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H I G H L I G H T S

• Glucose-6-phosphate dehydrogenase (G6PD) deficiency increases the cardiovascular risk up to 70%.

• The risk conferred by G6PD deficiency is moderate compared with the impact of primary cardiovascular risk factors.

• G6PD deficient patients would be eligible for additional preventive measures against cardiovascular disease.
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A B S T R A C T

Background and aims: Cardiovascular disease (CVD) is associated with high morbidity and mortality. Studies in
animal models and humans suggested that glucose‒6‒phosphate dehydrogenase (G6PD) deficiency, a geneti-
cally inherited condition causing haemolytic anemia, may be a risk factor for CVD. This hypothesis was tested in
a large cohort from Northern Sardinia, where the population prevalence of G6PD deficiency is the highest in the
Mediterranean area.
Methods: A retrospective observational case‒control study was performed using clinical records of 9604 patients
undergoing digestive endoscopy between 2002 and 2017, with a known G6PD status and a complete clinical
history including CVD and leading CVD risk factors. To circumvent covariates imbalance between cases and
controls, a 1:2 propensity score‒matched analysis was performed.
Results: Major predictors of CVD, as expected, were age (OR 1.07; 95%CI 1.06–1.08), male sex (1.63; 95%CI
1.29–2.06), high blood pressure (OR 1.46; 95%CI 1.16–1.84), smoking (OR 3.03; 95%CI 2.42–3.79), diabetes
(OR 1.65; 95%CI 1.23–2.21) and hypercholesterolemia (OR 2.20; 95%CI 1.71–2.84). The propensity score
matching procedure resulted in 1123 G6PD deficient patients and 2246 patients with normal enzyme activity.
When G6PD status was regressed on the CVD, including propensity score as a continuous covariate, an OR of
1.71 (95%CI 1.17–2.49; p=0.006) was obtained.
Conclusions: G6PD deficiency is significantly associated with increased risk of CVD, although the underlying
mechanisms are still poorly understood. The loss of important protective pathways against oxidative stress,
especially in the early stages of atherogenesis, might play a crucial role.

1. Introduction

Cardiovascular disease (CVD), which comprises a broad range of
disorders including coronary artery disease, cerebrovascular disease,
and peripheral artery disease, remains the leading cause of mortality
worldwide, with an estimated 422.7 million cases and 17.9 million
deaths every year, nearly 31% of all global deaths [1,2]. The incidence
of CVD is variable across different countries and racial groups, ranging
from 94 per 100,000 inhabitants per year in Japan to 1752 deaths per

100,000 inhabitants per year in Russia [3]. This wide variability is the
result of lifelong exposure to several risk factors including “modifiable”
factors such as smoking, high blood pressure, obesity, dyslipidemia and
type 2 diabetes, and “not modifiable” factors including age, sex and a
positive family history of CVD [4]. Among non‒modifiable factors,
heredity plays a considerable role, as proven by the greater CVD mor-
tality in offspring of parents with history of atherosclerosis [5]. By using
genome‒wide association studies, several DNA gene variants have been
identified able to raise the risk of CVD [6,7]. However, few gene
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variants may reduce, rather than increase, the risk of developing CVD,
including loss‒of‒function mutations in PCSK9, ApoAI, interleukin‒10,
adiponectin and many other genes [8].

Several in vitro and in vivo studies in the past decades suggested that
hereditary deficiency of glucose‒6‒phosphate dehydrogenase (G6PD),
an enzyme catalysing the first reaction in the pentose phosphate
pathway (PPP) to produce NADPH, may be protective against CVD.
These studies have been conducted mostly in the Sardinian population
where the frequency of G6PD deficiency is one of the highest in the
Mediterranean area, ranging between 12% and 24% [9‒10]. Subjects
with this condition may experience episodes of hemolysis after infec-
tions, assumption of a variety of drugs, or exposure to plants like Vicia
faba [11]. In virtually all cases the underlying mutation is the Medi-
terranean mutation (a C→T transition at nucleotide 563 of the coding
gene) [9‒10]. An epidemiological study in 1998, in a cohort of 1756
Sardinian men with G6PD deficiency, reported a relatively lower
standardized mortality ratio for CVD (0.28 versus the reference value of
1.0 for ischemic heart disease, and 0.22 versus 1.0 for cerebrovascular
disease) [12]. A further Sardinian study found a 40% reduction of CVD
risk associated to G6PD deficiency after adjustment for family history,
hypertension, diabetes, and smoking [13]. Whereas this apparent pro-
tective effect of G6PD deficiency on cardiovascular risk was observed in
earlier studies [12‒14], more recent surveys seem instead to support an
association with increased risk [15‒17]. These divergent results may be
partially attributed to the weak statistical power of early investigations
and lack of randomization, which may have distorted the true re-
lationship between G6PD deficiency and CVD. Therefore, a definitive
conclusion on the impact of G6PD deficiency on the cardiovascular
system cannot yet been drawn.

In this study we tested for potential association of G6PD deficiency
with CVD risk in a large patient cohort from Northern Sardinia, by using
propensity score (PS) matching and adjusting for conventional CVD risk
factors.

2. Patients and methods

2.1. Study population

This was a single‒center retrospective case‒control study. Data
were retrieved from a large digitalized database of patients undergoing
digestive endoscopy from January 2002 through January 2017.
Patients were referred to the endoscopy service (Department of
Medical, Surgical and Experimental Medicine, University of Sassari,
Italy) by general practitioners and/or specialists with different indica-
tions (as reported in full previously [18‒21] mostly for dyspepsia, re-
flux symptoms, coeliac and liver disease and cancer follow‒up).

2.2. Patients eligibility

All patients with a known G6PD status and full availability of all
demographic and clinical data including age, sex, socioeconomic status
(SES), smoking habits, body mass index (BMI), occurrence of CVD,
blood pressure, presence of hypercholesterolemia and diabetes were
considered eligible for the study. The clinical history was collected by a
trained physician, and only diagnoses ascertained by the specialist were
recorded in the database. Diagnoses of CVD, high blood pressure, hy-
percholesterolemia and type 1 and 2 diabetes were made by the spe-
cialists according to national and international guidelines progressively
developed and usually followed in clinical practice. Self‒reported CV
diagnoses were not considered as study endpoints. The specific out-
comes of interest were classified as: (i) nonfatal acute myocardial in-
farction, (ii) history of effort‒induced angina or coronary revascular-
ization, (iii) stenosis ≥70% of lower limb artery, (iv) ischemic stroke).
Patients younger than 18 years, or who were not born to Sardinian
parents, were excluded from the study. For patients with multiple di-
gestive endoscopy procedures in the study interval, only the data from

the last endoscopy were included.

2.3. G6PD-deficiency assessment

In all study participants the enzyme activity had been measured
quantitatively using a biochemical assay based on G6PD/6GPD ratio in
erythrocytes according to WHO recommendations [22]. Subjects were
defined as deficient when the ratio was lower than 0.10 (G6PD, Nurex
Diagnostici s.r.l. Sassari, ITALY).

2.4. Ethical approval

An Institutional Review Board approval was obtained from Comitato
di Bioetica, Azienda Ospedaliero-Universitaria di Sassari (Prot N° 3004/
CE, 2016).

2.5. Statistical analysis and propensity score matching

The results were expressed as mean and standard deviation (SD) for
continuous variables, and as frequencies for categorical variables.
Comparative analysis between normal and G6PD deficient subjects was
performed by the χ2 test for categorical variables and by the two‒-
sample Student's t-test for continuous variables.

Body mass index was calculated as weight/height2 (kg/m2) and
treated as a continuous variable. For smoking habits, patients were
stratified into never smokers and current or former smokers. Socio-
economic status was inferred from current or past occupation and re-
coded into two categories as previously reported [23]. Briefly,
high‒SES including graduated professionals, technicians and adminis-
trators (non‒graduated); and low‒SES including clerks and salesmen,
semiskilled and unskilled workers, and uneducated shepherds and
peasants. Since previous observations reported a lower frequency of
G6PD deficiency in patients with malignancies compared with patients
with normal G6PD enzyme activity [20,21], all patients diagnosed with
cancer were excluded from the analysis.

In order to avoid the potential bias of covariates not evenly dis-
tributed between G6PD deficient and wild‒type patients, a PS matching
was performed using the open‒source R software (http://www.r-
project.org/). This procedure is frequently used in quasi-experimental
studies, to generate an unbiased control group enabling the exploration
of causal relationships using observational data [24]. In our study the
PS was based on demographic variables (age, sex, and socioeconomic
status), as well as on factors that are known to affect CVD risk (smoking,
BMI, high blood pressure, hypercholesterolemia, diabetes mellitus).
Using the MatchIn package installed in R, 1123 patients with G6PD
deficiency were matched with 2246 patients with similar PS using
G6PD as the grouping variable. A 1:2 greedy nearest neighbors
matching method was used, within PS calipers of± 0.2 SD [25]. Fur-
ther, a post‒matching conditional logistic regression analysis was
conducted to check whether the distribution of potential confounding
covariates was equal in both cases and controls. Finally, logistic re-
gression analysis was performed with CVD classified in a binary manner
(presence/absence) as the main dependent variable, and G6PD status as
the main predictor variable; as PS was used to obtain information on
confounding variables, it was included as a covariate in the regression
model [26]. The regression coefficients β and their standard error (SE)
of each covariate were calculated, as well as the ORs and their 95% CIs.
The logistic regression analysis was performed using SPSS statistical
software (version 16.0, Chicago, IL, USA). P values lower than 0.05
were considered statistically significant.

3. Results

A total of 9604 clinical records of patients (3558 men and 6046
women; mean age 51.31 ± 17.42 years) who underwent digestive
endoscopy between 2002 and 2017 were collected (Table 1). All
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patients were white from Northern Sardinia, Italy. In the studied co-
hort, the proportion of patients with G6PD deficiency (cases) was
11.7% (1123/9604) quite similar to the frequency previously reported
in the general population of Northern Sardinia [9,10]. Patients with
G6PD deficiency were more likely to report CVD than subjects with
normal enzyme activity (4.6% vs. 3.8%) although the difference was not
statistically significant (Table 1). Despite the small number of patients
with CVD (376) a sub analysis was conducted according to the specific
CV endpoint. No statistically significant differences were found in the
frequency distribution of CV endpoints between cases and controls,
although the frequency of angina and/or revascularization procedures
was more than twice higher among G6PD deficient patients compared
with controls (0.7% vs. 0.3).

The 1:2 PS matching procedure yielded 1123 G6PD deficient pa-
tients matched to 2246 controls with normal enzyme activity. G6PD

deficiency showed a trend, statistically significant, for an increased
frequency of CVD (4.6% vs. 2.8%; p=0.006) (Table 2). The ORs and
their 95%CI for G6PD deficiency and the conventional CVD risk factor,
before and after PS matching, are shown in Table 3. As expected, major
predictors of CVD were age (OR 1.07; 95%CI 1.06–1.08), male sex
(1.63; 95%CI 1.29–2.06), high blood pressure (OR 1.46; 95%CI
1.16–1.84), smoking (OR 3.03; 95%CI 2.42–3.79), diabetes (OR 1.65;
95%CI 1.23–2.21) and hypercholesterolemia (OR 2.20; 95%CI
1.71–2.84). When G6PD deficiency was regressed on the probability of
CVD, also including PS as a continuous variable, an OR of 1.71 (95%CI
1.17–2.49) was obtained.

4. Discussion

In this observational case‒control study we detected a 71% greater

Table 1
Demographic and clinical features of the study population according to glucose‒6‒phosphate dehydrogenase (G6PD) status.

Features Cases (G6PD deficiency) Controls (G6PD normal) Total

No. patients 1123 (11.7%) 8481 (88.3%) 9604
Sex (M/F) 279/844 3279/5202 3558/6046
Age (mean ± SD, years) 51.16 ± 16.98 51.33 ± 17.48 51.31 ± 17.42
Civil status
Single 295 (26.3%) 2502 (29.5%) 2797 (29.1%)
Married 702 (62.5%) 5046 (59.5%) 5748 (59.9%)
Widow 93 (8.3%) 651 (7.7%) 744 (7.7%)
Divorced 33 (2.9%) 282 (3.3%) 315 (3.3%)

Socioeconomic status
Low 688 (61.3%) 4711 (55.5%) 5399 (56.2%)
High 435 (38.7%) 3770 (44.5%) 4205 (43.8%)

High blood pressure
No 860 (76.6%) 6462 (76.2%) 7322 (76.2%)
Yes 263 (23.4%) 2019 (23.8%) 2282 (23.8%)

Smoking habits
No 850 (75.7%) 6395 (75.4%) 7245 (75.4%)
Yes 273 (24.3%) 2086 (24.6%) 2359 (24.6%)

Body mass index (kg/m2)
< 25 556 (49.5%) 3962 (46.7%) 4518 (47.0%)
25‒29 481 (42.8%) 3864 (45.6%) 4345 (45.2%)
≥30 86 (7.7%) 655 (7.7%) 741 (7.7%)

Diabetes mellitus
No 1045 (93.1%) 7907 (93.2%) 8952 (93.2%)
Yes 78 (6.9%) 574 (6.8%) 652 (6.8%)

Hypercholesterolemia
No 1018 (90.7%) 7669 (90.4%) 8687 (90.5%)
Yes 105 (9.3%) 812 (9.6%) 917 (9.5%)

Cardiovascular disease
None 1071 (95.4%) 8157 (96.2%) 9228 (96.1%)
Nonfatal myocardial infarction 32 (2.9%) 229 (2.7%) 261 (2.7%)
Angina 8 (0.7%) 26 (0.3%) 34 (0.4%)
Stroke 6 (0.5%) 42 (0.5%) 48 (0.5%)
Peripheral artery disease 6 (0.5%) 27 (0.3%) 33 (0.3%)
Total CV disease 52 (4.6%) 324 (3.8%) 376 (3.9%)

Table 2
Covariate distribution by glucose‒6‒phosphate dehydrogenase (G6PD) status in the overall population, PS‒Matched population with 1:2 ratio.

Unadjusted Propensity score matched 1:2

G6PD deficient G6PD normal G6PD deficient G6PD normal

No. patients 1123 8481 1123 2246
Mean age, y (SD) 51.2 (16.9) 51.3 (17.5) 51.3 (16.9) 51.1 (17.4)
Male, % 24.8 38.7 24.8 24.8
High socioeconomic status, % 38.7 44.5 38.7 38.7
Current or former smokers, % 24.3 24.6 24.3 24.4
Body mass index (kg/m2) 25.1 (3.7) 25.4 (3.6) 25.1 (3.7) 25.1 (3.6)
High blood pressure, % 23.4 23.8 23.4 23.4
Hypercholesterolemia, % 9.3 9.6 9.3 9.3
Diabetes mellitus, % 6.9 6.8 6.9 6.9
Outcome cardiovascular disease, % 4.6 3.8 4.6 2.8**

**p < 0.01.
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risk of developing CVD in patients with G6PD-deficiency compared
with controls, after adjusting for conventional risk factors. Our findings
are apparently in contrast with the results of previous investigations in
Sardinia which supported a significant protective effect of G6PD defi-
ciency against CVD [12‒14]. This discrepancy may be partly accounted
for by different design and methods. For example, in the longitudinal
study of Cocco et al. [12] the outcome was CVD mortality, and, the test
used at that time to assess G6PD status, was the qualitative Beutler's
fluorescent spot test [27] which may be less accurate than the quanti-
tative test [28]. In the study of Meloni et al. the number of subjects aged
80 and older was relatively low, and a possible age unbalance occurred
between cases and controls [13]. More importantly, those studies were
not randomized, making difficult the balance among covariates

between cases and controls. Our study was exempt from such limita-
tions, since the PS matching provided a control group very similar to
what may be achieved in a randomised controlled trial.

Our findings are consistent with results from a recent large‒scale
study performed in U.S. military medical centres which found 40%
greater odds of developing CVD in G6PD-deficient individuals com-
pared with individuals with normal enzyme levels [17]. Since in our
study the risk was superior (71%) we speculate that this may be due to a
genetic defect which entails lower levels of residual enzyme activity. In
fact, in the Sardinian population more than 95% of G6PD deficient case
are due to the so-called Mediterranean mutation (a C→T transition at
nucleotide 563 of the coding gene) which causes severe (Class II) en-
zyme deficiency, whereas in the U.S. population of African descent the

Table 3
Pre- and post-PS-matching logistic regression in patients with known G6PD status. The presence/absence of cardiovascular disease was the outcome variable.

Pre‒matchinga Propensity Score Matchedb 1:2

ORd (95% CIe) p-value ORd (95% CIe) p-value

Age (years) 1.07 (1.06–1.08) < 0.0001 5.43 (3.35–8.80) < 0.0001
Male sex 1.63 (1.29–2.06) < 0.0001 1.62 (1.05–2.51) 0.031
High socioeconomic status 0.86 (0.68–1.08) 0.196 0.74 (0.47–1.15) 0.175
Current or former smokers 3.03 (2.42–3.79) < 0.0001 2.83 (1.91–4.21) < 0.0001
Body mass index (kg/m2) 1.25 (0.90–1.73) 0.178 1.02 (0.54–1.90) 0.959
High blood pressure 1.46 (1.16–1.84) 0.001 1.84 (1.20–2.82) 0.005
Hypercholesterolemia 2.20 (1.71–2.84) < 0.0001 1.97 (1.24–3.13) 0.004
Diabetes mellitus 1.65 (1.23–2.21) 0.001 1.33 (0.62–2.85) 0.460
G6PD deficiency 1.46 (1.06–2.01) 0.021 1.78 (1.20–2.64) 0.004

a Logistic regression with unmatched sample (n= 9604).
b Logistic regression with 1:2 matched sample (n=3369).
d Odd Ratio.
e Confidence Interval.

Fig. 1. Putative mechanisms involved in the atherogenic effect of G6PD deficiency.
The cartoon shows that intracellular NADPH depletion due to G6PD deficiency leads to a reduction of NO and GSH synthesis, and to a greater LDL oxidizability.
Monocytes, through adhesion molecules such as ICAM-1 and VCAM-1, overexpressed by G6PD-deficient endothelial cells, enter the intima of the vessel differ-
entiating into macrophages; this, in turn, results in IL-10 reduction. The shift toward pro‒inflammatory state attracts T cells into the plaque area. G6PD, glucose-6-
phosphate dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; NOS, nitric oxide synthase; GSH, reduced glutathione; GSSG, glutathione disulfide; GSR,
glutathione reductase; IL-10, interleukin 10; VCAM-1 and ICAM-1, adhesion molecules.
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most frequent mutation is G6PD A‒ (mutations at nucleotides 202A/
376G), whose phenotype is less severe (Class III) [9‒11].

To explain our finding, a working hypothesis based on in vitro stu-
dies is that defective G6PD may activate per se several molecular me-
chanisms involved in the early stages of atherogenesis (Fig. 1). It was
suggested that G6PD deficient cells cannot generate enough NADPH in
the PPP to detoxify the excess of hydrogen peroxide and other oxygen
reactive species [11], therefore, according to this hypothesis, impaired
defence against oxidative stress induced by G6PD deficiency is the main
responsible for the increased risk [29]. Depletion of cellular GSH in-
creases the cytotoxicity of oxidized low-density lipoprotein to human
monocytes and macrophages, a major factor in the development and
progression of atheroma [30]. On the other hand, NADPH is also re-
quired for nitric oxide (NO) formation by NO synthase. This signalling
molecule is a powerful vasodilator and a major regulator of vascular
tone [31]: its synthesis depends upon the availability of NADPH pro-
duced by the G6PD activity. Thus, a depletion of cellular stores of
NADPH induced by a defective G6PD gene may alter NO generation
leading to endothelial disfunction via production of cytokines and other
pro-inflammatory mediators [32] (Fig. 1). In addition, in vitro experi-
ments in monocytes, where G6PD had been inactivated through siRNA-
mediated RNA interference, showed increased levels of cell adhesion
molecules (ICAM-1, VCAM-1, L‒selectin, ITGB1 and 2), which play a
major role in early stages of atheroma plaque formation [32]. More-
over, in contrast to the widely held belief, a blockade in NADPH pro-
duction stimulates the activity of NADPH oxidase and in turn upregu-
lation of reactive oxygen species and MCP-1 production, and decrease
in GSH and NO levels [33]. This notion is further corroborated by ex-
periment in rodents, where G6PD overexpression was conducive to life
span extension through increased NADPH production and consequent
shielding from the adverse effects of free radicals [34]. Moreover, an
alteration of the cytokine network was documented in G6PD deficient
cells of the immune system. Ex vivo monocytes from subjects with the
Mediterranean form of G6PD deficiency have been shown to produce
less interleukin‒10 (IL-10) than non-deficient cells in response to
phagocytic challenges [35], and a decreased IL-10 production was ob-
served also in monocytes with G6PD A− upon lipopolysaccharide
challenge [36]. Since IL‒10 is a key mediator of inflammation and in-
nate immunity [37], it may turn out that G6PD deficient individuals
might have a cytokine balance skewed toward pro‒inflammatory up-
regulation (Fig. 1). This conjecture is in line with recent studies in
animal models and in humans [38,39]. Double knockout ApoE−/− ×
IL‒10−/− mice show accelerated atheroma formation, a procoagulant
state, enhanced thrombotic response and secretion of matrix metallo-
proteinases, which are potentially conducive to plaque surface erosion
and rupture [38]. Also, in humans IL‒10 is emerging as a protective and
plaque-stabilizing mediator in atherosclerotic disorders [39]. Thus,
decreased IL‒10 production driven by G6PD deficiency may have pa-
thogenetic implications in CVD and may contribute to accelerate its
progression.

An interesting possibility that deserves further testing, is that G6PD
deficiency may have a different impact, in some respects antithetical, in
the early phases of atherogenesis and later, when ischaemic events have
already arisen. More specifically, despite the greater susceptibility to
develop atherosclerotic lesions and, hence, ischemic outcomes, G6PD
deficient subjects may eventually experience a lower CVD mortality.
This may be conjectured from findings obtained in animal models of
protein aggregation cardiomyopathy crossed with G6PD deficient mice
(G6PDmut) which carry a mutation at the 5’ untranslated sequence of
the G6PD gene [16]. In these experiments G6PD enzyme seems to
provide a potential causative mechanism for the initiation of myofibrils
aggregation, thus it is tempting to infer that G6PD deficiency might
prevent cardiac remodelling and ventricular dysfunction in coronary
syndromes.

Our study may have a number of potential methodological weak-
nesses. An obvious limitation lies on its observational design, that we

tried to counterbalance using PS matched analysis. Even doing so, the
possibility of uncontrolled confounding remains. For example, CVD
family history, a well-known risk factor for CVD, especially among
younger patients, was not included in the analysis due to missing data.
However only 16 patients out of 376 (4.2%) younger than 40 years
experienced CVD. In addition, up to 10% of patients might have been
beta‒thalassemia carriers, whose G6PD activity above the threshold
caused by reticulocytosis [40] could have falsely classified them as
G6PD normal. However, due to the large size of our cohort it is unlikely
that beta‒thalassemia carriers were differently distributed among cases
and controls. Furthermore, it can be argued against the use of a data-
base of patients undergoing endoscopy. However, there is no a priori
reason to think this may have introduced a selection bias. Proof of that
is the similar frequency of G6PD-deficiency found in our study and that
reported in the literature for the same population [12]. Finally, in our
study, patients with cancer, where G6PD deficiency is rarer, have been
excluded from analysis, contrary to most researches conducted pre-
viously, and the analysis covered all birth cohorts in the last century.
Since our study population was not at high risk for CVD, and due to the
multifactorial nature of atherosclerosis, we believe that the enrolment
of patients with different cardiovascular risk profile might have mod-
ified the strength of association between G6PD deficiency and CVD.

Although the effect of G6PD deficiency is moderate compared with
primary CVD risk factors, a better knowledge of this inherited, and
hence unmodifiable, condition influencing CVD risk would result in
more effective recommendations to prevent the premature onset of the
disease in at‒risk patients [41]. Longitudinal studies are needed to
evaluate whether systematic determination of G6PD status in patients
with CVD risk may eventually result in better prevention of adverse
outcomes.

4.1. Conclusion

In the present study, a propensity score‒matched analysis showed
that a genetic defect in the G6PD gene is associated with an increased
risk of CVD independently from other risk factors. This finding is con-
sistent with in vitro and in vivo studies suggesting that G6PD enzyme
activity is important for antioxidant defence not only in erythrocytes
but also in nucleated cells.
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