precursors, such as FTOH, can
undergo long-range transport through the atmosphere [12]. It was reported that PFOS is
continuous and increasingly found in the ice core sample collected at Devon Nuvanut,
Canada, although the large contributor of the source is from Continental Asia [13]. After
five decades of production, in 2002, the 3M group had phased out PFOS and some of its
derivatives [14]. The European Union (EU) also banned most usage of PFOS and related
compounds in 2008 [15]. Unfortunately, many advanced countries, such as China and
Korea, are still using these compounds in manufacturing PFCs-based products [3,16,17].

PFOS and PFOA are the most commonly detected PFCs found in the serum, plasma
or tissue [18–20]. PFCs, such as PFOA, PFHxS and PFOS, were reported not efficiently
excreted out from humans through urine and sweat, although their level was detected in
the human blood [21–23]. These compounds, such as PFOA and PFOS, were found to be
accumulated in the human body (8 to 13 ng/mL and 13 to 30 ng/mL, respectively), due to
the high biliary reabsorption rate and low levels of excretion in the urine [23,24]. Studies
have shown that the main PFOS bioaccumulation target organ is the liver [25,26].

The accumulation of PFOS in the liver has been associated with hepatotoxicity [26].
Besides hepatotoxicity, PFCs can serve as endocrine disruptors, contributing to significant
health consequences, such as reproductive toxicity [27], neurotoxicity [28], metabolic
dysregulation [29] and cardiovascular toxicity [30]. Recently, many epidemiological studies
suggested that PFCs exposure may increase the risk of humans developing diseases,
such as cardiovascular diseases (CVDs) [31–33]. CVDs are the leading cause of death
worldwide [34]. An increase of 14.5% of death was reported from 2006 to 2016, with
17.6 million deaths (95% CI, 17.3–18.1 million) attributed to CVDs [34]. Many countries
are concerned about the burden of cardiovascular diseases. In 2011, the United Nations
officially documented CVDs as a significant public health issue for non-communicable
diseases and urged an ambitious strategy for a drastic disease reduction [35].

Several studies have documented the effects of high concentrations of PFCs on hu-
mans [2,16,36], yet a low concentration of PFCs exposure should still be a concern. Recently,
low-level PFCs in the environment have been reported to cause gene alteration and may
lead to the risk of developing CVDs [37,38]. Cumulated data suggest that the risks of CVDs
are raised by environmental exposure [39,40]. The United States Environmental Protection
Agency (EPA) issued acceptable levels in drinking water up to 70 ng/L on PFOA and
PFOS (individually or combined). However, many states and research scientists claim that
EPA guideline is not safe enough [41]. In Canada, drinking water advisory bodies and
other organisations have set a limit for various PFCs starting from 10 ng/L to thousands
of ng/L [42]. Grandjean and Burdz-Jorgensen [21] had proposed a 1 ng/L approximate
level of safe drinking water based on the thresholds of immunotoxicity associated with
exposure to PFCs in children at the Faroe Islands.

Most studies investigated the presence of PFCs in patients of CVDs or with CVDs
risk factors, such as serum lipid profile, diabetes mellitus, hypertension, atherosclerosis
and obesity [4,18–20]. Furthermore, those studies were comparing the presence of PFCs
in patients with healthy subjects. They reported one or two significant associations with
certain PFC, which can be PFOS or/and PFOA. In contrast, there were studies that reported
no significant findings between PFCs exposure with CVDs or/and CVDs risk factors.
Thus, there is a need to review and analyse these findings to demonstrate which PFCs is
statistically significant to be associated with CVDs prevalence. This review aimed to analyse
PFCs exposure regardless of their levels of exposure using meta-analysis to demonstrate
the association of PFCs exposure in individuals with CVDs or CVDs risk factors.
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2. Methods

PRISMA guidelines for systematic reviews and meta-analyses [43] were followed.
The Comprehensive meta-analysis V3 software (Biostat, New Jersey, USA) was used for
the analysis.

2.1. Literature Search

The following electronic database was searched for articles that had evaluated the
association between PFCs exposure with CVDs and their risk factors between January 2009
and till present with English language restriction: Google Scholar, PubMed and Science
Direct. This search used Google Scholar using this strategy: (“explode ‘Perfluorinated com-
pounds, Perfluoroalkyl compounds, Peralkyl substance, PFAS, PFCs’/all subheadings”)
and (“explode ‘Cardiovascular disease, CVDs’ text word”) or (“explode ‘atherosclerosis’
text word”) or (“explode ‘metabolic risk’ text word”) or (“explode ‘obesity’ or ‘body weight’
text word”) or (“explode ‘hypercholesterolemia’ text word”) or (“explode ‘hypertension
text word”) or (“explode ‘hyperlipidemia’ text word”). A similar strategy was used in
searches on PubMed and ScienceDirect. For Google Scholar, ‘Advance Search’ was further
applied with; find articles with all the words ‘cardiovascular disease’, with the exact phrase
“perfluoroalkyl compounds” and without the word ‘animal’. Abstracts were screened
independently by two investigators (SSAS and SHSAK).

2.2. Inclusion Criteria

To be eligible, studies had to meet the following conditions:

1. Publication Type. Research and review articles were eligible. Conference Proceedings
was excluded.

2. Types of studies. Randomised controlled trials (RCTs), cohort and cross-sectional
studies were eligible. A narrative review and systematic review were excluded.

3. Types of participants. Studies of adults (older than 18 years), adolescents (aged 10–18),
children (aged 2–9) and infants. Animal and plant were excluded.

4. Types of interventions. Studies that compared PFCs exposure with healthy or non-
healthy humans.A selection was made for the PFCs exposure only. No restrictions
were made regarding concentrations, duration of exposure, type of CVDs and type of
CVDs risks.

5. Types of outcomes. Studies were eligible if they assessed either (1) comparing non-diseased
and CVDs patients (2) comparing healthy and CVDs risk population (3) comparing
healthy and metabolic syndrome population (4) ascertained the prevalence of one or
more manifestation of CVDs or CVDs risks diagnosis (5) provided quantitative estima-
tion on the association between PFCs exposure and CVDs/their risk outcomes, including
odds ratios (ORs) with 95% confidence intervals (CIs) or mean, standard deviation (SD)
or difference in mean and sample size in healthy and non-healthy population.

2.3. Data Extraction

Eligible studies were assessed independently by two reviewers using a structured
form to abstract information about the objectives, (country and year of publication), study
subjects (source, area and age at diagnosis), CVDs/their risk exposures (method of as-
certainment and definitions used) and main conclusion. Discrepancies were resolved by
discussion or consultation with co-authors (S.H.S.A.K., E.I., N.A.L., A.A.R.).

2.4. Data Analysis

The review protocol planned a separate analysis for PFCs exposure for (1) association
of PFCs exposure with CVDs, (2) association of PFCs exposure with CVDs risks and
(3) association of PFCs exposure with serum lipid. The OR from the highest quartile
of PFCs exposure in each PFCs category associate with CVDs (95% CIs) were selected
for the rest of the articles, whereas data of mean (ng/mL), standard deviation (SD) and
sample size of PFCs concentration in healthy and non-healthy were selected only for
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Predieri et al.,2015 [44]. As for CVDs risk, the OR from the highest quartile of PFCs
exposure in each PFCs category associated with CVDs risk (Metabolic Syndrome, obesity,
et cetera) (95% CIs) were selected. Serum lipid profile is one of the parameters employed to
assess CVDs risks in an individual. The serum lipid profile consists of several components,
such as total cholesterol (TC), triglycerides, high-density lipoprotein (HDL) and low-density
lipoprotein (LDL). These components are frequently reported as parameters in assessing
CVDs risk or monitoring parameters in CVDs patients. The difference in mean (ng/mL)
and sample size between exposed and non-exposed PFCs population with 95% CIs were
selected with the significant abnormal concentration in any of serum lipid component
(mg/dl) as the outcome for the meta-analysis. As the meta-analysis was conducted from
summary figures rather than individual case records, the ORs could not be adjusted
for confounders.

2.4.1. Assessment of Overall Effect Size

If at least two studies were available on a specific outcome, meta-analysis were
calculated using Comprehensive Meta-Analysis V3. A random-effects model was used
to analyse statistical heterogeneity between studies [45]. Meta-analysis was performed to
calculate pooled risk estimates and ORs with 95% CIs from eligible studies. (Tables 1 and 2).
Where no ORs were available, mean, standard deviation (SD) or difference in mean and
sample size were selected [45]. The magnitude of the test overall effect size was calculated
using ORs categories with (1) z = 1.5–2: small; (2) z = 2–3: moderate; (3) z > 3: large effect
size [46].

Table 1. Summary of PFCs exposure association with CVDs and their risk.

Study PFCs Association with CVDs and Their Risk Country Ref.

Osorio et al., 2021 PFOA, PFOS, PFHxS, PFNA, EPAH, MPAH US [33]
Borghese et al., 2020 PFOA, PFOS, PFHxS Canada [47]

Hutcheson et. al, 2020 PFOA, PFOS, PFHxS, PFNA US [48]
Liao et al., 2020 PFOA, PFOS, PFHxS, PFNA US [49]
Pitter et al., 2020 PFOA, PFOS, PFHxS, PFNA Italy [50]

Huang et al., 2019 PFOS, PFOA, PFHxS, PFNA, PFHP, PFDE, PFDO, PFBS,
PFSA, PFUA US [51]

Sun et al., 2018 PFOA, PFOS, PFHxS, PFNA, PFUA China [52]
Liu et al., 2018 PFOA, PFOS US [53]

Wang et al., 2018 PFOS, PFOA China [54]
Huang et al., 2018 PFOA, PFOS, PFHxS, PFNA, PFHP, PFDO, PFBS US [55]

Santander et al., 2017 PFOA, PFOA, PFHxS, PFNA Spain [56]
Lind et al., 2017 PFOA, PFHxS, PFNA, PFHP, PFSA, PFUA, PFDA Sweden [32]
Su et al., 2016 PFOA, PFOS, PFNA, PFUA China [57]

Mattsson et al., 2015 PFOA, PFOS, PFHxS, PFNA, PFHP, PFDO, PFUA, PFDA US [58]
Predieri et al., 2015 PFOA, PFOS Italy [44]
Zhang et al., 2015 PFOA, PFOS, PFNA, PFSA, US [59]
Lind et al., 2014 PFOA, PFOS, PFHxS, PFNA, PFSA, PFUA PFHP Sweden [60]

Shankar et al., 2012 PFOA US [31]



Int. J. Environ. Res. Public Health 2021, 18, 8345 5 of 21

Table 2. Summary of PFCs exposure association with serum lipid profile as a CVDs risk factor.

Study PFCs Associate with CVDs Risk Serum Lipid Country Ref.

Mora et al., 2018 PFOA, PFOS, PFHxS, PFDA TC US [61]
Koshy et al., 2017 PFOA, PFOS, PFHxS, PFNA, PFDA, PFUA TC and LDL US [62]

Skuladottir et al., 2015 PFOA, PFOS TC Denmark [63]

Zeng et al., 2015 PFOA, PFOS, PFHxS, PFNA, PFBS, PFHxA,
PFHxS, PFDO TC Taiwan [64]

Geiger et al.,2014 PFOA, PFOS TC Norway [65]
Timmermann et al., 2014 PFOA, PFOS TG Denmark [66]

Eriksen et al., 2013 PFOA, PFOS TC Denmark [67]
Fitz-Simon et al., 2013 PFOA, PFOS LDL US [68]

Frisbee et al., 2010 PFOA, PFOS TC and LDL US [69]
Nelson et al., 2010 PFOA, PFOS, PFHxS, PFNA TC US [69,70]
Costa et al., 2009 PFOA TC Italy [71]

2.4.2. Assessment of Heterogeneity

Heterogeneity was explored using the I2 statistics, a measure on how much vari-
ance between studies can be attributed to differences between studies rather than chance
(1) I2 = 0.30%: No heterogeneity; (2) I2 = 30–49%: Moderate heterogeneity; (3) I2 = 50–74%:
Substantial heterogeneity; and (4) I2 = 75–100%: Considerable heterogeneity [72]. A
p value ≤ 0.10 was regarded to indicate significant heterogeneity [72].

2.4.3. Subgroup Analysis

Subgroup and meta-analysis were performed where PFOS, PFOA and PFHxS were
selected base on the most highly studied PFCs by previous researchers [73].

2.4.4. Risk of Bias across Studies

Publication bias was assessed by visual analysis of funnel plots, generated using Com-
prehensive Meta-Analysis V3, if at least 10 studies were included in a meta-analysis [74].
Roughly symmetrical funnel plots were regarded to indicate low risk, while asymmetrical
funnel plots were regarded to indicate a high risk of publication bias [75]. Publication
bias was investigated by checking for asymmetry in funnel plots of the logarithm of the
study ORs against their standard error. The intercept provides a measure of asymmetry
where the larger its deviation from zero, the more pronounced the asymmetry, and based
evidence of asymmetry is interpreted on p < 0.1 [75]. ‘Trim and Fill’ method was applied
to the Funnel Plot [76]. The ‘Trim and Fill’ method estimates potentially missing stud-
ies, due to publication bias in the funnel plot and adjusting the overall effect estimate.
The fundamental assumption of the ‘Trim and Fill’ method is that the studies with the
most extreme effect sizes, either on the left or on the right side, are suppressed. Thus, by
adjusting the overall effect estimates with the ‘Trim and Fill’ method [76], a funnel plot
based on the bias-corrected overall estimate was derived. Prior to that, the direction of the
missing studies with the selection ‘to left of mean’ and ‘random-effect model’ were selected
from the software in this review. ‘To left of mean’ was selected as studies in the foregoing
illustrative favour the positive direction.

3. Results

Figure 1 shows the original database search resulted in 2030 records from Google
Scholar, 270 records from Science Direct and 25 records from PubMed. An additional
83 records were identified through the reference list and other websites. After duplication
was removed, there were 2403 unique citations eligible for the title and abstract screening.
In the first phase of screening, 1956 records in animals were excluded. The second phase
of screening excluded 369 articles for the following reason: Advanced search keyword,
not in the title of the articles. This left 78 articles assessed for eligibility and screened for
quantitative synthesis. The screening excluded 49 articles for the following reason: Thirty
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were indirectly evaluated the link between PFCs and CVDs, their risk health outcomes
and 19 were reporting animal and plant articles. The searches identified fourteen eligible
articles using Google Scholar [44,53–60,66,67,69,70,77], a further four through ScienceDi-
rect [61–64] and another eleven from PubMed [31,33,47–49,52,55,65,67,73,78]. A review
of reference lists revealed two additional eligible publications [68,71]. Eighteen studies
demonstrated the association of PFCs exposure with the prevalence of cardiovascular
diseases (CVDs) and their risk factors. Eleven studies have data on serum lipids profile
as the outcome [61,62,64–71]. Two studies are excluded from the meta-analysis, since the
accessibility of the PFCs exposure is only available to the significant results [73,78]. Each
PFCs exposures, and their associations with CVDs and CVDs risk factors, are summarised
in Table 1, whereas PFCs exposure associated with serum lipid levels (the main risk factor
of CVDs) are summarised in Table 2.
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3.1. Analysis of Overall Effect and Heterogeneity

The combined meta-analysis results indicated that PFCs exposure might be associated
with moderate overall effect on CVDs (z = 2.2, p = 0.02) and considerable heterogeneity
(I2 = 91.6% Q = 77 d f = 4, p < 0.0001) (Figure 2). Strong evidence was observed indicated
that PFCs exposure associated with the development of their risk with large overall effect
(z = 4.03, p < 0.0001) and considerable heterogeneity (I2 = 85.8% Q = 84 d f = 12, p < 0.0001)
(Figure 3). When stratified analysis done to the subgroup PFOA, meta-analysis indicated
that PFOA associated with CVDs and their risk with small overall effect (z = 1.56, p = 0.12)
and substantial heterogeneity (I2 = 72.1% Q = 53.78 d f = 15, p < 0.0001) (Figure 4). No
evidence of association identified on PFHxS exposure with CVDs and their risk with
overall effect (z = 0.73, p = 0.47) and substantial heterogeneity (I2 = 58.56% Q = 24.13
d f = 10, p = 0.007) (Figure 5). In contrast, PFOS indicated strong evidence of association
with CVDs and their risk with large overall effect (z = 3.87, p < 0.0001) and substantial
heterogeneity (I2 = 60.13 Q = 32.66 d f = 13, p < 0.0001) (Figure 6). Strong evidence was
also observed indicated that PFCs exposure associated with serum lipid with large overall
effect (z = 4.04, p < 0.0001) and considerable heterogeneity (I2 = 85.2% Q = 235 d f = 10,
p < 0.0001) (Figure 7).
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Figure 2. Association of PFCs exposure with CVDs. Meta-analysis using random-effects model, ordered by their date of
publication. PFCs combined = combination of more than 2 PFCs. CAC = coronary artery calcium, CHD = coronary heart
diseases, CVD = cardiovascular disease. Test for overall effect: z = 2.2, p = 0.02; Test for heterogeneity: I2 = 91.6% Q = 77
d f = 4, p < 0.0001.
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Figure 3. Association of PFCs exposure with their risk factors. Meta-analysis using random-effects model, ordered by date
of publication. PFCs combined = combination of more than 2 PFCs. GDM = gestational diabetes mellitus, DM = diabetes
mellitus. Test for overall effect: z = 4.03, p < 0.0001; Test for heterogeneity: I2 = 85.8% Q = 84 d f = 12, p < 0.0001.
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Figure 4. Meta-analysis of studies of PFOA exposure and CVDs and their risk using the random-effects model, ordered by
date of publication. Stratified analysis of PFOA as the unit of analysis within the study was selected. CAC = coronary artery
calcium, DM = diabetes mellitus, GDM = gestational diabetes mellitus, CHD = coronary heart diseases. Test for overall
effect: z = 1.56, p = 0.12; Test for heterogeneity: I2 = 72.1% Q = 53.78 d f = 15, p < 0.0001.
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Figure 5. Meta-analysis of studies of PFHxS exposure and CVDs and their risk using the random-effects model, ordered by
date of publication. Stratified analysis of PFHxS as the unit of analysis within the study was selected. CAC = coronary
artery calcium, DM = diabetes mellitus, GDM = Gestational Diabetes Mellitus, CHD = coronary heart diseases. Test for
overall effect: z = 0.73, p = 0.47; Test for heterogeneity: I2 = 58.56% Q = 24.13 d f = 10, p = 0.007.
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Figure 6. Meta-analysis of studies of PFOS exposure and CVDs and their risk using the random-effects model, ordered by
date of publication. Stratified analysis of PFOS as the unit of analysis within the study was selected. CAC = coronary artery
calcium, DM = diabetes mellitus, GDM = gestational diabetes mellitus, CHD = coronary heart diseases. Test for overall
effect: z = 3.87, p < 0.0001; Test for heterogeneity: I2 = 60.13 Q = 32.66 d f = 13, p < 0.0001.
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Figure 7. Meta-analysis of studies of PFCs exposure and serum lipid using the random-effects model, ordered by date
of publication. TC = total cholesterol, LDL = low density lipoprotein. Test for overall effect: z = 4.04, p < 0.0001; Test for
heterogeneity: I2 = 85.2% Q = 110 d f = 10, p < 0.0001.

3.2. Analysis of Publication Bias

There is evidence of heterogeneity between the studies investigating PFCs exposure
with CVDs, serum lipid profiles (CVDs main risk factor) and other risk factors. This is
further confirmed by the funnel plots, where a symmetrical funnel shape is obtained (except
for meta-analysis on association PFCs exposure with CVDs where the number of studies
was less than 10). In the funnel plot, the log ORs represents the natural logarithm of the
OR of the individual studies, whereas the standard error represents the standard error in
the natural logarithm of the ORs of the individual studies.

In Egger’s linear regression test, the intercept results indicate that the deviation from
zero is not significant for Figure 8 (Intercept 1.4, t = 1, p = 0.18), Figure 9 (Intercept 0.84,
t = 1.66, p = 0.12) and Figure 10 (Intercept 0.02, t = 0.03, p = 0.10) suggesting that the plots
are symmetry. Whereas significant asymmetry plot is observed in Figure 11 (Intercept 1.33,
t = 2.3, p = 0.04) and 12 (Intercept −1.93, t = 2.9, p = 0.006).

In ‘trim and fill’ analysis, three studies were trimmed, and 20 possible missing studies
(black spot) is indicated in the funnel plot (Association of PFCs exposure with CVDs risk
factor, Figure 8). Under the random-effects model, the point estimate and 95% CI for the
combined studies is 1.06 (0.99, 1.13). When using ‘trim and fill’, the imputed point estimate
is 1.01 (0.94, 1.08). In a stratified analysis of PFOA as the subgroup (Figure 9), six studies
are trimmed, and six possible missing studies are indicated. In a stratified analysis of
PFHxS as the subgroup (Figure 10), four studies are trimmed and one possible missing
study is indicated. Under the random-effects model, the point estimate and 95% CI for the
combined studies is 1.04 (0.94, 1.15). When using ‘trim and fill’, the imputed point estimate
is 0.98 (0.89, 1.09). Under the random-effects model, the point estimate and 95% CI for the
combined studies is 1.08 (0.99, 1.18). When using ‘trim and fill’, the imputed point estimate
is 1.00 (0.91, 1.10). In a stratified analysis of PFOS as the subgroup (Figure 11), one study is
trimmed, and one possible missing study is indicated. Under the random-effects model,
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the point estimate and 95% CI for the combined studies is 1.32 (1.15, 1.52). When using
‘trim and fill’, the imputed point estimate is 1.30 (1.12, 1.50). Lastly, in the funnel plot of
association of PFCs exposure with serum lipid profile (Figure 12), the ‘trim and fill’ method
suggests that no studies are missing. Under the random-effects model, the point estimate
and 95% CI for the combined studies is 1.36 (1.17, 1.58). Using ‘trim and fill’, these values
are unchanged.
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Figure 8. Funnel plots of observational studies on the association of PFCs exposure with their risk factors. The publication
bias is adjusted by imputing the missing studies based on the asymmetry of the funnel plot. (•) Plot Imputed and (#) Plot
observed studies. Egger’s linear regression test (Intercept 1.4, t = 1, p = 0.18). Adjusted values ‘Trim and Fill’ test (1.01,
CI = 0.94, 1.08).
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Figure 9. Funnel plots of observational studies of the association of PFOA exposure with CVDs and their risk factors. The
publication bias is adjusted by imputing the missing studies based on the asymmetry of the funnel plot. (•) Plot Imputed
and (#) Plot observed studies. Egger’s linear regression test (Intercept 0.84, t = 1.66, p = 0.12). Adjusted values ‘Trim and
Fill’ test (1.00, CI = 0.91, 1.10).
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Figure 11. Funnel plots of observational studies of the association of PFOS exposure with CVDs and their risk factors. The
publication bias is adjusted by imputing the missing studies based on the asymmetry of the funnel plot. (•) Plot Imputed
and (#) Plot observed studies. Egger’s linear regression test (Intercept 1.33, t = 2.3, p = 0.04). Adjusted values ‘Trim and Fill’
test (1.30, CI = 1.12, 1.50).
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Figure 12. Funnel plots of observational studies of the association of PFCs exposure with serum lipid profile. The publication
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observed studies. Egger’s linear regression test (Intercept (−)1.93, t = 2.9, p = 0.006).

3.3. Association of Specific PFC with Cardiometabolic Diseases Based on Epidemiological Studies

Heart failure in diabetic patients can result from myocardial damage. Endothelial
dysfunction, inflammation and glycation of atherogenic lipids are significant contributors
to heart failure [53,61,79]. However, PFCs association with cardiometabolic diseases are
inconsistent among several types of PFCs. PFOS is frequently being reported to be high
in individuals with diabetes, followed by PFOA and PFNA. Lin et al., was the first to
reveal the correlation of PFCs among adults and adolescents with diabetes using NHANES
data [80]. PFCs were also reported to be high in pregnant mothers with gestational diabetes
mellitus [54,56,59]. Although inconsistent data reported that either PFOA or PFOS is
significantly high, the researchers demonstrated that the concentration of both types of
PFCs increased GDM in pregnant mothers when compared to non-pregnant mothers.

Increases in PFNA concentration were found in reduced serum insulin, compromised
ß-cell activity and pathological hyperglycemia in adolescents, whereas increased PFOS
concentration was found in adults and positively associated with ß-cell activity [80]. Others
have been a record of a high concentration of PFOS in children and adolescents with
type 1 diabetes mellitus (T1DM), as opposed to control normal subjects [44]. TIDM is an
autoimmune disease driven by the activation of T lymphocytes against pancreatic ß-cells,
which attacked the pancreatic ß-cells and decreased insulin production [81,82]. Exposure
to environmental contaminants can interrupt the production of the immune responses and
ß-cell activity, which can potentially increase susceptibility to T1DM [83].

Sufficient data and clear evidence have identified elevated circulating lipid levels
as a significant risk factor for the development of atherosclerosis [66,71]. Low-density
lipoprotein (LDL) and high-density lipoprotein (HDL) are two types of lipoproteins that
play an important role in the transport of fats through the bloodstream [62]. HDL is
considered a ‘good’ lipoprotein because it eliminates cholesterol from peripheral tissues
back to the liver, and the liver itself eliminates cholesterol. Low HDL and high LDL levels
are associated with increased atherosclerosis and coronary artery disorders [84]. LDL
can accumulate in the subendothelial space and undergo the chemical modification that
further damage the intima when present in excess and may enhance the development of
atherosclerotic lesions [85–87].

Consistent data in epidemiological studies were observed on the association of PFCs
with lipid profiles. Increased in either serum total cholesterol, LDL and triglycerides levels
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with an increased level of PFCs, especially PFOA and PFOS. 160 medical surveillance
on staff working in the PFOA production plant for the past 30 years showed no clinical
proof of disease. However, total cholesterol and uric acid increased with serum PFOA
levels in a substantial association [71]. Interestingly, another longitudinal study with
decline exposure to contaminated drinking water over four years has demonstrated a
positive association with a decreased level of LDL [68]. Altered lipid profiles in younger
individuals may increase the risk of CVDs [65,69]. Lipid profiles in children [64,66] and
adolescents [53,62,65] were also affected when exposed to PFCs in the environment. A high
concentration of PFCs was reported in serum office workers suggesting that the office air
and dust have a high concentration of PFCs. This may cause by the presence of PFCs in
office equipment and carpets [6]. Koshy et al. demonstrated that children who resided and
were born between 11 September 1993 to 10 September 2001 and live near the World Trade
Centre disaster site have a high concentration of PFCs. The study demonstrated a positive
association of increased serum total cholesterol and lipid profile with PFCs exposure [62].

3.4. Conflicting Data on the Association of Specific Type PFCs with CVDs from
Epidemiological Studies

In the National Health and Nutrition Examination Survey (NHANES) (1996–2000 and
2003–2006), there is an increase in PFOA for CVDs and peripheral arterial disease in a cross-
sectional study of 1216 adults. Age, sex, race, smoking history, body mass index, diabetes
mellitus, hypertension and serum cholesterol were selected as independent confounders in
the study [31]. Another study reported serum levels of 12 major PFCs (PFOA, PFOS, PFHxS,
EPAH, MPAH, PFDA, PFBS, PFHP, PFNA, PFSA, PFUA and PFDO) in 10,859 participants
from NHANES (1994–2014), but no significant associations, including coronary heart
disease and stroke, were observed between PFOA and CVDs [55]. Although the researcher
claimed there is no significant association, there are data on the study showing that PFOA
and PFHP (p trend; 0.0466 and 0.0472) were significantly associated with stroke when
the association was analysed individually. The discrepancy of data interpretation could
be due to the reported association of PFOA with total CVDs (congestive heart failure,
coronary heart disease, angina pectoris, heart attack and stroke) (p for trend = 0.056) and
not on specific CVDs [55]. The difference in the sample population may contribute to
the conflicting results between studies. Exposure to PFCs was reported to increase up
to 10–14% in the population with double income [88]. Individuals of higher education
background and income tend to consume more fish, marine food, vegetables and fruits,
which are potential sources of PFCs compared to lower socioeconomic status [7,89,90].
Therefore, standardisation of independent confounder selection is important to minimise
the inconsistencies of data.

The Carotid Intima-Media Thickness (CIMT) test is used to detect an individual risk
of atherosclerotic disorder. The test measures the thickness of the carotid artery inner two
layers; the intima and media. A previous cross-sectional study detected four types of PFCs
(PFOA, PFOS, PFNA and PFUA ranges from 0.11 to 85.90 ng/L) in random 644 serum
samples from Taiwanese adolescents and young adults. Among the four types, PFOS
was found to be significantly increased when CIMT increased (p < 0.001) [78]. In another
study, no significant linear associations were observed between the PFCs and CMIT when
the samples of men and women were pooled together [32]. Linear association was sta-
tistically plotted to demonstrate a straight-line relationship between these two variables
(probability of plaque versus log-transform PFCs concentrations). However, highly im-
portant interactions were observed between certain PFCs (PFNA, PFDA and PFUA) and
both intimate-media complex and carotid plaque prevalence in women (p = 0.002–0.003),
whereas these associations were negative in men when analysed base on gender. Both
experiments reported a sex-specific role of PFCs in atherosclerosis [77,78]. Testosterone and
estradiol were significantly lower in men with a higher level of PFOS in serum. However,
a similar pattern of association that linked PFCs to a sex-specific is not established in
women [91]. These studies indicated that PFCs may affect men and women differently.
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4. Discussion

Inconsistent findings were observed in previous studies regarding the association
of PFCs exposure with CVDs and their risk factors. Four out of eighteen studies had
concluded that PFCs exposure is not associated with CVDs and their risk factors [48,58,92]
(Table 1). From the meta-analysis, PFCs exposure to humans might contribute to the CVDs
development (Figure 2), with strong evidence indicating the association of PFCs exposure
with their risk factors (Figure 3). The risk of stroke among individuals with and without
diabetes was not affected by the increase of PFOS and PFHxS exposure [48]. However,
other findings concluded that exposure to PFCs significantly increased the risk of getting
CVDs [31–33,55]. The most recent finding found that prediabetic adults with a higher
plasma concentration of PFCs had a higher risk of coronary heart disease and thoracic aorta
calcifications [33]. Interestingly, Hutcheson et al. report that the risk of getting stroke is not
associated with PFCs exposure, yet the study did not demonstrate whether PFCs increases
the risk of stroke, Moreover, the population studied in the report is larger compared to
others (50-fold population differences) which might contribute to the insignificant findings.

Although PFOA, PFOS and PFHxS were the most studied PFCs associated with human
health, as demonstrated by many previous researchers [73], only PFOA and PFOS exposure
were found to be associated with CVDs upon meta-analysis. However, the funnel plot test
demonstrated significant asymmetry suggesting publication bias for PFOS (Figure 11). The
possible reason is ORs overestimate the relative reduction, or increase, in risk if the event
rate is high. This can lead to funnel plot asymmetry if the smaller trials were consistently
conducted in patients at higher risk [75]. The asymmetry plot was also observed on the
association of PFCs exposure with serum lipid profile. The possible reason might be due to
the selection bias on study intervention where the concentration of serum lipid component
was selected favours the event of abnormalities (Figure 12).

One previous study demonstrated that almost all PFCs exposure was not associated
with CVDs except for PFHP [58]. Although the population selected is based on coronary
heart disease adults, yet all subjects were farmers in the rural areas (far from industrial
activities). Besides, the study did not declare whether the area or neighbouring area has
previously been exposed to army training sites or any industrial activities involving PFCs.
Several reports had demonstrated that occupational exposure can be the reason for getting
CVDs associated with contaminants [31,50,71].

A recent finding has demonstrated that impaired platelet aggregation, due to PFOA
may lead to CVDs risk [79]. The researcher has demonstrated that the platelet membrane
is the main site of PFOA accumulation in blood and has shown a massive increase in intra-
platelet calcium in PFOA exposed-platelets activated with thrombin receptor peptide 6
(TRAP-6) compared to control (p = 0.003). TRAP-6 activates the release of cytosolic calcium
of platelets, necessary for the degranulation of platelets and important for the conformation
and aggregation of platelets [93]. P-selectin is another platelet activation marker for throm-
botic diseases [94]. Human subjects with elevated intimate-media thickness have a high
expression of P-selectin, underlying their role in atherosclerosis development [95]. The
latest epidemiological findings have found that increases in plasma levels of six PFCs mea-
sured were substantially related to changes in carotid intima-medium thickness (increased
to 0.058 mm) over the 10-year follow-up period [96]. The in vitro research elucidated the
potential triggering effect of PFOA on platelets by examining the expression of P-Selectin in
both resting platelets and TRAP-6 active platelets at concentrations ranging from 26 ng/mL
to 400 ng/mL after exposure to PFOA [79]. Interestingly, data demonstrated exposure to
PFOA provided a significant increase of P-Selectin positive platelets in resting conditions, a
similar effect of increased significant P-Selectin positive platelet inactivation with TRAP-6
were also observed [79] This further proven the effect of PFOA in platelet activation.

Meta-analysis is suggesting that there is a need to understand the causative link
between PFCs exposure and CVDs at the cellular level. Currently, limited studies are
available. A recent finding has demonstrated that microRNAs (miRNAs) such miR-101-
3p, miR-144-3p and miR-19a-3p are found to be downregulated when exposed to PFCs
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in a study involving 239 women drinking water contaminated by firefighting foam. In
silico functional analyses suggested that these PFCs-associated miRNAs were annotated to
cardiovascular function and disease [97]. Epigenetic changes have appeared as an area to
be a further venture in elucidating the association of PFCs with CVDs and their risk factor.

Limitations

There are several limitations to this study. Firstly, the number of studies included in
this work was not large enough to conclude that PFCs exposure is associated development
of premature CVDs. Secondly, the number of studies included in this work was not large
enough to separate the data into low versus high levels of PFCs exposure or comparing
the risk, due to continuous exposure. Thirdly, we are unable to identify PFCs exposure
association with serum lipid profile by stratify analysis of both forest plots and funnel plots
as the data was not large enough. If more data are available, the analysis will be much
clearer and more understandable. Fourthly, T1DM and T2DM were pooled together in
previous studies when the researchers analysed the association of PFCs exposure with
these CVDs risk factors [53,60]. From our view, understanding the effect of PFCs on
diabetes can be improvised by being more specific to T1DM and T2DM before the analysis
can be carried out. Since T1DM is the most prevalent chronic metabolic condition in
children and adolescents where the ß-cell autoimmune function could potentially trigger
by environmental contaminants, such as PFCs [98] Finally, the results might be biased by
the inherent limitations of the primary studies, such as confounding factors from unknown
or unmeasured parameters. The lack of consistent confounding adjustments may cause
overestimation or underestimation of the actual association between PFCs exposure with
CVDs and their risk outcomes.

5. Conclusions

Our synthesis of adequately designed studies showed a significant association of PFCs
exposure with CVDs and their risk factors among children and adults. To our current
finding, no available studies on infants for PFCs and CVDs. The heterogeneity between
the ORs, indicates true effectiveness between populations. The important highlight in
this meta-analysis is, each previous study had concluded a specific type of PFC(s) could
be associated with CVDs. However, all the insignificant data of PFCs exposure were
included and could not be discriminated during the meta-analyses. This eliminates the
possibility of bias in selecting eligible papers that favours CVDs and their risk factors.
Our analysis demonstrated that PFOS exposure association with CVDs and their risk are
statistically significant. More in vivo and in vitro studies are needed on understanding the
mechanism of PFCs exposure effects in the human heart, since several correlations and
epidemiological studies do not fully elucidate what exactly happens at the cellular levels.
The most recent finding that gives an insight into the cellular event is the effect of PFCs
exposure on the platelet aggregation. How PFCs exposure is related to impaired platelet
aggregation and leads to CVDs risk can be expanded by understanding the mechanism
involving P-selectin and TRAP-6. Several important factors need to be alerted in future
studies, such as gender, race and heterogenous lipoprotein subspecies, since these factors
were observed to contributes to the inconsistent findings in investigating PFCs exposure
association with CVDs and their risk factors.

The Implication of the Key Findings

Among PFCs, PFOA and PFOS exposure increased the risk of CVDs than other types
of PFCs. Although the risk of PFOA and PFOS exposure was positively associated with
CVDs and their risk factors, more observational studies shall be carried out to identify the
long-term effects of these contaminants with premature CVDs development.
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Abbreviations

PFOA Perfluorooctanoic acid
PFOS Perfluorooctane sulfonic acid
PFDA Perfluorodecanoic acid
PFDO Perfluorododecanoic acid
PFHP Perfluoroheptanoic acid
PFHxA Perfluorohexanoic acid
PFHxS Perfluorohexane sulfonic acid
PFNA Perfluorononanoic acid
PFSA Perfluorooctane sulfonamide
PFUA Perfluoroundecanoic acid
PFBS Perfluorobutane sulfonate
EPAH 2-(N-ethyl-perfluorooctane sulfonamido) acetate
MPAH 2-(N-methyl-perfluorooctane sulfonamido) actetate
FTOH Fluorotolemer alcohols

References
1. Buck, R.C.; Franklin, J.; Berger, U.; Conder, J.M.; Cousins, I.T.; de Voogt, P.; Jensen, A.A.; Kannan, K.; Mabury, S.A.; van Leeuwen,

S.P. Perfluoroalkyl and polyfluoroalkyl substances in the environment: Terminology, classification, and origins. Integr. Environ.
Assess. Manag. 2011, 7, 513–541. [CrossRef]

2. Corsini, E.; Luebke, R.W.; Germolec, D.R.; DeWitt, J.C. Perfluorinated compounds: Emerging POPs with potential immunotoxicity.
Toxicol. Lett. 2014, 230, 263–270. [CrossRef]

3. Xie, S.; Wang, T.; Liu, S.; Jones, K.C.; Sweetman, A.J.; Lu, Y. Industrial source identification and emission estimation of
perfluorooctane sulfonate in China. Environ. Int. 2013, 52, 1–8. [CrossRef]

4. Sunderland, E.M.; Hu, X.C.; Dassuncao, C.; Tokranov, A.K.; Wagner, C.C.; Allen, J.G. A review of the pathways of human
exposure to poly-and perfluoroalkyl substances (PFASs) and present understanding of health effects. J. Expo. Sci. Environ.
Epidemiol. 2019, 29, 131–147. [CrossRef]

5. Presentato, A.; Lampis, S.; Vantini, A.; Manea, F.; Daprà, F.; Zuccoli, S.; Vallini, G. On the Ability of Perfluorohexane Sul-
fonate (PFHxS) Bioaccumulation by Two Pseudomonas sp. Strains Isolated from PFAS-Contaminated Environmental Matrices.
Microorganisms 2020, 8, 92. [CrossRef] [PubMed]

6. Fraser, A.J.; Webster, T.F.; Watkins, D.J.; Strynar, M.J.; Kato, K.; Calafat, A.M.; Vieira, V.M.; McClean, M.D. Polyfluorinated
compounds in dust from homes, offices, and vehicles as predictors of concentrations in office workers’ serum. Environ. Int. 2013,
60, 128–136. [CrossRef] [PubMed]

7. Murakami, M.; Adachi, N.; Saha, M.; Morita, C.; Takada, H. Levels, temporal trends, and tissue distribution of perfluorinated
surfactants in freshwater fish from Asian countries. Arch. Environ. Contam. Toxicol. 2011, 61, 631–641. [CrossRef]

8. Zainuddin, K.; Zakaria, M.P.; Al-Odaini, N.A.; Bakhtiari, A.R.; Latif, P.A. Perfluorooctanoic Acid (PFOA) and Perfluorooctane
Sulfonate (PFOS) in Surface Water from the Langat River, Peninsular Malaysia. Environ. Forensics 2012, 13, 82–92. [CrossRef]

9. Tao, L.; Ma, J.; Kunisue, T.; Libelo, E.L.; Tanabe, S.; Kannan, K. Perfluorinated Compounds in Human Breast Milk from Several
Asian Countries, and in Infant Formula and Dairy Milk from the United States. Environ. Sci. Technol. 2008, 42, 8597–8602.
[CrossRef] [PubMed]

http://doi.org/10.1002/ieam.258
http://doi.org/10.1016/j.toxlet.2014.01.038
http://doi.org/10.1016/j.envint.2012.11.004
http://doi.org/10.1038/s41370-018-0094-1
http://doi.org/10.3390/microorganisms8010092
http://www.ncbi.nlm.nih.gov/pubmed/31936600
http://doi.org/10.1016/j.envint.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/24041736
http://doi.org/10.1007/s00244-011-9660-4
http://doi.org/10.1080/15275922.2011.643335
http://doi.org/10.1021/es801875v
http://www.ncbi.nlm.nih.gov/pubmed/19068854


Int. J. Environ. Res. Public Health 2021, 18, 8345 18 of 21

10. Lupton, S.J.; Huwe, J.K.; Smith, D.J.; Dearfield, K.L.; Johnston, J.J. Distribution and excretion of perfluorooctane sulfonate (PFOS)
in beef cattle (Bos taurus). J. Agric. Food Chem. 2014, 62, 1167–1173. [CrossRef]

11. Rayne, S.; Forest, K. Perfluoroalkyl sulfonic and carboxylic acids: A critical review of physicochemical properties, levels and
patterns in waters and wastewaters, and treatment methods. J. Environ. Sci. Health A Tox Hazard Subst. Env. Eng. 2009, 44,
1145–1199. [CrossRef]

12. Zhao, Z.; Xie, Z.; Möller, A.; Sturm, R.; Tang, J.; Zhang, G.; Ebinghaus, R. Distribution and long-range transport of polyfluoroalkyl
substances in the Arctic, Atlantic Ocean and Antarctic coast. Environ. Pollut. 2012, 170, 71–77. [CrossRef] [PubMed]

13. Pickard, H. Understanding Long-Range Transport Mechanisms of Perfluoroalkyl Substances. Master’s Thesis, Memorial
University of Newfoundland, St. John’s, Canada, 2017.

14. Calafat, A.M.; Wong, L.Y.; Kuklenyik, Z.; Reidy, J.A.; Needham, L.L. Polyfluoroalkyl chemicals in the U.S. population: Data
from the National Health and Nutrition Examination Survey (NHANES) 2003–2004 and comparisons with NHANES 1999–2000.
Environ. Health Perspect. 2007, 115, 1596–1602. [CrossRef] [PubMed]

15. Sunantha, G.; Namasivayam, V. Impacts of Perfluorinated Compounds on Human Health. Bull. Env. Pharmacol. Life Sci. 2015, 4,
183–191.

16. Seo, S.H.; Son, M.H.; Choi, S.D.; Lee, D.H.; Chang, Y.S. Influence of exposure to perfluoroalkyl substances (PFASs) on the Korean
general population: 10-year trend and health effects. Environ. Int. 2018, 113, 149–161. [CrossRef] [PubMed]

17. Dai, Z.; Zeng, F. Distribution and Bioaccumulation of Perfluoroalkyl Acids in Xiamen Coastal Waters. J. Chem. 2019, 2019, 1–8.
[CrossRef]

18. Perez, F.; Nadal, M.; Navarro-Ortega, A.; Fabrega, F.; Domingo, J.L.; Barcelo, D.; Farre, M. Accumulation of perfluoroalkyl
substances in human tissues. Environ. Int. 2013, 59, 354–362. [CrossRef]

19. Liu, G.; Zhang, B.; Hu, Y.; Rood, J.; Liang, L.; Qi, L.; Bray, G.A.; DeJonge, L.; Coull, B.; Grandjean, P.; et al. Associations of
Perfluoroalkyl substances with blood lipids and Apolipoproteins in lipoprotein subspecies: The POUNDS-lost study. Environ.
Health 2020, 19, 5. [CrossRef]

20. Zeng, Z.; Song, B.; Xiao, R.; Zeng, G.; Gong, J.; Chen, M.; Xu, P.; Zhang, P.; Shen, M.; Yi, H. Assessing the human health risks of
perfluorooctane sulfonate by in vivo and in vitro studies. Environ. Int. 2019, 126, 598–610. [CrossRef] [PubMed]

21. Genuis, S.J.; Beesoon, S.; Birkholz, D. Biomonitoring and elimination of perfluorinated compounds and polychlorinated biphenyls
through perspiration: Blood, Urine, and Sweat Study. ISRN Toxicol. 2013, 2013, 483832. [CrossRef]

22. Worley, R.R.; Moore, S.M.; Tierney, B.C.; Ye, X.; Calafat, A.M.; Campbell, S.; Woudneh, M.B.; Fisher, J. Per-and polyfluoroalkyl
substances in human serum and urine samples from a residentially exposed community. Environ. Int. 2017, 106, 135–143.
[CrossRef]

23. Harada, K.; Inoue, K.; Morikawa, A.; Yoshinaga, T.; Saito, N.; Koizumi, A. Renal clearance of perfluorooctane sulfonate and
perfluorooctanoate in humans and their species-specific excretion. Environ. Res. 2005, 99, 253–261. [CrossRef] [PubMed]

24. Harada, K.H.; Hashida, S.; Kaneko, T.; Takenaka, K.; Minata, M.; Inoue, K.; Saito, N.; Koizumi, A. Biliary excretion and
cerebrospinal fluid partition of perfluorooctanoate and perfluorooctane sulfonate in humans. Environ. Toxicol. Pharmacol. 2007, 24,
134–139. [CrossRef] [PubMed]

25. Fai Tse, W.K.; Li, J.W.; Kwan Tse, A.C.; Chan, T.F.; Hin Ho, J.C.; Sun Wu, R.S.; Chu Wong, C.K.; Lai, K.P. Fatty liver disease induced
by perfluorooctane sulfonate: Novel insight from transcriptome analysis. Chemosphere 2016, 159, 166–177. [CrossRef] [PubMed]

26. Wan, H.T.; Zhao, Y.G.; Wei, X.; Hui, K.Y.; Giesy, J.P.; Wong, C.K.C. PFOS-induced hepatic steatosis, the mechanistic actions on
β-oxidation and lipid transport. Biochim. Biophys. Acta BBA Gen. Subj. 2012, 1820, 1092–1101. [CrossRef]

27. Butenhoff, J.L.; Kennedy, G.L.; Frame, S.R.; O’Connor, J.C.; York, R.G. The reproductive toxicology of ammonium perfluorooc-
tanoate (APFO) in the rats. Toxicology 2004, 196, 95. [CrossRef]

28. Li, W.; He, Q.-Z.; Wu, C.-Q.; Pan, X.-Y.; Wang, J.; Tan, Y.; Shan, X.-Y.; Zeng, H.-C. PFOS Disturbs BDNF-ERK-CREB Signalling in
Association with Increased MicroRNA-22 in SH-SY5Y Cells. Biomed. Res. Int. 2015, 2015, 302653. [CrossRef] [PubMed]

29. Genuis, S.J.; Kyrillos, E. The chemical disruption of human metabolism. Toxicol. Mech. Methods 2017, 27, 477–500. [CrossRef]
30. Tang, L.L.; Wang, J.D.; Xu, T.T.; Zhao, Z.; Zheng, J.J.; Ge, R.S.; Zhu, D.Y. Mitochondrial toxicity of perfluorooctane sulfonate in

mouse embryonic stem cell-derived cardiomyocytes. Toxicology 2017, 382, 108–116. [CrossRef] [PubMed]
31. Shankar, A.; Xiao, J.; Ducatman, A. Perfluorooctanoic Acid and Cardiovascular Disease in US Adults Perfluorooctanoic Acid and

CVD in Adults. JAMA Intern. Med. 2012, 172, 1397–1403. [CrossRef] [PubMed]
32. Lind, P.M.; Salihovic, S.; van Bavel, B.; Lind, L. Circulating levels of perfluoroalkyl substances (PFASs) and carotid artery

atherosclerosis. Environ. Res. 2017, 152, 157–164. [CrossRef]
33. Osorio-Yáñez, C.; Sanchez-Guerra, M.; Cardenas, A.; Lin, P.D.; Hauser, R.; Gold, D.R.; Kleinman, K.P.; Hivert, M.F.; Fleisch, A.F.;

Calafat, A.M.; et al. Per- and polyfluoroalkyl substances and calcifications of the coronary and aortic arteries in adults with
prediabetes: Results from the diabetes prevention program outcomes study. Environ. Int. 2021, 151, 106446. [CrossRef] [PubMed]

34. Roth, G.A.; Johnson, C.; Abajobir, A.; Abd-Allah, F.; Abera, S.F.; Abyu, G.; Ahmed, M.; Aksut, B.; Alam, T.; Alam, K.; et al.
Global, Regional, and National Burden of Cardiovascular Diseases for 10 Causes, 1990 to 2015. J. Am. Coll. Cardiol. 2017, 70, 1–25.
[CrossRef] [PubMed]

35. Alwan, A. Global Status Report on Noncommunicable Diseases 2010; World Health Organization: Geneva, Switzerland, 2011; p. 176.
36. Seacat, A.M.; Thomford, P.J.; Hansen, K.J.; Clemen, L.A.; Eldridge, S.R.; Elcombe, C.R.; Butenhoff, J.L. Sub-chronic dietary toxicity

of potassium perfluorooctanesulfonate in rats. Toxicology 2003, 183, 117–131. [CrossRef]

http://doi.org/10.1021/jf404355b
http://doi.org/10.1080/10934520903139811
http://doi.org/10.1016/j.envpol.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22771353
http://doi.org/10.1289/ehp.10598
http://www.ncbi.nlm.nih.gov/pubmed/18007991
http://doi.org/10.1016/j.envint.2018.01.025
http://www.ncbi.nlm.nih.gov/pubmed/29425899
http://doi.org/10.1155/2019/2612853
http://doi.org/10.1016/j.envint.2013.06.004
http://doi.org/10.1186/s12940-020-0561-8
http://doi.org/10.1016/j.envint.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30856447
http://doi.org/10.1155/2013/483832
http://doi.org/10.1016/j.envint.2017.06.007
http://doi.org/10.1016/j.envres.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/16194675
http://doi.org/10.1016/j.etap.2007.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21783801
http://doi.org/10.1016/j.chemosphere.2016.05.060
http://www.ncbi.nlm.nih.gov/pubmed/27289203
http://doi.org/10.1016/j.bbagen.2012.03.010
http://doi.org/10.1016/j.tox.2003.11.005
http://doi.org/10.1155/2015/302653
http://www.ncbi.nlm.nih.gov/pubmed/26649298
http://doi.org/10.1080/15376516.2017.1323986
http://doi.org/10.1016/j.tox.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/28288859
http://doi.org/10.1001/archinternmed.2012.3393
http://www.ncbi.nlm.nih.gov/pubmed/22945282
http://doi.org/10.1016/j.envres.2016.10.002
http://doi.org/10.1016/j.envint.2021.106446
http://www.ncbi.nlm.nih.gov/pubmed/33631604
http://doi.org/10.1016/j.jacc.2017.04.052
http://www.ncbi.nlm.nih.gov/pubmed/28527533
http://doi.org/10.1016/S0300-483X(02)00511-5


Int. J. Environ. Res. Public Health 2021, 18, 8345 19 of 21

37. Sanchez-Gomez, M.C.; Garcia-Mejia, K.A.; Perez-Diaz Conti, M.; Diaz-Rosas, G.; Palma-Lara, I.; Sanchez-Urbina, R.; Klunder-
Klunder, M.; Botello-Flores, J.A.; Balderrabano-Saucedo, N.A.; Contreras-Ramos, A. MicroRNAs Association in the Cardiac
Hypertrophy Secondary to Complex Congenital Heart Disease in Children. Pediatric Cardiol. 2017, 38, 991–1003. [CrossRef]

38. Qian, Y.; Ducatman, A.; Ward, R.; Leonard, S.; Bukowski, V.; Lan Guo, N.; Shi, X.; Vallyathan, V.; Castranova, V. Perfluorooctane
sulfonate (PFOS) induces reactive oxygen species (ROS) production in human microvascular endothelial cells: Role in endothelial
permeability. J. Toxicol. Environ. Health A 2010, 73, 819–836. [CrossRef] [PubMed]

39. Bhatnagar, A. Environmental cardiology: Studying mechanistic links between pollution and heart disease. Circ. Res. 2006, 99,
692–705. [CrossRef]

40. Rappazzo, K.M.; Coffman, E.; Hines, E.P. Exposure to Perfluorinated Alkyl Substances and Health Outcomes in Children: A
Systematic Review of the Epidemiologic Literature. Int. J. Environ. Res. Public Health 2017, 14, 691. [CrossRef]

41. Cordner, A.; De La Rosa, V.Y.; Schaider, L.A.; Rudel, R.A.; Richter, L.; Brown, P. Guideline levels for PFOA and PFOS in drinking
water: The role of scientific uncertainty, risk assessment decisions, and social factors. J. Expo. Sci. Environ. Epidemiol. 2019, 29,
157–171. [CrossRef]

42. Health Canada. Health Canada’s Drinking Water Screening Values for Perfluoroalkylated Substances. 2016. Available online:
http://scottreid.ca/wp-content/uploads/2016/03/Health-Canada-PFAS-Screening-Values-Fact-Sheet-EN.pdf (accessed on
24 July 2020).

43. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA
statement. BMJ 2009, 339, b2535. [CrossRef]

44. Predieri, B.; Iughetti, L.; Guerranti, C.; Bruzzi, P.; Perra, G.; Focardi, S.E. High Levels of Perfluorooctane Sulfonate in Children at
the Onset of Diabetes. Int. J. Endocrinol. 2015, 2015, 234358. [CrossRef]

45. Higgins, J.P.T.; Thompson, S.G. Quantifying heterogeneity in a meta-analysis. Stat. Med. 2002, 21, 1539–1558. [CrossRef]
46. Kim, H.-Y. Statistical notes for clinical researchers: Effect size. Restor. Dent. Endod. 2015, 40, 328–331. [CrossRef]
47. Borghese, M.M.; Walker, M.; Helewa, M.E.; Fraser, W.D.; Arbuckle, T.E. Association of perfluoroalkyl substances with gestational

hypertension and preeclampsia in the MIREC study. Environ. Int. 2020, 141, 105789. [CrossRef]
48. Hutcheson, R.; Innes, K.; Conway, B. Perfluoroalkyl substances and likelihood of stroke in persons with and without diabetes.

Diabetes Vasc. Dis. Res. 2020, 17, 1479164119892223. [CrossRef]
49. Liao, S.; Yao, W.; Cheang, I.; Tang, X.; Yin, T.; Lu, X.; Zhou, Y.; Zhang, H.; Li, X. Association between perfluoroalkyl acids and the

prevalence of hypertension among US adults. Ecotoxicol. Environ. Saf. 2020, 196, 110589. [CrossRef] [PubMed]
50. Pitter, G.; Zare Jeddi, M.; Barbieri, G.; Gion, M.; Fabricio, A.S.C.; Daprà, F.; Russo, F.; Fletcher, T.; Canova, C. Perfluoroalkyl

substances are associated with elevated blood pressure and hypertension in highly exposed young adults. Environ. Health 2020,
19, 102. [CrossRef] [PubMed]

51. Huang, J.; Jiang, R.; Chu, X.; Wang, F.; Sun, X.; Wang, Y.; Pang, L. Overexpression of microRNA-23a-5p induces myocardial
infarction by promoting cardiomyocyte apoptosis through inhibited of PI3K/AKT signalling pathway. Cell Biochem. Funct. 2020,
38, 1047–1055. [CrossRef]

52. Sun, Q.; Zong, G.; Valvi, D.; Nielsen, F.; Coull, B.; Grandjean, P. Plasma Concentrations of Perfluoroalkyl Substances and Risk
of Type 2 Diabetes: A Prospective Investigation among U.S. Women. Environ. Health Perspect. 2018, 126, 037001. [CrossRef]
[PubMed]

53. Liu, H.S.; Wen, L.L.; Chu, P.L.; Lin, C.Y. Association among total serum isomers of perfluorinated chemicals, glucose homeostasis,
lipid profiles, serum protein and metabolic syndrome in adults: NHANES, 2013–2014. Environ. Pollut. 2018, 232, 73–79. [CrossRef]

54. Wang, H.; Yang, J.; Du, H.; Xu, L.; Liu, S.; Yi, J.; Qian, X.; Chen, Y.; Jiang, Q.; He, G. Perfluoroalkyl substances, glucose homeostasis,
and gestational diabetes mellitus in Chinese pregnant women: A repeat measurement-based prospective study. Environ. Int.
2018, 114, 12–20. [CrossRef]

55. Huang, M.; Jiao, J.; Zhuang, P.; Chen, X.; Wang, J.; Zhang, Y. Serum polyfluoroalkyl chemicals are associated with risk of
cardiovascular diseases in national US population. Environ. Int. 2018, 119, 37–46. [CrossRef] [PubMed]

56. Matilla-Santander, N.; Valvi, D.; Lopez-Espinosa, M.-J.; Manzano-Salgado, C.B.; Ballester, F.; Ibarluzea, J.; Santa-Marina, L.;
Schettgen, T.; Guxens, M.; Sunyer, J.; et al. Exposure to Perfluoroalkyl Substances and Metabolic Outcomes in Pregnant Women:
Evidence from the Spanish INMA Birth Cohorts. Environ. Health Perspect. 2017, 125, 117004. [CrossRef]

57. Su, T.-C.; Kuo, C.-C.; Hwang, J.-J.; Lien, G.-W.; Chen, M.-F.; Chen, P.-C. Serum perfluorinated chemicals, glucose homeostasis and
the risk of diabetes in working-aged Taiwanese adults. Environ. Int. 2016, 88, 15–22. [CrossRef] [PubMed]

58. Mattsson, K.; Rignell-Hydbom, A.; Holmberg, S.; Thelin, A.; Jonsson, B.A.; Lindh, C.H.; Sehlstedt, A.; Rylander, L. Levels of
perfluoroalkyl substances and risk of coronary heart disease: Findings from a population-based longitudinal study. Environ. Res.
2015, 142, 148–154. [CrossRef] [PubMed]

59. Zhang, C.; Sundaram, R.; Maisog, J.; Calafat, A.M.; Barr, D.B.; Buck Louis, G.M. A prospective study of prepregnancy serum
concentrations of perfluorochemicals and the risk of gestational diabetes. Fertil. Steril. 2015, 103, 184–189. [CrossRef]

60. Lind, L.; Zethelius, B.; Salihovic, S.; van Bavel, B.; Lind, P.M. Circulating levels of perfluoroalkyl substances and prevalent
diabetes in the elderly. Diabetologia 2014, 57, 473–479. [CrossRef]

61. Mora, A.M.; Fleisch, A.F.; Rifas-Shiman, S.L.; Woo Baidal, J.A.; Pardo, L.; Webster, T.F.; Calafat, A.M.; Ye, X.; Oken, E.; Sagiv, S.K.
Early life exposure to per- and polyfluoroalkyl substances and mid-childhood lipid and alanine aminotransferase levels. Environ.
Int. 2018, 111, 1–13. [CrossRef] [PubMed]

http://doi.org/10.1007/s00246-017-1607-8
http://doi.org/10.1080/15287391003689317
http://www.ncbi.nlm.nih.gov/pubmed/20391123
http://doi.org/10.1161/01.RES.0000243586.99701.cf
http://doi.org/10.3390/ijerph14070691
http://doi.org/10.1038/s41370-018-0099-9
http://scottreid.ca/wp-content/uploads/2016/03/Health-Canada-PFAS-Screening-Values-Fact-Sheet-EN.pdf
http://doi.org/10.1136/bmj.b2535
http://doi.org/10.1155/2015/234358
http://doi.org/10.1002/sim.1186
http://doi.org/10.5395/rde.2015.40.4.328
http://doi.org/10.1016/j.envint.2020.105789
http://doi.org/10.1177/1479164119892223
http://doi.org/10.1016/j.ecoenv.2020.110589
http://www.ncbi.nlm.nih.gov/pubmed/32278136
http://doi.org/10.1186/s12940-020-00656-0
http://www.ncbi.nlm.nih.gov/pubmed/32958007
http://doi.org/10.1002/cbf.3536
http://doi.org/10.1289/EHP2619
http://www.ncbi.nlm.nih.gov/pubmed/29498927
http://doi.org/10.1016/j.envpol.2017.09.019
http://doi.org/10.1016/j.envint.2018.01.027
http://doi.org/10.1016/j.envint.2018.05.051
http://www.ncbi.nlm.nih.gov/pubmed/29933236
http://doi.org/10.1289/EHP1062
http://doi.org/10.1016/j.envint.2015.11.016
http://www.ncbi.nlm.nih.gov/pubmed/26700417
http://doi.org/10.1016/j.envres.2015.06.033
http://www.ncbi.nlm.nih.gov/pubmed/26142720
http://doi.org/10.1016/j.fertnstert.2014.10.001
http://doi.org/10.1007/s00125-013-3126-3
http://doi.org/10.1016/j.envint.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29156323


Int. J. Environ. Res. Public Health 2021, 18, 8345 20 of 21

62. Koshy, T.T.; Attina, T.M.; Ghassabian, A.; Gilbert, J.; Burdine, L.K.; Marmor, M.; Honda, M.; Chu, D.B.; Han, X.; Shao, Y.; et al.
Serum perfluoroalkyl substances and cardiometabolic consequences in adolescents exposed to the World Trade Center disaster
and a matched comparison group. Environ. Int. 2017, 109, 128–135. [CrossRef]

63. Skuladottir, M.; Ramel, A.; Rytter, D.; Haug, L.S.; Sabaredzovic, A.; Bech, B.H.; Henriksen, T.B.; Olsen, S.F.; Halldorsson, T.I.
Examining confounding by diet in the association between perfluoroalkyl acids and serum cholesterol in pregnancy. Environ. Res.
2015, 143, 33–38. [CrossRef]

64. Zeng, X.W.; Qian, Z.; Emo, B.; Vaughn, M.; Bao, J.; Qin, X.D.; Zhu, Y.; Li, J.; Lee, Y.L.; Dong, G.H. Association of polyfluoroalkyl
chemical exposure with serum lipids in children. Sci. Total. Environ. 2015, 512, 364–370. [CrossRef]

65. Geiger, S.D.; Xiao, J.; Ducatman, A.; Frisbee, S.; Innes, K.; Shankar, A. The association between PFOA, PFOS and serum lipid
levels in adolescents. Chemosphere 2014, 98, 78–83. [CrossRef] [PubMed]

66. Timmermann, C.A.; Rossing, L.I.; Grontved, A.; Ried-Larsen, M.; Dalgard, C.; Andersen, L.B.; Grandjean, P.; Nielsen, F.; Svendsen,
K.D.; Scheike, T.; et al. Adiposity and glycemic control in children exposed to perfluorinated compounds. J. Clin. Endocrinol.
Metab. 2014, 99, E608–E614. [CrossRef]

67. Eriksen, K.; Raaschou-Nielsen, O.; McLaughlin, J.; Lipworth, L.; Tjønneland, A.; Overvad, K.; Sørensen, M. Association between
Plasma PFOA and PFOS Levels and Total Cholesterol in a Middle-Aged Danish Population. PLoS ONE 2013, 8, e56969. [CrossRef]
[PubMed]

68. Fitz-Simon, N.; Fletcher, T.; Luster, M.I.; Steenland, K.; Calafat, A.M.; Kato, K.; Armstrong, B. Reductions in serum lipids with a
4-year decline in serum perfluorooctanoic acid and perfluorooctanesulfonic acid. Epidemiology 2013, 24, 569–576. [CrossRef]

69. Frisbee, S.J.; Shankar, A.; Knox, S.S.; Steenland, K.; Savitz, D.A.; Fletcher, T.; Ducatman, A.M. Perfluorooctanoic acid, perfluorooc-
tanesulfonate, and serum lipids in children and adolescents: Results from the C8 Health Project. Arch. Pediatrics Adolesc. Med.
2010, 164, 860–869. [CrossRef]

70. Nelson, J.W.; Hatch, E.E.; Webster, T.F. Exposure to polyfluoroalkyl chemicals and cholesterol, body weight, and insulin resistance
in the general U.S. population. Environ. Health Perspect. 2010, 118, 197–202. [CrossRef] [PubMed]

71. Costa, G.; Sartori, S.; Consonni, D. Thirty years of medical surveillance in perfluooctanoic acid production workers. J. Occup.
Environ. Med. 2009, 51, 364–372. [CrossRef]

72. Higgins, J.P. Cochrane Handbook for Systematic Reviews of Interventions. Version 5.1.0 [Updated March 2011]. The Cochrane
Collaboration. 2011. Available online: www.cochrane-handbook.org. (accessed on 14 July 2021).

73. Geiger, S.D.; Yao, P.; Vaughn, M.G.; Qian, Z. PFAS exposure and overweight/obesity among children in a nationally representative
sample. Chemosphere 2021, 268, 128852. [CrossRef]

74. Sutton, A.J.; Duval, S.J.; Tweedie, R.L.; Abrams, K.R.; Jones, D.R. Empirical assessment of effect of publication bias on meta-
analyses. BMJ 2000, 320, 1574–1577. [CrossRef]

75. Egger, M.; Smith, G.D.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test. BMJ 1997, 315,
629–634. [CrossRef]

76. Duval, S.; Tweedie, R. Trim and Fill: A Simple Funnel-Plot–Based Method of Testing and Adjusting for Publication Bias in
Meta-Analysis. Biometrics 2000, 56, 455–463. [CrossRef]

77. Huang, R.; Chen, Q.; Zhang, L.; Luo, K.; Chen, L.; Zhao, S.; Feng, L.; Zhang, J. Prenatal exposure to perfluoroalkyl and
polyfluoroalkyl substances and the risk of hypertensive disorders of pregnancy. Environ. Health 2019, 18, 5. [CrossRef]

78. Lin, C.Y.; Lin, L.Y.; Wen, T.W.; Lien, G.W.; Chien, K.L.; Hsu, S.H.; Liao, C.C.; Sung, F.C.; Chen, P.C.; Su, T.C. Association between
levels of serum perfluorooctane sulfate and carotid artery intima-media thickness in adolescents and young adults. Int. J. Cardiol.
2013, 168, 3309–3316. [CrossRef] [PubMed]

79. De Toni, L.; Radu, C.M.; Sabovic, I.; Di Nisio, A.; Dall’acqua, S.; Guidolin, D.; Spampinato, S.; Campello, E.; Simioni, P.; Foresta,
C. Increased cardiovascular risk associated with chemical sensitivity to perfluoro–octanoic acid: Role of impaired platelet
aggregation. Int. J. Mol. Sci. 2020, 21, 399. [CrossRef] [PubMed]

80. Lin, C.-Y.; Chen, P.-C.; Lin, Y.-C.; Lin, L.-Y. Association among serum perfluoroalkyl chemicals, glucose homeostasis, and
metabolic syndrome in adolescents and adults. Diabetes Care 2009, 32, 702–707. [CrossRef]

81. Roep, B.O. The role of T-cells in the pathogenesis of Type 1 diabetes: From cause to cure. Diabetologia 2003, 46, 305–321. [CrossRef]
82. Kannan, K.; Corsolini, S.; Falandysz, J.; Fillmann, G.; Kumar, K.S.; Loganathan, B.G.; Mohd, M.A.; Olivero, J.; Wouwe, N.V.; Yang,

J.H.; et al. Perfluorooctanesulfonate and Related Fluorochemicals in Human Blood from Several Countries. Environ. Sci. Technol.
2004, 38, 4489–4495. [CrossRef] [PubMed]

83. Howard, S.G. Developmental Exposure to Endocrine Disrupting Chemicals and Type 1 Diabetes Mellitus. Front. Endocrinol. 2018,
9, 9. [CrossRef]

84. Ahmed, H.M.; Miller, M.; Nasir, K.; McEvoy, J.W.; Herrington, D.; Blumenthal, R.S.; Blaha, M.J. Primary Low Level of High-
Density Lipoprotein Cholesterol and Risks of Coronary Heart Disease, Cardiovascular Disease, and Death: Results From the
Multi-Ethnic Study of Atherosclerosis. Am. J. Epidemiol. 2016, 183, 875–883. [CrossRef]

85. Babaev, V.R.; Fazio, S.; Gleaves, L.A.; Carter, K.J.; Semenkovich, C.F.; Linton, M.F. Macrophage lipoprotein lipase promotes foam
cell formation and atherosclerosis in vivo. J. Clin. Investig. 1999, 103, 1697–1705. [CrossRef]

86. Gustafsson, M.; Levin, M.; Skalen, K.; Perman, J.; Friden, V.; Jirholt, P.; Olofsson, S.O.; Fazio, S.; Linton, M.F.; Semenkovich, C.F.;
et al. Retention of low-density lipoprotein in atherosclerotic lesions of the mouse: Evidence for a role of lipoprotein lipase. Circ.
Res. 2007, 101, 777–783. [CrossRef]

http://doi.org/10.1016/j.envint.2017.08.003
http://doi.org/10.1016/j.envres.2015.09.001
http://doi.org/10.1016/j.scitotenv.2015.01.042
http://doi.org/10.1016/j.chemosphere.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24238303
http://doi.org/10.1210/jc.2013-3460
http://doi.org/10.1371/journal.pone.0056969
http://www.ncbi.nlm.nih.gov/pubmed/23441227
http://doi.org/10.1097/EDE.0b013e31829443ee
http://doi.org/10.1001/archpediatrics.2010.163
http://doi.org/10.1289/ehp.0901165
http://www.ncbi.nlm.nih.gov/pubmed/20123614
http://doi.org/10.1097/JOM.0b013e3181965d80
www.cochrane-handbook.org.
http://doi.org/10.1016/j.chemosphere.2020.128852
http://doi.org/10.1136/bmj.320.7249.1574
http://doi.org/10.1136/bmj.315.7109.629
http://doi.org/10.1111/j.0006-341X.2000.00455.x
http://doi.org/10.1186/s12940-018-0445-3
http://doi.org/10.1016/j.ijcard.2013.04.042
http://www.ncbi.nlm.nih.gov/pubmed/23664439
http://doi.org/10.3390/ijms21020399
http://www.ncbi.nlm.nih.gov/pubmed/31936344
http://doi.org/10.2337/dc08-1816
http://doi.org/10.1007/s00125-003-1089-5
http://doi.org/10.1021/es0493446
http://www.ncbi.nlm.nih.gov/pubmed/15461154
http://doi.org/10.3389/fendo.2018.00513
http://doi.org/10.1093/aje/kwv305
http://doi.org/10.1172/JCI6117
http://doi.org/10.1161/CIRCRESAHA.107.149666


Int. J. Environ. Res. Public Health 2021, 18, 8345 21 of 21

87. Nordestgaard, B.G. Triglyceride-Rich Lipoproteins and Atherosclerotic Cardiovascular Disease: New Insights From Epidemiology,
Genetics, and Biology. Circ. Res. 2016, 118, 547–563. [CrossRef]

88. Buekers, J.; Colles, A.; Cornelis, C.; Morrens, B.; Govarts, E.; Schoeters, G. Socio-Economic Status and Health: Evaluation of
Human Biomonitored Chemical Exposure to Per- and Polyfluorinated Substances across Status. Int. J. Environ. Res. Public Health
2018, 15, 2818. [CrossRef]

89. Cornelis, C.; D’Hollander, W.; Roosens, L.; Covaci, A.; Smolders, R.; Van Den Heuvel, R.; Govarts, E.; Van Campenhout,
K.; Reynders, H.; Bervoets, L. First assessment of population exposure to perfluorinated compounds in Flanders, Belgium.
Chemosphere 2012, 86, 308–314. [CrossRef]

90. Haug, L.S.; Thomsen, C.; Brantsaeter, A.L.; Kvalem, H.E.; Haugen, M.; Becher, G.; Alexander, J.; Meltzer, H.M.; Knutsen, H.K. Diet
and particularly seafood are major sources of perfluorinated compounds in humans. Environ. Int. 2010, 36, 772–778. [CrossRef]

91. Joensen, U.N.; Veyrand, B.; Antignac, J.P.; Blomberg Jensen, M.; Petersen, J.H.; Marchand, P.; Skakkebaek, N.E.; Andersson, A.M.;
Le Bizec, B.; Jorgensen, N. PFOS (perfluorooctanesulfonate) in serum is negatively associated with testosterone levels, but not
with semen quality, in healthy men. Hum. Reprod. 2013, 28, 599–608. [CrossRef]

92. Karnes, C.; Winquist, A.; Steenland, K. Incidence of type II diabetes in a cohort with substantial exposure to perfluorooctanoic
acid. Environ. Res. 2014, 128, 78–83. [CrossRef] [PubMed]

93. Moore, S.F.; van den Bosch, M.T.; Hunter, R.W.; Sakamoto, K.; Poole, A.W.; Hers, I. Dual regulation of glycogen synthase kinase 3
(GSK3)alpha/beta by protein kinase C (PKC)alpha and Akt promotes thrombin-mediated integrin alphaIIbbeta3 activation and
granule secretion in platelets. J. Biol. Chem. 2013, 288, 3918–3928. [CrossRef] [PubMed]

94. Blann, A.D.; Nadar, S.K.; Lip, G.Y.H. The adhesion molecule P-selectin and cardiovascular disease. Eur. Heart J. 2003, 24,
2166–2179. [CrossRef] [PubMed]

95. Koyama, H.; Maeno, T.; Fukumoto, S.; Shoji, T.; Yamane, T.; Yokoyama, H.; Emoto, M.; Shoji, T.; Tahara, H.; Inaba, M.; et al.
Platelet P-Selectin Expression Is Associated with Atherosclerotic Wall Thickness in Carotid Artery in Humans. Circulation 2003,
108, 524–529. [CrossRef] [PubMed]

96. Lind, P.M.; Salihovic, S.; Stubleski, J.; Kärrman, A.; Lind, L. Changes in plasma levels of perfluoroalkyl substances (PFASs) are
related to increase in carotid intima-media thickness over 10 years-a longitudinal study. Environ. Health A Glob. Access Sci. Source
2018, 17, 59. [CrossRef] [PubMed]

97. Xu, Y.; Jurkovic-Mlakar, S.; Li, Y.; Wahlberg, K.; Scott, K.; Pineda, D.; Lindh, C.H.; Jakobsson, K.; Engström, K. Association
between serum concentrations of perfluoroalkyl substances (PFAS) and expression of serum microRNAs in a cohort highly
exposed to PFAS from drinking water. Environ. Int. 2020, 136, 105446. [CrossRef] [PubMed]

98. Predieri, B.; Bruzzi, P.; Bigi, E.; Ciancia, S.; Madeo, S.F.; Lucaccioni, L.; Iughetti, L. Endocrine Disrupting Chemicals and Type 1
Diabetes. Int. J. Mol. Sci. 2020, 21, 2937. [CrossRef]

http://doi.org/10.1161/CIRCRESAHA.115.306249
http://doi.org/10.3390/ijerph15122818
http://doi.org/10.1016/j.chemosphere.2011.10.034
http://doi.org/10.1016/j.envint.2010.05.016
http://doi.org/10.1093/humrep/des425
http://doi.org/10.1016/j.envres.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24299613
http://doi.org/10.1074/jbc.M112.429936
http://www.ncbi.nlm.nih.gov/pubmed/23239877
http://doi.org/10.1016/j.ehj.2003.08.021
http://www.ncbi.nlm.nih.gov/pubmed/14659768
http://doi.org/10.1161/01.CIR.0000081765.88440.51
http://www.ncbi.nlm.nih.gov/pubmed/12860908
http://doi.org/10.1186/s12940-018-0403-0
http://www.ncbi.nlm.nih.gov/pubmed/29970113
http://doi.org/10.1016/j.envint.2019.105446
http://www.ncbi.nlm.nih.gov/pubmed/31926437
http://doi.org/10.3390/ijms21082937

	Introduction 
	Methods 
	Literature Search 
	Inclusion Criteria 
	Data Extraction 
	Data Analysis 
	Assessment of Overall Effect Size 
	Assessment of Heterogeneity 
	Subgroup Analysis 
	Risk of Bias across Studies 


	Results 
	Analysis of Overall Effect and Heterogeneity 
	Analysis of Publication Bias 
	Association of Specific PFC with Cardiometabolic Diseases Based on Epidemiological Studies 
	Conflicting Data on the Association of Specific Type PFCs with CVDs from Epidemiological Studies 

	Discussion 
	Conclusions 
	References

