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Abstract Background and aims: Metabolic syndrome (MetS) is currently considered to raise the
risk for type 2 diabetes and cardiovascular events. It has been suggested that part of this risk
excess may be due to a cluster of additional factors associated with MetS. We aimed to investi-
gate the role of inflammation on the ventricular-vascular coupling in patients with MetS.
Methods and results: We enrolled a total of 227 hypertensive patients (106 with MetS and 121
without MetS) matched for age and gender. Aortic pulse wave velocity (aPWV), intima-media
thickness (IMT) and high sensitivity C-reactive protein (CRP) increased according to the number
of MetS components. Patients with MetS showed increased aPWV (11.5 � 3.7 vs. 10.3 � 2.5 m/s,
P Z 0.03) compared with controls. In a model adjusted for age, sex, heart rate and mean blood
pressure, aPWV resulted increased in patients with CKD (beta 1.29 m/s, 95%CI 0.61e1.96 m/s,
P < 0.001) and MetS (beta 0.89 m/s, 95%CI 0.28e1.51 m/s, P Z 0.005). After additional adjust-
ment for CRP and IMT, the slope of aPWV was respectively reduced by 16% and 62%, suggesting
that inflammation and intima-media thickening could contribute to aortic stiffening in patients
with MetS. In these patients, aPWV was also associated with left-ventricular mass index (beta
0.79 g/m2.7, 95%CI 0.05e1.52 g/m2.7, P Z 0.05).
Conclusion: MetS is characterized by an inflammation-dependent acceleration in cardiovascular
ageing. This pattern of pathophysiological abnormalities may contribute to amplify the burden of
cardiovascular risk in patients with MetS.
ª 2018 The Italian Society of Diabetology, the Italian Society for the Study of Atherosclerosis, the
Italian Society of Human Nutrition, and the Department of Clinical Medicine and Surgery, Feder-
ico II University. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Metabolic syndrome (MetS) is associated with an
increased risk of cardiovascular events, only in part
attributable to the individual risk factors concurring to its
definition [1]. The excess risk detected in patients with
MetS could be ascribed to underlying factors other than its
components since MetS predicted cardiovascular events
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over and above the predictive power of its individual
components [1].

Increased blood pressure (BP) is an important compo-
nent of MetS linked to subclinical organ damage, such as
increased intima-media thickness (IMT), aortic pulse wave
velocity (aPWV), left ventricular mass index (LVMi), and to
chronic kidney disease (CKD). However, the mechanisms
linking this association are not so far well defined in pa-
tients with MetS.

Chronic inflammation is a common feature of patients
with MetS associated with increased LVMi [2]. We previ-
ously suggested that at least a part of the cardiovascular
risk reported in patients with chronic inflammation could
be mediated by an increase in aortic stiffness [3]. Aortic
stiffness and reflected waves are increased in patients with
chronic high-grade inflammation [4,5] and associated with
left ventricular function [6]. An increase in aortic stiffness
has been also reported in patients with MetS [7,8].
Accordingly, an association between aortic stiffness and C-
reactive protein (CRP) was reported in patients with
chronic high-grade inflammation [9] and in subjects with
hypertension [10]. Interestingly, the inflammation-
dependent increase in arterial stiffness seems to be at
least partly reversible and a potential target for therapy
since anti-Tumor Necrosis Factor-alpha therapy was asso-
ciated with a reduction in aPWV [5,11], whereas salicylates
made the opposite [12]. Moreover, inflammation was also
associated with left ventricular hypertrophy [13], a com-
mon feature of patients with MetS [14].

In this study, we hypothesized that chronic low-grade
inflammation leads to an increased cardiovascular risk in
patients with MetS due to an increase in aPWV and LVMi,
two intermediate end points for cardiovascular events.
Consequently, the aim of the present study was to inves-
tigate the role of inflammation in ventricular-vascular
coupling in hypertensive patients with MetS.

Methods

Study population

This study was a multicentre, cross-sectional study con-
ducted in the three Units of Internal Medicine (c/o Can-
nizzaro Hospital, Garibaldi Hospital and Academic
Policlinic) of the Department of Clinical and Experimental
Medicine of the University of Catania. We enrolled a total
of 227 subjects with hypertension without previous car-
diovascular events: 106 individuals with hypertension and
MetS and 126 control subjects with hypertension, but
without MetS, matched for age and sex.

Patients with coronary heart disease, congestive heart
failure, severe mitral insufficiency, stroke, transient
ischaemic attack, intermittent claudication and malig-
nancies were excluded, as were smokers. Written
informed consent was obtained from each patient
included in the study. The study protocol conformed to the
ethical guidelines of the 1975 Declaration of Helsinki and
was previously approved by the institution’s ethics com-
mittee on research on humans.
Please cite this article in press as: Zanoli L, et al., Inflammation a
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Study design

All of the participants were studied in a quiet room with a
controlled temperature of 22 � 1 �C after 15 min of
recumbent rest. In each subject, a non-invasive haemo-
dynamic study was performed by an expert operator
blinded to the clinical data and therapy. A second operator,
blinded to the haemodynamic examination, collected the
clinical data using a standardized questionnaire.
Haemodynamic data

The non-invasive study of haemodynamic variables was
performed as previously reported [15] in a centralized
vascular laboratory. Briefly, brachial BP measurements
were performed using an oscillometric device (Dinamap
ProCare 100; GE Healthcare, Milwaukee, WI, USA). aPWV
was measured by a SphygmoCor device (SphygmoCor
system�, AtCor Medical, Sydney, Australia) using the foot-
to-foot velocity method, the intersecting tangent algo-
rithm and the direct distance between the measurement
sites [16]: aPWV (m/s) Z 0.8∙[direct distance (m)/Dt]. The
radial pulse wave profile was recorded by applanation
tonometry (SphygmoCor system�, AtCor Medical, Sydney,
Australia) after recalibration with brachial systolic and
diastolic BP in the contralateral arm. The central pulse
wave profile was constructed using the generalized
transfer function, from which the central BPs and end-
systolic pressure were derived as previously described
and validated [17].

Systemic vascular resistance was calculated as the
central mean BP divided by cardiac output; effective
arterial elastance (EaI) was calculated as end-systolic
pressure/stroke volume indexed for body surface area;
elastance of ventricular function (ELVI) was calculated as
end-systolic pressure/end-systolic volume indexed for
body surface area; and arterial-ventricular coupling index
(AVCI) was calculated as EaI/ELVI.

IMT was measured 2 cm below the right carotid bulb
using a high-precision echotracking device (MyLab 30
Gold, Esaote, Maastricht, Netherlands), paired with a high
resolution linear array transducer (11 MHz).
Echocardiography

A trans-thoracic 2D-echocardiography was performed.
Echocardiographic data were available in all hyperten-
sive patients with MetS, but only in a minority of hy-
pertensive patients without MetS. A MyLab 30 Gold
(Esaote, Maastricht, Netherlands) was used for this
purpose, with a 2.0e3.5 MHz transducer (see
supplementary data).
Definitions of risk factors

Diagnosis of MetS was defined according to the revised
NCEP ATP III by the presence of at least 3 of the following
factors:
nd ventricular-vascular coupling in hypertensive patients with
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- High BP: systolic/diastolic BP � 130/85 mm Hg or
treatment for hypertension;

- Abdominal obesity: waist circumference >102 cm for
men and >88 cm for women;

- High triglycerides: �1.7 mmol/l (150 mg/dl) or specific
treatment for this lipid abnormality;

- Low HDL cholesterol: <1.03 mmol/l (40 mg/dl) in men
and <1.29 mmol/l (50 mg/dl) in women or specific
treatment for this lipid abnormality; and

- High fasting plasma glucose: �5.6 mmol/l (100 mg/dl)
or previously diagnosed type 2 diabetes.

Biological variables

Standard laboratory data were measured 1e7 days before
the haemodynamic study in our centralized laboratory.
CKD was defined as glomerular filtration rate (calculated
using the CKD-EPI creatinine equation [18]) <60 ml/min/
1.73 m2. The triglyceride-glucose (TyG) index, a measure
linked to insulin resistance in the muscle, was calculated
as ln [fasting triglycerides∙fasting glucose/2]; the insulin
resistance index of homeostasis model assessment
(HOMA-IR), a marker of insulin resistance in the liver, was
also calculated. High sensitivity CRP was measured using a
commercially available kit (Behring, Scoppito, L’aquila,
Italy; normal values < 1 mg/dl).

Statistical analysis

We determined the sample size adequate to demonstrate
that patients with MetS have a higher aPWV than control
subjects (see Supplementary data). Continuous variables
are presented as means (standard deviations), and cate-
gorical variables are presented as percentages. A positively
skewed continuous variable (CRP) was log-transformed.
Clinical and haemodynamic variables were compared
using the KruskaleWallis test for continuous variables and
the chi-square tests for categorical variables in univariate
Table 1 Ventricular-vascular coupling and insulin resistance in patients w

Variables All MetS patients

Patients, n 106
TyG index 9.1 (0.6)
HOMA-IR 8.6 (9.0)
Heart rate, b/min 70 (10)
Central mean BP, mm Hg 98 (13)
Intima-media thickness, mm 912 (179)
Aortic PWV, m/s 11.5 (3.7)
EaI, mm Hg/ml/m2 0.88 (0.26)
ELVI, mm Hg/ml/m2 2.92 (1.40)
AVCI 0.35 (0.16)
SVR, dyne$s$cm�5 1710 (412)
Relative wall thickness 0.46 (0.07)
LVMi, g/m2.7 46.2 (14.8)

*Available in 58 participants without CKD and 25 participants with CKD. A
blood pressure; EaI, effective arterial elastance normalized for body surf
surface area; LVMi, left-ventricular mass indexed for height2.7; PWV, puls
glucose. Significant P-values are in bold.
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analyses. Outlier-robust multivariate linear regression an-
alyses were used to evaluate the factors associated with
aPWV and LVMi. A two-tailed P-value <0.05 was consid-
ered statistically significant. Statistical analyses were per-
formed using NCSS 2007 and PASS 11 software (Gerry
Hintze, Kaysville, UT, USA).

Results

Clinical characteristics of patients with MetS

The main clinical data are presented in Supplementary
Table 1. The matching process worked well since age and
sex were comparable between the patients with hyper-
tension without MetS and those with MetS, as were mean
BP and GFR. Subjects with MetS had higher CRP
(0.31 � 0.44 vs. 0.04 � 0.48 log (mg/l), P < 0.001), TyG
Index (9.08 � 0.64 vs. 8.39 � 0.43), IMT (920 � 199 vs.
719 � 123 mm, P < 0.001) and aPWV (11.5 � 3.7 vs.
10.3 � 2.5 m/s, P Z 0.03) compared to controls. Accord-
ingly, CRP, TyG index, IMT and aPWV increased according
to the number of MetS components (Supplementary Fig. 1-
2). There was no influence of gender on aPWV values.

Inflammation and ventricular-vascular coupling in
patients with MetS

The main haemodynamic data of patients with MetS are
reported in Table 1. CRP was positively associated with IMT
(Fig. 1, Panel A) and with measures of insulin resistance
(TyG index, Supplementary Fig. 2, Panel B), arterial stiffness
(aPWV and EaI, Fig. 1, Panel B and Supplementary Fig. 3,
Panel A), left ventricular stiffness (ELVI, Supplementary
Fig. 3, Panel B) and mass (LVMi, Supplementary Fig. 3,
Panel C).

The increase in aPWV in subjects with MetS was
confirmed in a model adjusted for age, sex, heart rate and
mean BP (beta 1.29 m/s, 95% CI 0.61e1.96; P Z 0.005;
ith metabolic syndrome with and without chronic kidney disease.

Without CKD With CKD P-value

A B A-B

81 25
9.1 (0.7) 9.1 (0.5) 0.96
7.8 (9.0) 11.0 (8.8) 0.14
71 (10) 65 (10) 0.02
99 (13) 95 (15) 0.23
917 (184) 895 (166) 0.66
11.1 (3.8) 12.7 (3.0) 0.02
0.85 (0.26) 0.98 (0.25) 0.02
2.98 (1.51) 2.69 (0.95) 0.64
0.34 (0.17) 0.39 (0.13) 0.04
1695 (399) 1757 (459) 0.54
0.47 (0.07) 0.44 (0.07) 0.10
44.0 (14.1) 53.4 (15) 0.002

Ix, Augmentation index; AVCI, arterial-ventricular coupling index; BP,
ace area; ELVI, elastance of ventricular function normalized for body
e wave velocity; SVR, systemic vascular resistance; TyG, triglyceride-
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Figure 1 Association between C-reactive protein and intima-media
thickness (Panel A) or aortic pulse wave velocity (aPWV) (Panel B).
MetS, metabolic syndrome.
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Table 2, Model 1). To evaluate the effect of inflammation
on aPWV, we performed a stepwise analysis including in
the model CRP (Table 2, Model 2) and then IMT (Table 2,
Model 3); the increase in aPWV in subjects with MetS
was respectively reduced by 16% (beta 0.75 m/s, 95% CI
0.12e1.37 m/s, P Z 0.02) and 62% (beta 0.34 m/s, 95% CI
�0.35e1.02 m/s, P Z 0.33). The association between the
components of MetS and aPWV is reported in
Supplementary Table 2.

In patients with MetS, aPWV was directly associated
with LVMi and negatively associated with RWT (Fig. 2,
Panel BeC). The association between aPWV and LVMi was
confirmed in a multivariate model adjusted for age, sex,
heart rate and mean BP (beta 0.79 g/m2.7, 95% CI
0.05e1.52 g/m2.7, P Z 0.04; Table 2, Model 4), as well as
the association between aPWV and RWT (beta �0.0042,
95% CI �0.0078 to �0.0007, P Z 0.02). After additional
adjustment for CRP (Table 2, Model 5), the association
between LVMi and aPWV was lost, whereas CKD emerged
as the only significant predictor of LVMi, therefore
emphasizing that the weight of covariates is captured by
CKD, a phenotype largely recognized to be linked with
microinflammation.
Please cite this article in press as: Zanoli L, et al., Inflammation a
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Moreover, we tested whether ventricular-vascular
coupling was altered in patients with MetS and CKD
(Table 1). For a comparable mean BP and IMT, MetS pa-
tients with CKD had higher aPWV and LVMi than those
without CKD, as well as an increased AVCI, since EaI was
increased in the former group, whereas ELVI was compa-
rable between the patients with and without CKD.

Discussion

This study shows that early vascular ageing and an
increased left ventricular stiffness and mass were both
evident in patients with MetS and associated with
inflammation (Fig. 3, Panel AeC).

According to the Literature, we observed that CRP was
associated with IMT and aPWV in patients with MetS. In
this respect, several mechanisms can lead to
inflammation-dependent aortic stiffening [19]. Inflamma-
tion can result in functional (i.e., endothelial dysfunction)
and structural arterial stiffening (i.e., increased activity of
metalloproteinases, with the consequent production of
elastases, gelatinases and collagenases, hypertrophy and
reduced apoptosis of smooth muscle cells, and vascular
calcification) in patients with MetS. Moreover, it is of in-
terest that intima-media thickening can lead, by itself, to
structural arterial stiffening. Consequently, the increased
IMT, reported in patients with MetS in this and previous
studies, could have a role on the stiffening of the arterial
wall in these subjects. Of note, this relationship between
an increase in carotid IMT and stiffening of the arterial
wall, shown in the present study, was not simultaneously
considered in previous studies performed in patients with
MetS. Interestingly, we reported that the beta of aPWV in
subjects with MetS was reduced by 16% after adjustment
for CRP (Table 2, Model 1e2) and by 62% in a model that
also included IMT (Table 2, Model 1e3). Moreover, in the
latter model, the association between CRP and aPWV was
lost when IMT is included in the model. Therefore, taken
together, our data suggest that the increase in aPWV in
patients with MetS could be dependent on inflammation
and associated with the increase in IMT. In this regard, the
association of aPWV with fasting hyperglycaemia
(Supplementary Table 2) and TyG index (Supplementary
Fig. 2, Panel C) confirmed that hyperinsulinaemia and
hyperglycaemia would be important players in the devel-
opment of vascular inflammation even in patients with
MetS.

There has been evidence that MetS is associated with
CKD [20], a complex phenotype in which increased aortic
stiffness is commonly reported, and that CKD can lead to
cardiovascular impairment [21]. In the present study, we
reported that, compared to MetS patients without CKD,
aPWV was increased in those with CKD, whereas IMT was
comparable between groups (Table 1). These data are in
keeping with similar findings in CKD patients without
MetS [22], and suggest that aortic stiffening could proceed
even without thickening of the arterial wall in hyperten-
sive patients with MetS and CKD. Moreover, despite aPWV
was increased in patients with CKD (Table 1), the slope of
nd ventricular-vascular coupling in hypertensive patients with
s (2018), https://doi.org/10.1016/j.numecd.2018.08.003



Table 2 Stepwise multivariate analysis. Clinical and biochemical determinants of aortic pulse wave velocity and left-ventricular mass index.

Units Beta R2 P-value

Determinants of aortic pulse wave velocity (m/s)
Model 1
CKD Yes 1.29 (0.61e1.96) 0.05 <0.001
MetS Yes 0.89 (0.28e1.51) 0.02 0.005

Model 2
CKD Yes 1.25 (0.59e1.92) 0.04 <0.001
MetS Yes 0.75 (0.12e1.37) 0.02 0.02
C-reactive protein log (mg/l) 0.69 (0.02e1.36) 0.01 0.04

Model 3
CKD Yes 1.36 (0.71e2.02) 0.05 <0.001
MetS Yes 0.34 (�0.35 to 1.02) 0.00 0.33
C-reactive protein, log (mg/l) log (mg/l) 0.52 (�0.16 to 1.20) 0.01 0.13
Intima-media thickness 100 mm 0.28 (0.07e0.49) 0.02 0.01

Determinants of left ventricular mass index (g/m2.7) in patients with MetS
Model 4
CKD Yes 6.89 (0.90e12.88) 0.04 0.02
aPWV, m/s m/s 0.79 (0.05e1.52) 0.04 0.04

Model 5
CKD Yes 6.97 (0.94e13.00) 0.04 0.02
aPWV, m/s m/s 0.67 (�0.08 to 1.42) 0.03 0.08
C-reactive protein, log (mg/l) log (mg/l) 3.84 (�2.08 to 9.77) 0.01 0.20

Outlier-robust multivariate linear regressions show the variables that were significantly associated with the aortic pulse wave velocity and left
ventricular mass index. aPWV indicates aortic pulse wave velocity; CKD, chronic kidney disease; MetS, metabolic syndrome. Adjusted for age, sex,
heart rate and mean blood pressure. Significant P-values are in bold.
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CKD for aPWV was not modified by CRP (Table 2, Model
1e2), suggesting that the role of CKD in arterial stiffening
in patients with MetS could be additive to that of
inflammation.

It was previously reported that left ventricular
remodelling was associated with the inflammatory status
in patients with and without MetS [2]. Here we also re-
ported that ventricular-vascular coupling, as assessed by
EaI and ELVI, could be influenced by inflammatory status
and CKD in hypertensive patients with MetS. It is well
recognized that EaI is an index of the functional proper-
ties of the whole arterial system [23], while ELVI is an
index of ventricular chamber contractility and a useful
parameter to distinguish a normal from a failing ventricle
relatively insensitive to load conditions [24]. Both EaI and
ELVI, together with LVMi, were all associated with CRP in
patients with MetS. Moreover, compared with patients
with MetS without CKD, those with CKD had increased
EaI and comparable ELVI. Consequently, AVCI was also
increased in hypertensive patients with MetS and CKD,
suggesting that the alterations of the vascular function
exceed those of ventricular function in this specific clin-
ical setting.

It is of interest that, although CKD, even in the early
stages, is somehow associated with insulin resistance, our
results did not show an additional effect of CKD on insulin
resistance in presence of MetS, looking as if the impact of
MetS would overwhelm that of CKD. However, the small
number of patients with CKD does not allow any conclu-
sion regarding this issue, although HOMA-IR shows a trend
to increase in patients with CKD (Table 1). Moreover, it
should be emphasized, in this respect, that HOMA-IR uti-
lizes fasting levels of insulin, that are higher in CKD
Please cite this article in press as: Zanoli L, et al., Inflammation a
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patients due to a reduced renal clearance of this peptide.
Consequently, although HOMA-IR is commonly used to
assess insulin sensitivity in clinical practice, hyper-
insulinemic euglycemic clamp can better than HOMA-IR
reflect the degree of insulin resistance in CKD patients
[25].

It is of interest that in hypertensive patients with MetS,
increased aPWV was associated positively with LVMi and
negatively with RWT (Fig. 2, Panel BeC). It is known that
increased arterial stiffness leads to an early return of the
reflected waves and augmentation of late systolic pressure,
increased workload of the left ventricle and left ventricular
hypertrophy [6]. Whether arterial stiffening is associated
with eccentric or concentric left ventricular hypertrophy in
patients with MetS is not clear. Our finding is suggestive of
the development of eccentric left ventricular remodelling
in hypertensive patients with MetS showing an increased
aortic stiffness. Moreover, the trend for a reduction in
ejection fraction reported in MetS patients with increased
aPWV (P Z 0.11) runs in parallel with the concept that
these patients may develop dilated cardiomyopathy with
left ventricular dysfunction. The association between CRP
and ELVI confirmed the role of systemic inflammation in
this process [26]. However, the lack of correlation between
LVMi and ELVI (P Z 0.35) may suggest that hypertrophy
and stiffening of the left ventricle proceed independently
in hypertensive patients with MetS.

Finally, we reported no influence of gender on aPWV
values. In the Literature, the role of gender on aPWV is still
debated since some authors described a gender-related
difference in aPWV [27] whereas others reported the
opposite [28]. Further studies are needed to clarify this
issue.
nd ventricular-vascular coupling in hypertensive patients with
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Figure 3 Panel A-B: Early vascular aging in patients with metabolic
syndrome (MetS); Panel C: Inflammation and ventricular-vascular
coupling in patients with metabolic syndrome. aPWV, aortic pulse
wave velocity; LV, left ventricular; RWT, relative wall thickness.

Figure 2 Association between aortic pulse wave velocity (aPWV) and
intima-media thickness (Panel A), left-ventricular mass index (LVMi)
(Panel B) or relative wall thickness (Panel C). MetS, metabolic
syndrome.
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Methodological issues

The present study has several strengths. First, it was the
first evaluating the role of inflammation and CKD in
ventricular-vascular coupling in hypertensive patients
with MetS. Second, we enrolled only patients with
Please cite this article in press as: Zanoli L, et al., Inflammation a
metabolic syndrome, Nutrition, Metabolism & Cardiovascular Disease
hypertension, both in the control group and in the MetS
group. This study design allowed us to evaluate the addi-
tive effects of the components of MetS on ventricular-
vascular coupling in patients with hypertension. Finally,
we used a well-validated method to calculate end-systolic
pressure [17].
nd ventricular-vascular coupling in hypertensive patients with
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Inflammation and ventricular-vascular coupling 7
This study has also some limitations. First, it was a
cross-sectional study. Therefore, all associations should be
confirmed in a longitudinal study. Second, we failed to
perform a comparison of left ventricular measurements
between hypertensive patients with and without MetS,
because echocardiographic data were available only in a
small number of hypertensive patients without MetS.
However, it is known that the prevalence of left-
ventricular hypertrophy is increased in hypertensive pa-
tients with MetS as compared with those without MetS
[14]. Third, we have no data on physical activity and
Vitamin D. It is known that physical activity can potentially
affect both inflammation and arterial stiffening, whereas
Vitamin D may play a pivotal role in modulating insulin
resistance [29] and is inversely associated with increased
arterial stiffness [30]. In particular, low Vitamin D levels
are associated with vascular inflammation, endothelial
dysfunction, formation of foam cells, and proliferation of
smooth muscle cells. Further studies are needed to clarify
the role of physical activity and Vitamin D on ventricular-
vascular coupling in patients with MetS.

Conclusions

In hypertensive patients with MetS, cardiovascular ageing
was accelerated and dependent on inflammation. This
outcome could suggest that, in hypertensive patients with
MetS, long-term monitoring of inflammation along with
aortic stiffness, an established surrogate measure of car-
diovascular risk, may provide clinicians with both addi-
tional information on the severity of cardiovascular
dysfunction, and a potential target of therapy.
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