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Abstract

Background: The incidence of cardiovascular disease (CVD)
is increased in patients with diabetic kidney disease (DKD).
Summary: Aortic stiffness is a well-accepted biomarker for
cardiovascular (CV) events in all stages of CKD. The world-
wide prevalence of diabetes continues to grow, as does the
prevalence of DKD. Insulin resistance, hyperglycaemia, hy-
pertension, and the metabolic abnormalities of type-2 dia-
betes are all involved in the pathogenesis of CVD. The effect
of these toxins on cardiac and vascular function is amplified
by the worsening of renal function and the parallel rise of
uraemic toxins. Key Messages: In this narrative review, we
analysed why arterial stiffening can be considered a vascular
mediator between diabetes and cardiac dysfunction, and we
discussed the strong CV and nephroprotective effects of so-
dium-glucose cotransporter type-2 inhibitors.
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Introduction

Patients with diabetic kidney disease (DKD) have vas-
cular dysfunction and an increased risk for cardiovascu-
lar (CV) diseases. The comprehension of the mechanisms
that link DKD and CV events is essential to define better
approaches to reduce the onset of CV events.

Current findings suggest that aortic stiffening, a well-
accepted vascular biomarker [1], and vascular remodel-
ling are evident in patients with chronic kidney disease
(CKD) [2-7] and are involved in the pathogenesis of CV
events in several groups of patients [5-10]. Moreover,
vascular dysfunction is a target for therapy since, at least
in patients with end-stage kidney disease (ESKD), the re-
duction of aortic stiffness is associated with a reduction
of the CV risk [5]. Considering that the worldwide preva-
lence of diabetes is increasing [11, 12], the prevalence of
DKD is expected to increase in parallel.

Several mechanisms that lead to increased arterial
stiffness can be involved in patients with DKD. Insulin
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resistance, hyperglycaemia, hypertension, and the meta-
bolic abnormalities of type-2 diabetes mellitus (i.e., obe-
sity and dyslipidaemia) are all involved in the pathogen-
esis of CV disease in diabetic patients. The effect of these
toxins on cardiac and vascular function is amplified by
the worsening of renal function and the parallel rise of
uraemic toxins [7].

In this narrative review, we discuss why arterial stiffen-
ing can be considered a vascular mediator between diabe-
tes and cardiac dysfunction and why the onset of DKD
enhances vascular damage in diabetic patients. Moreover,
considering that sodium-glucose cotransporter type-2 in-
hibitors (SGLT2i), a new class of drugs approved as oral
hypoglycaemic agents, have a strong CV and nephropro-
tective effect [13, 14] and reduce oxidative stress and
chronicinflammation [15, 16], two factors involved in the
pathogenesis of arterial stiffening, we focused the second
part of this review on the effect of SGLT2i on arterial stiff-
ness.

Methods

A literature search of studies in humans was performed using
MEDLINE, Scopus, IST Web of Science, and Google Scholar data-
bases (last accessed on September 1, 2022) without restrictions on
the year of publication using the terms “pulse wave velocity” or
“arterial stiffness” in combination with “diabetes,” “diabetic kid-
ney disease,” “chronic kidney disease,” or “sodium-glucose co-
transporter type 2 inhibitors.” The inclusion criteria included
peer-reviewed publications of randomized controlled trials, obser-
vational studies, reviews, meta-analyses, and guidelines in English.
Firstly, the titles of these articles were screened for relevance. Sec-
ondly, publications with titles or abstracts appearing to meet the
aims of this review were selected. The reference lists of the analysed
articles were also searched. These articles were subjected to the
same selection procedures. We discuss both findings and their rel-
evance in the subsections below.

The Onset of DKD

Glucose Handling by the Kidney

The kidney plays an important role in glucose han-
dling via the glomerular filtration and tubular reabsorp-
tion of glucose. Under physiological circumstances, ap-
proximately 180 g/day of glucose is filtered by the renal
glomeruli and fully reabsorbed together with sodium cat-
ions (Na*) by specific cotransporters, sodium-glucose co-
transporters, located on the brush border of proximal tu-
bular cells. Two different types of cotransporters have
been identified in the luminal surface of the proximal tu-
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bule: sodium-glucose cotransporter type 2 (SGLT2), a
protein with low-affinity/high capacity for glucose locat-
ed in the S1-S2 segment of the proximal tubule and re-
sponsible for the majority (80-90%) of glucose reabsorp-
tion, and sodium-glucose cotransporter type 1, a protein
with a high-affinity/low capacity for glucose located in
the S3 segment of the proximal tubule that absorbs the
remaining 10-20% of the glucose present in the tubule.
The importance of SGLT2 for the tubular reabsorption of
glucose is evident considering the large amount of glu-
cose (210 g/1.73 m?/day) excreted in the absence of hy-
perglycaemia reported in subjects with familial renal gly-
cosuria, a disease characterized by mutations in the gene
coding for SGLT?2 [17]. Finally, the glucose reabsorbed in
tubular epithelial cells diffuses into the interstice in fa-
vour of a concentration gradient via the glucose trans-
porters GLUT1 and GLUT2. The maximal renal capacity
to reabsorb glucose, classically reported as the tubular
maximum for glucose (TmG), is approximately 375 mg/
min in subjects with normal renal function [18] and cor-
responds to a plasma glucose concentration of approxi-
mately 300 mg/dL. All filtered glucose loads exceeding
the TmG are excreted. However, since the glucose reab-
sorption and excretion curves display a nonlinear shift
(splay), glycosuria starts when the plasma glucose con-
centration exceeds 180-200 mg/dL (10-12 mmol/L, renal
threshold for glucose) before the TmG is reached.

In diabetic patients, hyperglycaemia leads to the overex-
pression of SGLT2. This overexpression contributes to the
increased tubular reabsorption of glucose, maintenance of
hyperglycaemia, glomerular hyperfiltration (through tubu-
lar-glomerular feedback), stimulation of glomerular sclero-
sis, and tubular and interstitial fibrosis [19].

Vascular Dysfunction in Diabetic Patients

Hyperglycaemia and several metabolic abnormalities
of DKD lead to chronic inflammation, oxidative stress,
and the activation of the receptor for advanced glycation
end products (AGEs), which in turn causes aortic stiffen-
ing directly or through the increase in intima-media thick-
ness and the development of endothelial dysfunction [7,
20-22] (shown in Fig. 1; Table 1). Interestingly, even in
the absence of diabetes, CKD leads to chronic inflamma-
tion, oxidative stress, and the production of several urae-
mic toxins that are also vascular toxins [7]. Therefore, the
development of DKD in patients with pre-existing diabe-
tes could amplify the effect of this disease on the arterial
wall and lead to even more severe arterial disease.
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Factors Involved in the Arterial Stiffening Process

Hyperglycaemia and AGEs

Hyperglycaemia and insulin resistance are associated
with increased arterial stiffness [23, 24]. Hyperglycaemia
can lead to arterial stiffening via the direct toxic action of
glucose on the arterial wall, the generation of AGEs and
the maintenance of chronic inflammation. Hyperglycae-
mia is the main causal factor of the generation of AGEs.
However, AGEs can be increased in patients with a chron-
ic reduction in renal function, even in the absence of dia-
betes, as a consequence of their increased production and
reduced clearance by the kidney. Therefore, AGE levels
could be even higher in patients with DKD than in dia-
betic patients in the absence of DKD. AGEs may be in-
volved in the development of endothelial dysfunction and
functional arterial stiffening through the alteration of
phosphorylation and reductions in the expression of en-
dothelial nitric oxide synthase [25]. Moreover, AGEs may
also cause structural arterial stiffening, inducing changes
in the vascular smooth muscle cell phenotype and altera-
tions in collagen molecules [26, 27]. Finally, AGEs may
activate NF-kB, which, in turn, contributes to vascular
inflammation. Accordingly, alagebrium, an AGE break-
er, is inversely correlated with the levels of plasma matrix
metalloproteinase (MMP)-9 and type 1 collagen [28], two
factors associated with structural arterial stiffening. How-
ever, more data are necessary to evaluate the potential
beneficial effect of AGE breakers in patients with DKD
since phase 2 trials have reported no effect on blood pres-
sure and aortic distensibility in the alagebrium group
[29].

Inflammation

The involvement of acute and chronic severe inflam-
mation in the pathogenesis of arterial dysfunction has re-
cently attracted interest [8]. In this regard, increased arte-
rial stiffness has been recently reported in patients with
inflammatory bowel disease [30], a disease characterized
by chronic severe inflammation, and in those with CO-
VID-19, a disease characterized by acute severe inflam-
mation [31]. Interestingly, even a mild chronic inflamma-
tory stimulus may play a role in the arterial stiffening pro-
cess, as suggested in patients with CKD [7]. Finally,
inflammation may also lead to endothelial dysfunction,
intima-media thickening, and baroreflex dysfunction [8,
32].

Recent findings suggest that the arterial stiffening pro-
cess mediated by inflammation is, at least in part, revers-
ible. The use of powerful anti-inflammatory drugs (i.e.,

204 Cardiorenal Med 2023;13:202-210
DOI: 10.1159/000527274

Smoking, High blood  Insulin  Dyslipidemia, Physical
poor diet pres'sure vcsm}ancc obc’sity inactivity

A
Type 2 diabetes mellitus
Glomerular tz‘pcrﬁ]tration A Tubular reabsorption

Periarterial and
interstitigl fibrosis

Albuminuria,
Glomerular sclerosis
Diabetic ki%ﬂey disease

¥ v \ A v v
A Trg;]- rcerides A Uric acid A Uremic Chronic «—» Oxidative
H

DL A A{;Es toxins inl‘lameation strTess
Functional l Structural l
alterations alterations
YeNOS ¢ SMC Y TIMP, AMMPs
Osteoblast markers
expression
A Hypertrophy Vascular A clastases,
VIO ¥ Apoptosis calcification A collagenases
I l
Y SMC Intima & Extracellular Uncoiled Elastin
relaxation proliferation  matrix  stiff collagen degradation
1 1 stiffness 1
v
> lartcria.l stiffness «
A v
YcDEP » » AcPP = AciBP
Myocardial Stroke LV
infarction hypertrophy

Cardiovascular mortality

Fig. 1. Mechanisms linking diabetic kidney disease, arterial stiff-
ness, and cardiovascular events. In bold, the factors improved by
sodium-glucose cotransporter type 2 inhibitors (adapted from ar-
terial stiffness in the heart disease) of CKD [7]. AGEs, advanced
glycation end products; cDBP, central diastolic blood pressure;
cPP, central pulse pressure; cSBP, central systolic blood pressure;
eNOS, endothelial nitric oxide synthase; HDL, high-density lipo-
protein; LV, left ventricle; MMPs, matrix metalloproteinases; NO,
nitric oxide; SMC, smooth muscle cell; TIMP, tissue inhibitor me-
talloproteinases.

tumour necrosis factor antagonists) is associated with an
improvement of arterial function in patients with inflam-
matory bowel disease [33], whereas vascular dysfunction
of COVID-19 is partially reverted in the long term [31].
Arterial stiffness is also improved after renal transplanta-
tion in patients with ESKD [34].

Chronic inflammation is also involved in the patho-
genesis of DKD (i.e., through the worsening of insulin
resistance) and the metabolic alterations associated with
the disease and is also a consequence of hyperglycaemia.
The effect of chronic inflammation and metabolic altera-
tions on the arterial wall is synergistic in patients with
DKD since the increased levels of inflammatory cytokines
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Table 1. Effect of gliflozins on arterial stiffness

Authors (year) Study design Follow-up Patients Intervention and Main results
comparator
Studies performed in TIDM
Cherney et al., (2014) [80] Longitudinal 5h Empa: n=40 Empa Empa decreased carotid-radial and PWV
study during euglycaemia and hyperglycaemia;

Empa decreased carotid-femoral PWV
during hyperglycaemia

Lunder et al., (2018) [81] RCT 12 weeks Empa:n=10 Empa versus Met Empa + Met improved carotid-femoral

Met:n=10 PWV compared to Met.

Empa + Met:n=10
Placebo: n=10

Studies performed in T2DM

Hong et al., (2020) [74] Retrospective 6 months Dapa:n=140 Dapa Improvement of carotid-femoral PWV
study
Solini et al., (2017) [78] Longitudinal 2 days Dapa:n=16 Dapa versus Dapa improved carotid-femoral PWV
study Placebo:n=10 placebo even after correction for MBP.
Ikonomidis et al., (2020) [82] RCT 12 months  Insulin: n=40 Empa versus Insulin SGLT2i or GLP-1RA + SGLT2i showed a
GLP-1RA:n =40 versus GLP-1RA greater decrease of carotid-femoral PWV
Empa: n =40 than insulin or GLP-1RA.
Empa + GLP-1RA: n =40
Solini et al., (2019) [83] RCT 4 weeks Dapa:n=20 Dapa versus HCT ~ No effect on carotid-femoral PWV.
HCT:n=20
Ramirez et al., (2019) [84] RCT 6 months Cana:n=15 Cana versus Cana reduced carotid-femoral PWV even
Perindopril: n=15 perindopril after adjusting for blood pressure,
reduced glycaemia, HbAlcand 24 h
urinary sodium
Hidalgo Santiago et al., (2019) Longitudinal 12 months  Dapa:n=32 Dapa Carotid-femoral PWV was reduced during
[85] study follow-up
Sezai et al., (2019) [68] Longitudinal 12 months  Dapa:n=35 Cana Ankle-brachial PWV improved at 6
study months

Cana, canagliflozin; Dapa, dapagliflozin; Empa, empagliflozin; GLP-1RA, glucagon-like peptide-1 receptor agonist; HbA1c, glycated hemoglobin; HCT,
hydrochlorothiazide; Met, metformin; PWV, pulse wave velocity; RCT, randomized controlled trial; TIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes

mellitus.

reported in diabetic patients upregulate the expression
and activity of MMPs [35] and stimulate the hepatic se-
cretion of triglycerides [36]; inflammatory cytokines,
MMPs, triglycerides and HDL cholesterol have a role in
arterial stiffening and thickening processes [37-39]. Im-
munomodulatory treatments, via beneficial effects on
glycaemia, B-cell function, and insulin resistance [40-42],
have a beneficial effect on chronic inflammation and may
lead to the reduction of arterial stiffness.

Uraemic Toxins and Arterial Stiffening

In addition to the factors directly connected with dia-
betes (hyperglycaemia) or in common with CKD (chron-
ic inflammation, oxidative stress, endothelial dysfunc-
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tion, dyslipidaemia and AGEs), several uraemic toxins
are produced in patients with DKD. These toxins may
affect the arterial wall and lead to arterial stiffening and
vascular dysfunction. The effect of uraemic toxins on the
arterial wall and the therapeutic options to reduce arte-
rial stiffness in patients with CKD have been recently re-
ported [7]. Briefly, during the progression of renal dam-
age, a progressive imbalance develops between vascular
calcification inhibitors (i.e., osteopontin, fetuin-A, osteo-
protegerin, bone morphogenetic protein-7, pyrophos-
phate, adenosine, and matrix Gla protein) and inducers
(phosphates, hypercalcaemia, increased levels of parathy-
roid hormone, and receptor A of endothelin-1). The net
effect of this imbalance is the development of vascular
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calcifications and structural arterial stiffening. Moreover,
other factors, such as uric acid, asymmetric dimethylar-
ginine, and endothelin-1, are directly linked to endothe-
lial dysfunction and functional arterial stiffening. Several
antihypertensive drugs (through blood pressure-depen-
dent and blood pressure-independent mechanisms) and
immunosuppressive drugs, as well as allopurinol and
paricalcitol, have a beneficial effect on the arterial wall [7].

From Vascular Impairment to Cardiac Dysfunction

The increase in arterial stiffness can be considered a
mediator between several CV risk factors and CV events
[7, 8]. Irrespective of the diseases that initiated the arte-
rial stiffening process, the haemodynamic consequences
of the increased arterial stiffness are an increase in the
central systolic pressure and pulse pressure as well as a
reduction in the central diastolic blood pressure. The in-
crease in central systolic pressure is involved in left ven-
tricular hypertrophy and the consequent rise in myocar-
dial oxygen requirements; the reduction in central dia-
stolic blood pressure decreases the diastolic perfusion of
the coronary arteries. Consequently, the risk for acute
myocardial infarction is increased in patients with stiff-
ened arteries due to the increased myocardial oxygen re-
quirement and reduced perfusion of the coronary arter-
ies. Finally, the increase in central pulse pressure is in-
volved in the pathogenesis of stroke.

Renal and CV Protection of Sodium-Glucose
Cotransporter Type-2 Inhibitors

Mechanisms of Nephroprotection of SGLT2i

DKD is characterized by a progressive and permanent
loss of nephron units. Kidneys attempt to compensate for
this loss through the functional and structural hypertro-
phy of the remaining nephrons [43]. This process con-
tributes to the progression of DKD to ESKD.

Recent results of RCTs in diabetic patients reported
that the addition of SGLT2i to standard nephroprotective
therapy with a maximal tolerated dose of angiotensin-
converting enzyme inhibitors or sartans, two classes of
drugs that inhibit the renin-angiotensin-aldosterone sys-
tem, reduces albuminuria, and CKD progression [44-
48]. Moreover, the results of a pilot study have recently
suggested that SGLT2i could reduce the TmG and renal
threshold for glucose, even in the absence of diabetes [49].
Notably, despite the diuretic and hypoglycaemic effects of
SGLT2i decreasing in parallel with the glomerular filtra-
tion rate (GFR) [50], these drugs have confirmed their
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nephroprotective effect even in patients with reduced
GFR, irrespective of diabetic status [48, 51]. This finding
suggests that the beneficial effect of SGLT2i on renal out-
comes is independent of the reduction in glycaemia.

The nephroprotection of SGLT2i can be explained by
the reductions in the (i) glomerular hydraulic pressure,
(ii) glomerular hyperfiltration and sclerosis, (iii) tubular
reabsorption of glucose, and (iv) tubular and interstitial
fibrosis (shown in Fig. 1). Since the reabsorption of glu-
cose and Na* are paired in the proximal tubule, the in-
creased reabsorption of glucose observed in diabetic pa-
tients leads to a parallel increased reabsorption of Na*.
The consequent reduced luminal concentration of Na*
activates tubuloglomerular feedback at the level of the
macula densa of the distal tubule and leads to the vasodi-
lation of the afferent arteriole. The consequent increase
in glomerular pressure produces glomerular hyperfiltra-
tion [52], a known causal factor of glomerular sclerosis.
SGLT2i therapy reduces the reabsorption of glucose and
Na*, increases the delivery of Na* to the macula densa and
restores normal tubuloglomerular feedback, leading to
the constriction of the afferent arteriole and the normal-
ization of the GFR [52]. Consequently, the mechanism of
action of SGLT2i (afferent arteriole constriction) is com-
plementary to the one observed with renin-angiotensin-
aldosterone system blockade (efferent arteriole vasodila-
tion [53]), and both lead to the reduction of the glomeru-
lar hydrostatic pressure and, consequently, of the GFR
(for the reduction of glomerular hyperfiltration), result-
ing in nephroprotection in the long term (for the reduc-
tion of glomerular fibrosis and tubulointerstitial sclero-
sis).

Mechanisms of CV Protection of SGLT2i

In diabetic patients, SGLT2i in addition to standard
glucose-lowering therapy reduces major adverse CV
events, nonfatal myocardial infarction, and hospitaliza-
tion for congestive heart failure [54]. The recent publica-
tion of the CREDENCE and DAPA-CKD trials has con-
firmed the protective effect of SGLT2i, even in patients
with reduced renal function, irrespective of diabetic sta-
tus [48, 51]. The positive effect of SGLT2i on the CV sys-
tem is partly due to the increased urinary excretion of
glucose (net daily loss of 70-80 g of glucose, energy losses
of up to 300 kcal [55]) and the consequent reduction in
body weight [56]. Moreover, SGLT2i may preserve car-
diac function through increased fat oxidation and keto-
genesis [57], as fat is an important energy substrate for the
heart. However, current data suggest that despite the im-
pressive protective effect of SGLT2i on the CV system
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[58], the reduction in HbA1c is lower with SGLT?2i than
with other oral hypoglycaemic agents, such as metformin,
sulfonylureas, thiazolidinediones, and glucagon-like pep-
tide-1 receptor agonists. Accordingly, the reduction in
body weight, plasma insulin level, and blood pressure is
also modest after the administration of SGLT2i [45, 46,
59]. Taken together, these data suggest that the large re-
duction in CV mortality seen in patients treated with
SGLT?2i is in part independent of glycaemic control and
the reductions in blood pressure and body weight [60,
61].

Possible systemic mechanisms of SGLT?2i are (i) im-
proved insulin sensitivity, (ii) natriuresis and the osmotic
effect of glucose in the tubules and consequent reduction
of cardiac preload (reduced plasma volume) and after-
load (reduction of blood pressure), (iii) lower progression
of CKD, a known CV risk factor, and (iv) the reduction
of inflammation [62-64] and oxidative stress [64, 65].
Considering that these factors are all involved in the arte-
rial stiffening process (shown in Fig. 1), the beneficial ef-
fect of SGLT2i on CV risk may be in part due to the im-
provement of arterial structure and function.

Effects of SGLT2i on Endothelial Function and

Arterial Stiffness

SGLT2i may have a beneficial effect on the arterial
wall. The effects of SGLT2i on endothelial function were
evaluated in a recent meta-analysis performed in 310 dia-
betic patients and 305 controls enrolled in 8 studies [66],
and SGLT?2i significantly improved flow-mediated dila-
tion compared to the control group. Endothelial function
can be improved by SLGT2i through a direct effect on
endothelial cells or, indirectly, by reducing oxidative
stress and sympathetic activation. In this regard, SGLT2i
therapy reduces the upregulation of endothelial cell se-
nescence genes [67] and the production of reactive oxy-
gen species [68] and restores the integrity of the endothe-
lial glycocalyx of the human abdominal aorta [69].

To date, a total of 9 studies evaluated the effect of
SGLT2i on arterial stiffness, 2 studies in type 1 diabetes
mellitus, and 7 studies in T2DM. Of these studies, 7 stud-
ies reported an improvement in elastic artery stiffness
(carotid-femoral PWYV [aortic stiffness]), 1 study report-
ed an improvement of muscular artery stiffness (carotid-
radial PWV [brachial artery stiffness]), and 1 study re-
ported an improvement of the stiffness of elastic and
muscular arteries considered as a whole (ankle-brachial
PWYV); the remaining study revealed no effect of SGLT2i
on aortic stiffness [65, 70-77].

Vascular Disease of DKD

In a small meta-analysis performed in 124 diabetic pa-
tients and 120 controls enrolled in 5 studies, SGLT2i did
not significantly affect aortic stiffness [66]. However, the
heterogeneity of the studies included in this meta-analy-
sis was high, and several studies showing a beneficial ef-
fect of SGLT2i on PWYV levels were not included [70, 71,
78].In a prospective, observational study performed in 32
diabetic patients, the use of dapagliflozin was associated
with a significant decrease in arterial stiffness after a fol-
low-up of 12 months [70]; this result was independent of
changes in blood glucose, blood pressure, and weight. In
another study performed in 140 diabetic patients with
obesity, the use of SGLT2i was associated with a signifi-
cant reduction in aortic stiffness after 6 months of follow-
up [71]; the effect of SGLT2i on the arterial wall was me-
diated by a decrease in body and visceral fat mass, waist/
hip ratio and insulin resistance. Finally, in another study
[78], a total of 44 diabetic patients were randomized to
dapagliflozin or glicazide and followed up for 12 weeks.
Despite similar improvements in glycaemic control,
dapagliflozin was associated with a reduction in vascular
stiffness, stroke volume, cardiac output, and mean blood
pressure. SGLT2i has been suggested to improve arterial
stiffness in diabetic patients through the reduction of in-
flammation, particularly the circulatory levels of the oxi-
dants TNF and IL-6, and oxidative stress [16, 64, 72]. The
favourable effect of SGLT2i on lipid levels, body fat, waist
circumference, glycaemic control, and insulin sensitivity
may have a role in the reduction of oxidative stress and
inflammation in the arterial wall [79].

In conclusion, a vascular dysfunction is evident in pa-
tients with DKD. Several mechanisms (including hyper-
glycemia, AGEs, inflammation, and uremic toxins) are
involved in the arterial stiffening process of DKD. The use
of SGLT2i, a new class of drugs with important nephro-
and cardioprotective effects, seems to be associated with
an improvement of arterial stiffness. Further studies are
needed to clarify the mechanisms involved in this pro-
cess.
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