
Glycaemic Control in Diabetes

D. Müller-Wieland, J. Brandts, M. Verket, N. Marx, and K. Schütt

Contents
1 Cardiovascular Risk in Diabetes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2 Microvascular End-Organ Damage and Cardiovascular Risk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3 Role of Hyperglycaemia for Micro- and Macro-vascular Complications . . . . . . . . . . . . . . . . . . 50
4 Role of Hyperglycaemia in Reducing Vascular Risks in Type 1 Diabetes . . . . . . . . . . . . . . . . 51
5 Efficacy Trials of Glucose Lowering in Type 2 Diabetes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6 Cardiovascular Safety Studies in Type 2 Diabetes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
7 GLP-1 Receptor Agonists (GLP-1-RA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
8 SGLT (Sodium Glucose Transporter) 2 Inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
9 Mechanisms of Action for Cardio-Renal Protection Through SGLT-2 Inhibition . . . . . . . . 62
10 Change in Guidelines and Clinical Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
11 Perspectives: Fat Partitioning as a New Target of Diabetes Drugs . . . . . . . . . . . . . . . . . . . . . . . . 65
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Abstract

Reduction of glucose is the hallmark of diabetes therapy proven to reduce micro-
and macro-vascular risk in patients with type 1 diabetes. However glucose-
lowering efficacy trials in type 2 diabetes didn’t show major cardiovascular
benefit. Then, a paradigm change in the treatment of patients with type 2 diabetes
has emerged due to the introduction of new blood glucose-lowering
agents. Cardiovascular endpoint studies have proven HbA1c-independent
cardioprotective effects for GLP-1 receptor agonists and SGLT-2 inhibitors.
Furthermore, SGLT-2 inhibitors reduce the risk for heart failure and chronic
kidney disease. Mechanisms for these blood glucose independent drug target-
related effects are still an enigma. Recent research has shown that GLP-1 receptor
agonists might have anti-inflammatory and plaque stabilising effects whereas
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SGLT-2 inhibitors primarily reduce pre- and after-load of the heart and increase
work load efficiency of the heart. In addition, reduction of intraglomerular
pressure, improved energy supply chains and water regulation appear to be
major mechanisms for renoprotection by SGLT-2 inhibitors. These studies and
observations have led to recent changes in clinical recommendations and treat-
ment guidelines for type 2 diabetes. In patients with high or very high cardio-renal
risk, SGLT-2 inhibitors or GLP-1 receptor agonists have a preferred recommen-
dation independent of baseline HbA1c levels due to cardioprotection. In patients
with chronic heart failure, chronic kidney disease or at respective risks SGLT-
2 inhibitors are the preferred choice. Therefore, the treatment paradigm of glucose
control in diabetes has changed towards using diabetes drugs with evidence-
based organ protection improving clinical prognosis.
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Risks for clinical complications of micro- and macro-vascular disease appear to be
increased in patients with type 1 and type 2 diabetes. Whereas the relation between
elevated glucose levels and microvascular complications seems to be directly
correlated and generally specific for diabetes. The relation to macrovascular risk,
however, is more complex, multifactorial and not exclusive for diabetes. The link
between type 2 diabetes and macrovascular risk is extending beyond glucose levels
and may be related to obesity, fat partitioning, and insulin resistance, a concert also
called metabolic syndrome.

In the following, we provide epidemiological evidence for increased vascular risk
in diabetes, discuss the role of glucose control and introduce the cardiovascular
outcome trials (CVOTs) for GLP-1 receptor agonists and SGLT-2-inhibitors. These
trials provide direct clinical evidence for cardio-renal protection, independent of
baseline HbA1c levels, leading to major changes in treatment algorithms in current
guidelines. In conclusion, we will allude to the emerging of efficient obesity
treatments, which might ultimately alter pathophysiological features of the metabolic
syndrome and potential targets for atherosclerosis.

1 Cardiovascular Risk in Diabetes

The Emerging Risk Factors Collaboration analysed individual data from a total of
more than one million people with more than 135,000 deaths (Danesh 2015). The
relative risk of mortality was increased approximately twofold in the presence of
diabetes or myocardial infarction, almost fourfold for the combination and almost
sevenfold for additional stroke.

In the Swedish National Diabetes Registry, 318,083 patients with type 2 diabetes
were compared with nearly 1.6 million matched controls over 5–6 years for
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cardiovascular endpoints and all-cause mortality (Sattar et al. 2019). Patients
diagnosed with diabetes before age 40 years had on average a mean twofold
increased risk of all-cause mortality, 2.72-fold increased risk of cardiovascular
mortality, 4.77-fold increased risk of heart failure and 4.33-fold increased coronary
risk. The risk was age-dependent and was no longer increased in a person older than
80 years old. Due to the increased risk of mortality in patients with diabetes, a
database of care providers was used to analyse its relative risk in 31,987 newly
diagnosed patients with diabetes compared to 162,656 controls over a 9.5-year
period (Zucker et al. 2017). During this period, 14% of patients with diabetes
died, but only 8% of matched controls without diabetes died. When adjusted for
age, sex, socioeconomic status, obesity, smoking and comorbidities incident diabe-
tes was associated with a 38% higher relative risk of all-cause mortality. A system-
atic review summarised published data over 10 years (2007–2017) on the prevalence
of cardiovascular disease in nearly five million people with diabetes (Einarson et al.
2018). 32.2% of patients with type 2 diabetes had clinically manifest cardiovascular
disease, 14.9% had clinically manifest heart failure and 10% had myocardial infarc-
tion. In 9.9% of cases, cardiovascular disease was the cause of death, which
represented 50.3% of the total death rate.

Patients with type 1 diabetes are notably well analysed in the Swedish national
registry. In this registry, the patient’s mean age between 1998 and 2011 was
35.8 years. Patients were followed for a mean of about 8 years and compared to
random control individuals by age, sex and region. Patients with type 1 diabetes had
a significantly higher overall mortality of 8.0% compared to 2.9% in subjects
without diabetes, corresponding to a relative risk of 3.52 (Lind et al. 2014). Recently,
this registry analysed the prognostic significance of 17 risk factors for death,
i.e. mortality from all causes, acute myocardial infarction or stroke. Of the 32,611
patients with type 1 diabetes in this Swedish registry cohort, 5.5% died over the
course of 10.4 years. The strongest predictors of death and cardiovascular endpoints
were HbA1c, albuminuria, diabetes duration, systolic blood pressure and blood LDL
cholesterol concentration. An increase of approximately 1.0% in HbA1c was
associated with a 22% higher risk. Furthermore, HbA1c levels <7.0% were
associated with a significantly lower risk (Rawshani et al. 2019).

2 Microvascular End-Organ Damage and Cardiovascular Risk

Microvascular alterations with increased risk for end-organ damage, such as retino-,
nephro- and neuropathy, are increased in diabetes. The duration and intensity of
hyperglycaemia appear to play a major role. One clinical relevant question for
cardiovascular risk stratification is whether microvascular “end-organ damage” in
turn also increases the risk for macrovascular complications. To address this ques-
tion, a population-based cohort study of 49,027 patients with type 2 diabetes
analysed the association between the combined endpoint consisting of cardiovascu-
lar death, nonfatal myocardial infarction, stroke and the cumulative presence of
retinal, nephro- and peripheral neuropathy over 5.5 years (Brownrigg et al. 2016).
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Each microvascular end-organ damage was associated with an increased cardiovas-
cular risk by approximately 35–40%. The accumulation of relative cardiovascular
risk in the presence of one, two or three microvascular diseases increased by 32%,
62% and 99%, respectively. Similar trends were seen for cardiovascular death,
all-cause mortality and hospitalisation for heart failure.

Therefore, microvascular end-organ damage appears to indicate or even mediate
increased cardiovascular risk. In the case of a possible mediating role, common links
discussed include damage to the microvascular pathway including endothelial dys-
function. This is clinically relevant because microvascular complications and endo-
thelial dysfunction can be directly influenced by elevated blood glucose
concentrations. However, the incidence as well as progression of end-organ damage
is also modulated by other factors, such as increased blood pressure, smoking, etc.
(Climie et al. 2019; Ziegler et al. 2020).

3 Role of Hyperglycaemia for Micro- and Macro-vascular
Complications

Diabetes is not only associated with an increased micro- and macro-vascular risk, but
also with a variety of non-vascular changes or syndromes. Since diabetes per se is
currently (still) defined by hyperglycaemia, we will briefly discuss the possible roles
of hyperglycaemia as an indicator, mediator or modulator of late complications.

Microvascular complications seem to be essentially caused by hyperglycaemia.
However, it has to recurrently persist to display clinical consequences or
complications. Though, macrovascular complications are more likely to be caused
by other factors, such as insulin resistance, altered fat ectopic accumulation (e.g. in
the liver, skeletal muscle or heart – see below), dyslipidaemia, hypertension, hyper-
coagulability, etc. Therefore, these complications are not diabetes-specific and can
occur even before diagnosis, e.g. prediabetes or metabolic syndrome (Rask-Madsen
and Kahn 2012; Kahn et al. 2019). Numerous non-vascular changes are not specific
to diabetes, but are observed more frequently in patients with diabetes, e.g. fatty
liver, COPD, certain forms of cancer, depression, cognitive disorders, osteoporosis,
disorders of the gastrointestinal tract as well as the genitourinary system, skin
changes, increased risk of infection, cheiroarthropathies, etc.

The role of hyperglycaemia in the many facets of vascular and other late
complications may vary, i.e. hyperglycaemia may be a mediator, a modulator
or just an indicator of increased risk. Moreover, the “damaging thresholds”
of hyperglycaemia fluctuate for different micro-, macro- and non-vascular
complications. One reason for this may also be that functional loss of the target
organ, like retina or glomerular filtration, is not only a direct consequence of
microvascular changes, but also involves other non-vascular cells, e.g. pericytes,
podocytes, etc. Hitherto, it remains unclear how hyperglycaemia can exactly cause
microvascular or organ damage. One common hypothesis is that hyperglycaemia
leads to epigenetic and thus long-term changes that are unlikely to be quickly
reversible by good blood glucose control. Furthermore, metabolically oriented
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hypotheses assume that the function, synthesis and degradation of proteins through
glycosylation or increased substrate supply for various metabolic pathways can
indirectly or directly lead to cell and tissue disorders, e.g. endothelium, nerve
cells, proteins in the blood, e.g. of coagulation factors as well as connective tissue
proteins. The formation of advanced glycosylation end-products (AGE), increase in
sorbitol or hexosamine metabolic pathways, intracellular activation of protein kinase
C through an increase in diacylglycerol as well as other signalling cascades and gene
regulatory mechanisms play a decisive role. In addition to glycosylation, the forma-
tion of reactive oxygen radicals and superoxides in the mitochondria could also have
a key biological role in this complex process in a subcellular level. Clinically, it is
important to note that glycosylation is usually irreversible, i.e. a near-normal blood
glucose control does not acutely lead to a “dissolution” of already manifested
alterations, but ensures that no further changes occur and that the cellular metabo-
lism and the pattern of modified proteins reconstitute themselves over (long) time.
Therefore, early and long-term control of blood glucose metabolism, especially in
younger people who still have a long life expectancy, remains a clinical concept.

In this respect, it is recognised that early and sufficient glucose control may
reduce the incidence and possible progression of vascular disease. However, disso-
lution and cure of already established glucose-related damage, as it occurs in older
patients with type 2 diabetes, longer disease duration, or prevalent atherosclerotic
cardiovascular disease, appears not feasible. Therefore, it is a milestone that new
drug classes like GLP-1 receptor agonists and SGLT-2-inhibitors have HbA1c-
independent complication-protective effects even in the short-term.

4 Role of Hyperglycaemia in Reducing Vascular Risks in Type
1 Diabetes

The hypothesis that therapeutic lowering of HbA1c and thus hyperglycaemia is
associated with a reduction in late complications has been proven in patients with
type 1 diabetes by the DCCT (Diabetes Control and Complications Trial) study. The
DCCT study has shown as a proof-of-concept study that early and effective blood
glucose lowering can significantly reduce the incidence and progression of micro-
vascular complications in patients with type 1 diabetes; similar associations were
found in further follow-up for macrovascular complications. It could be that
macrovascular complications or atherosclerosis develops quite differently in type
2 diabetes than in type 1 diabetes, or that the DCCT study examined very young
patients in whom the many other modulators of vascular risk (see above) do not yet
have the decisive significance as in later adulthood or in most patients with type
2 diabetes. The DCCT study was initiated by the National Institute of Diabetes and
Digestive and Kidney Disease (NIDDK) from 1983–1993 with 1,441 patients with
type 1 diabetes mellitus and became a milestone for the treatment of patients with
type 1 diabetes. This study showed that intensified insulin therapy lasting a mean of
6.5 years halved the incidence and progression of microvascular sequelae compared
to conventional therapy, which was associated with a significant difference in

Glycaemic Control in Diabetes 51



HbA1c (The Diabetes Control and Complication Trial 1993). After a mean follow-
up of 17 years in >90% of the initially enrolled patients, the cardiovascular risk was
significantly reduced by 42% in the intensified treatment group, and the reduction in
HbA1c was significantly associated with this (The Diabetes Control and Complica-
tion Trial/Epidemiology of Diabetes Interventions and Complications (DCCT/
EDIC) Study Research Group 2005). In the EDIC (Epidemiology of Diabetes
Interventions and Complications) study, patients have now been followed up for
over 30 years. In summary, after 30 years the following was concluded (Zinman
et al. 2014):

– Hyperglycaemia is the primary modifiable mediator of late complications in type
1 diabetes.

– Near-normal glucose control reduces the incidence and progression of microvas-
cular complications, such as retinopathy, nephropathy and neuropathy.

– Intensive diabetes therapy reduces cardiovascular complications in type
1 diabetes.

Recently, the concept and importance of good glycaemic control has been further
explored and discussed in the DCCT/EDIC trial in relation to cardiovascular
complications (Riddle and Gerstein 2019). A mediation analysis and multivariable
models show (Bebu et al. 2019) that the quality of adjustment of traditional risk
factors accounts for only about 50% of the cardioprotective effect of improved
metabolic control. HbA1c can be an indicator for changes in other parameters,
e.g. lipids, albuminuria, etc., but this explains <10% of the effect. Therefore,
about 40% of the cardioprotective effect remains for HbA1c or elevated glucose
concentrations per se. Thus, the therapeutic concept is further confirmed that HbA1c
lowering in patients with type 1 diabetes is clinically relevant for reducing the
incidence and progression of micro- and macro-vascular late complications. The
future must show whether the predictability of the clinical prognosis for late
complications through other parameters, such as the duration of glucose control in
the desired range, so-called time in range (TiR), has a benefit alongside or in addition
to HbA1c (Battelino et al. 2019).

5 Efficacy Trials of Glucose Lowering in Type 2 Diabetes

The UKPDS trial randomly assigned 5,102 patients with newly diagnosed type
2 diabetes to intensive glucose control with sulphonylurea or insulin or to manage-
ment with diet alone. Those who were overweight at study entry also could be
randomised in the intensive arm to receive metformin (UKPDS 33 1998; Stratton
et al. 2000). In the insulin and sulphonylurea analyses, HbA1c levels of
7.0% vs. 7.9%, respectively, were significantly associated with a relatively
decreased risk for a composite endpoint of all diabetes-related complications by
12%, and microvascular disease risk by 25% during an average follow-up of
10 years. Intensive control showed a trend towards decreased risk of myocardial
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infarction and no effect on stroke. In overweight patients, metformin yielded better
glucose control (HbA1c 7.4% vs. 8.0%) and significantly decreased relative risk for
myocardial infarction by 39% and for all-cause mortality by 36%. The long-term
follow-up of the UKPDS trial cohort suggests a “legacy” of cardiovascular benefit of
early and tight glycaemic control. Similarly, this was a finding observed in the long-
term follow-up of the Diabetes Control and Complications Trial (DCCT) in patients
with type 1 diabetes. However, the results of the following efficacy trials in patients
with longer diabetes duration were not so promising.

The ACCORD trial compared intensive vs. standard glucose control in 10,251
patients with type 2 diabetes who had high CVD risk, achieving an HbA1c of
6.4% vs. 7.5% (Gerstein et al. 2008). This trial was halted early due to an excess
of all-cause mortality in the intensively treated group (257 vs. 203 events; p¼ 0.04),
with no significant difference observed in the primary composite cardiovascular
disease endpoint of cardiovascular death, myocardial infarction, and stroke. The
ADVANCE trial enrolled 11,140 patients with type 2 diabetes who had cardiovas-
cular disease, microvascular disease, or another vascular risk factor at study entry
(Heller 2009). Patients randomly received intensive glucose control with gliclazide
plus other drugs in the intensive arm, compared with standard control with other
drugs. Similar to the ACCORD trial, the ADVANCE trial did not show statistically
significant improvement in the composite outcome of cardiovascular death,
myocardial infarction, and stroke with intensive control (achieved HbA1c of
6.4% vs. 7.0%), despite having 1,147 events. In the Veterans Affairs Diabetes
Trial (VADT), 1791 US veterans with type 2 diabetes and inadequate glucose
control randomly received either intensive or standard glucose control (Duckworth
et al. 2009). Despite a wide separation in glucose control levels (HbA1c of
6.9% vs. 8.4%) and ascertainment of 499 primary major adverse cardiovascular
events (MACEs), this trial also found no significant improvement in cardiovascular
outcomes with intensive control. From post hoc analyses of data for each of these
trials and supported by the long-term observations from UKPDS in patients with
newly diagnosed diabetes at study entry, the concept has emerged that more inten-
sive glycaemic control may be safer and may have more favourable cardiovascular
effects when used earlier in the course of diabetes. In contrast, patients with a longer
duration of type 2 diabetes and more intense glucose control has only resulted in
modest impact on cardiovascular events over time. In this respect, cardiovascular
safety studies are of interest, because they aim to assess the safety of a new drug and
possibly a mainly glucose independent superiority effect on predefined endpoints,
like cardiovascular or renal complications.

6 Cardiovascular Safety Studies in Type 2 Diabetes

Cardiovascular safety studies are designed in such a way that the substance under
investigation is compared with placebo, but that the risk parameter to be influenced,
in this case HbA1c or blood glucose, should also be comparably reduced in the
placebo arm of the study according to study protocol to achieve glycaemic

Glycaemic Control in Diabetes 53



equipoise. Therefore, this design tests not only the safety of a therapeutic molecule,
but also its effect on cardiovascular risk, independent of blood glucose-lowering.
Overall, insulin glargine (The ORIGIN Trial Investigators 2012), insulin degludec
(Marso et al. 2017) as well as acarbose (Holman et al. 2017b), and sulphonylurea
therapy (in directly tested, see Vaccaro et al. 2017, Rosenstock et al. 2019a) are
cardiovascular neutral. In this respect it is worthwhile to mention that pioglitazone
has been shown to reduce relative risk for myocardial infarction and stroke in a
special patient population (subgroup of the PROACTIVE trail), i.e. patients after
stroke or transient ischaemic attack (Kernan et al. 2016). Cardiovascular safety
studies were conducted for the DPP4 inhibitors alogliptin, linagliptin, saxagliptin
and sitagliptin; there is no corresponding prospective endpoint study for vildagliptin.
These endpoint studies (Zannad et al. 2015 EXAMINE, Rosenstock et al. 2019b
CARMELINA, Scirica et al. 2013 SAVOR-TIMI 53, Green et al. 2015 TECOS)
showed safety, but not superiority, in patients with pre-existing cardiovascular
disease or multiple risk factors for the primary endpoint, which is in most cases
composed of cardiovascular death, myocardial infarction and stroke. In the SAVOR-
TIMI (Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with
Diabetes Mellitus-Thrombolysis In Myocardial Infarction) 53 trial, 16,492 patients
with type 2 diabetes and manifest cardiovascular disease or risk factors were
randomised and followed up for a mean of 2.1 years. The primary endpoint,
i.e. cardiovascular safety, was proven. However, compared to placebo, a higher
hospitalisation due to heart failure was observed in the treatment group with
3.5% vs. 2.8%. For this reason, saxagliptin is not recommended in patients with
pre-existing heart failure. Thus, GLP-1-RAs have shown to be cardiovascular
protective and SGLT-2 inhibitors provide consistent evidence for cardio- and
nephroprotection. Therefore, we will focus on the clinical evidence and potential
mechanisms related to these observations.

7 GLP-1 Receptor Agonists (GLP-1-RA)

Therapeutically used GLP (glucagon like peptide)-1 receptor agonists act directly
via the GLP-1 receptor, which leads not only to a glucose-dependent metabolically
mediated release of insulin from the beta cells, but also to inhibition of glucagon
release from the pancreatic alpha cells. Most of them are injected subcutaneously
once daily or weekly, depending on the preparation. In addition to effective HbA1c
lowering, this therapy also leads to clinically relevant weight loss.

The cardioprotective evidence for GLP1 receptor agonists is based on the results
of 7 placebo controlled endpoint trials: LEADER for liraglutide (Marso et al.
2016b); SUSTAIN-6 for subcutaneous semaglutide (Marso et al. 2016a), HAR-
MONY for albiglutide (Hernandez et al. 2018), REWIND for dulaglutide (Gerstein
et al. 2019a), and AMPLITUDE-O for efpeglenatide (Gerstein et al. 2021). These
trials demonstrated a significant reduction in the 3-point MACE endpoint (cardio-
vascular death, nonfatal myocardial infarction, or nonfatal stroke). In the PIONEER-
6 study with oral semaglutide, the primary endpoint was negative, but cardiovascular
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death and all-cause mortality were reduced (Husain et al. 2019). In the studies with
lixisenatide (Pfeffer et al. 2015) and long acting formulation (LAR) of exenatide
(Holman et al. 2017a), the primary endpoint was negative. The clinical results of
these trials compared with placebo are summarised in Table 1. The results appear
heterogeneous for the individual endpoints, which could be due to the study design
and different patient populations. Effects on a reduction in the hospitalisation rate
due to heart failure were not observed in any study (Lim et al. 2018). Since the
curves between treatment and placebo generally only began to diverge after about
1 year, it is assumed that the cardioprotective effects are rather due to a modulation
of atherosclerotic processes (Marx and Libby 2018), see Fig. 1.

In Fig. 1, we have distinguished between direct and indirect mechanisms, which
we cannot discuss in detail here and therefore refer to recent reviews (Drucker 2016,
Nauck et al. 2017; Müller et al. 2019, Giorgino et al. 2020, Nauck et al. 2020). In
case of indirect mechanisms, the reduction of blood pressure and weight are certainly
in the foreground, whereby interestingly, ectopic lipid accumulation in the liver
(Armstrong et al. 2016; Newsome et al. 2021) and epicardial fat (Iacobellis and
Villasante Fricke 2020) is also reduced, see below. In addition, there are first
indications that certain intraepithelial T lymphocytes in the intestine modulate
metabolism and the risk of atherosclerosis as well as that GLP-1 could play an
important role as a mediator (He et al. 2019). In terms of direct mechanisms, it must
be emphasised that endothelial function, plaque stabilisation and anti-inflammatory
effects are of particular importance for the clinical risk posed by plaque (Libby and
Hansson 2019). All these mechanisms can be modified by incretin hormones in
experimental studies. Therefore, it is thought that GLP-1 receptor agonists may also
directly influence the development and stability of atherosclerotic plaque
(Rakipovski et al. 2018; Kahles et al. 2018). For example, GLP-1-receptors in
various plaque cells like endothelial cells, vascular smooth muscle cells, monocytes,
and macrophages are coupled to responses which might modulate plaque biology
(Nauck et al. 2020). Similar to ROS formation, oxLDL activation of inflammatory
cells and adhesion molecules are reduced. eNOS formation in endothelial cells is
increased. After GLP-1- receptor stimulation, foam cell formation is reduced as well
as their caspase-mediated apoptosis and the necrotic core in plaque. Interestingly,
GLP-1 receptor agonist treatment of cells reduced MMP expression, potentially
leading to less degradation of extracellular matrix and thereby increased plaque
stability. It is also interesting that GLP-1 receptor agonists may favourably influence
the consequences of an ischaemic event (Giblett et al. 2016; Brott 2015; McCormick
et al. 2015).

In addition, reduction in progression of chronic kidney disease and clinical renal
endpoints were positive as secondary endpoints in LEADER (Mann et al. 2017) and
REWIND (Gerstein et al. 2019b). This effect might relate to GLP-1-RA treatment-
associated reduction in the progression of albuminuria and mild natriuresis possibly
by some inhibition of NHE-3 in the tubulus system.
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8 SGLT (Sodium Glucose Transporter) 2 Inhibitors

SGLT-2 inhibitors are a group of blood glucose-lowering substances that lead to an
increased excretion of glucose in the urine by reducing the activity of the transporter
selectively in the proximal tubulus of the kidney by approximately 40–60%. CVOTs
have been published for canagliflozin, dapagliflozin, empagliflozin, ertugliflozin,
and sotagliflozin, mentioned here in alphabetical order and are summarised in
Table 2.

The EMPA-REG OUTCOME study (Zinman et al. 2015) enrolled 7,020 patients
with pre-existing cardiovascular disease over a mean observation period of 3.1 years
and investigated the effect of 10 or 25 mg empagliflozin daily in addition to existing
medication. The primary endpoint was a composite of cardiovascular death and
nonfatal myocardial infarction and stroke and was significantly reduced with a
relative risk reduction (RRR) of 14%; the event rate was 12.1% in the placebo
group and 10.5% with empagliflozin treatment. There was no difference between the
two doses of empagliflozin. Component analysis showed no effect on nonfatal
myocardial infarction or stroke, but cardiovascular mortality was significantly
reduced with an RRR of 38%, which also reduced all-cause mortality. In addition,
hospitalisation due to heart failure was also significantly lower with an RRR of 35%,
an effect that became significant after only a few weeks. The effect on renal function
was further analysed. The prespecified secondary renal endpoint was worsening
nephropathy (progression to macroalbuminuria, doubling of serum creatinine, initi-
ation of renal replacement therapy or death due to renal causes) and incidence rate of
albuminuria. The incidence or relative risk of worsening nephropathy was signifi-
cantly reduced by 44% with empagliflozin (Wanner et al. 2016). In the primary
CANVAS programme (Neal et al. 2017) and in the CREDENCE study (Perkovic

Indirect mechanisms

• Blood pressure reduction
• Weight reduction
• Reduction of fatty liver,

epicardial fat
and insulin resistance

• Blood glucose reduction
• Reduction of postprandial

lipoproteins
• Reduction of cytokines

Direct cardiovascular effects

• Reduction and stabilisation of
atherosclerotic plaque

• Anti-inflammatory effects
• Improvement of endothelial 

function
• Reduction of platelet

aggregration
• Reduction of vascular smooth 

muscle cell proliferation
• Improvement of cardiac

contractility
• Increase in cardiac

ischaemia tolerance

Plaque
Development

Number, structure, 
localisation

Rupture and erosion

Clinical Event
Cardiovascular death, 

heart attack, stroke

Risk factors
Blood pressure

Atherogenic lipoproteins
Hyperglycaemia

Fig. 1 Potential mechanisms and concepts for modulation of atherosclerotic plaque formation,
rupture and erosion and their cardiovascular consequences by GLP-1 receptor agonists. For further
explanation see text
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et al. 2019), the SGLT-2 inhibitor canagliflozin also significantly reduced the risk of
the combined cardiovascular endpoint (cardiovascular death, nonfatal myocardial
infarction or stroke) by 14% and renal endpoints. This confirmed the concept of
cardio-renal risk reduction by a second substance, and the question now arose
whether this principle of action could also be observed with a third substance and,
above all, also in patients with lower cardio-renal risk. In the DECLARE-TIMI
58 trial, 17,160 patients with type 2 diabetes were studied over a mean of 4.2 years
with and without dapagliflozin 10 mg; 10,186 of these patients had no previous
atherosclerotic disease (Wiviott et al. 2019). The primary safety analysis confirmed
non-inferiority of dapagliflozin for MACE (major cardiovascular events), and the
primary efficacy analysis showed a significantly lower event rate for the combined
endpoint of cardiovascular death and hospitalisation for heart failure (HHF),
although this outcome was substantially driven by HHF. A sub-analysis of 3,586
patients with pre-existing myocardial infarction showed that compared with placebo,
dapagliflozin significantly reduced the relative risk of MACE by 16% with an
absolute risk reduction of 2.6% (Furtao et al. 2019). The effect of dapagliflozin on
nephropathy has been investigated as a renal composite secondary endpoint (�40%
decrease in eGFR in mL/min/1.73 m2, new manifestation of ESRD, or death due to
renal or cardiovascular causes). The relative risk for this renal endpoint was signifi-
cantly reduced by 24% with dapagliflozin. In the 671 patients with heart failure and
impaired left ventricular pump function, dapagliflozin also significantly reduced not
only hospitalisation for heart failure but also cardiovascular death with a relative risk
reduction of 45% compared to placebo (Kato et al. 2019). Ertugliflozin was
investigated in the VERTIS CV trial in 8246 patients with type 2 diabetes and
cardiovascular disease over a mean of 3.5 years (Cannon et al. 2020). Ertugliflozin
was noninferior to placebo for MACE and clinical renal endpoints. However, results
were consistent with other SGLT2-inhibitors in respect of reducing hospitalisation
for heart failure in a respective prespecified group and reduction in decline rate of
eGFR. Sotagliflozin, an SGLT2 inhibitor with possibly some SGLT-1 blocking
potential, was investigated in patients with diabetes and recent worsening of heart
failure (SOLOIST-WF) and in patients with diabetes and chronic kidney disease
(SCORED) resulting in a significant risk reduction for cardiovascular death and
hospitalisation for heart failure in patients with heart failure (Bhatt et al. 2020b) or
chronic kidney disease with or without albuminuria (Bhatt et al. 2020a).

In consideration of these very impressive trial results with major impact on risk
for heart failure and renal complications to a large extent non-related to baseline
HbA1c and glucose-lowering capacity in these trials, the question was emerging,
whether SGLT2-inhibitors reduce also clinical risk primarily in patients suffering
from chronic heart failure or kidney disease with and also without diabetes. Four
studies have been published so far, the DAPA-HF and EMPEROR-Reduced trials
for chronic heart failure and CREDENCE for patients with chronic kidney disease
(CKD) in patients with diabetes and the DAPA-CKD trial in CKD patients with and
also without diabetes.

In the DAPA-HF study (McMurray et al. 2019), 4,744 patients with manifest
heart failure and impaired left ventricular function (LVEF �40%, NT-proBNP
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�600 pg/mL) were enrolled and treated with dapagliflozin 10 mg or placebo in
addition to existing standard therapy. The study was event-driven and ran for
approximately 3 years. The relative risk for the primary endpoint was significantly
reduced by 26% and was composed of cardiovascular death, hospitalisation or
urgent medical visit for heart failure. There was no difference between the 42% of
patients with or without diabetes. In the EMPEROR-Reduced trial (Packer et al.
2020) 3730 patients with chronic heart failure and reduced left ventricular ejection
fraction (�40%) were investigated over a mean period of 16 months. The relative
risk for the primary combined endpoint being cardiovascular death and
hospitalisation for heart failure was significantly reduced by 25% regardless of the
presence or absence of diabetes. Therefore, both studies show the benefit of SGLT2-
inhibition in patients with clinically relevant chronic heart failure independent of
diabetes status. These data have an impacted current guidelines for the treatment of
patients with chronic heart failure, SGLT2-inhibition being an evidence-based
treatment option.

In patients with chronic kidney disease, CREDENCE (Perkovic et al. 2019) was
the first study to investigate the effect of an SGLT-2 inhibitor, in this case 100 mg
canagliflozin OD, primarily on renal function. The primary renal endpoint was
composed of end-stage renal failure (defined by need for dialysis, kidney transplan-
tation or drop in eGFR to <15 mL/ min/1.73 m2), doubling of serum creatinine
levels or death due to renal or cardiovascular causes. 4,401 patients with type
2 diabetes, an eGFR between 30 and 90 mL/min/1.72 m2 and albuminuria of
>300–5,000 mg/g creatinine were included and studied for a mean of 2.62 years.
Canagliflozin significantly reduced the relative risk for the primary renal endpoint by
30%, the relative risk for end-stage renal failure by 32% and its combination with
creatinine doubling and renal death by 34%. DAPA-CKD (Heerspink et al. 2020)
randomly assigned 4,304 patients with an eGFR of 25–75 mL/min/1.73 m2 and a
urinary albumin-to-creatinine ratio of 200–5,000 receiving 10 mg dapagliflozin or
placebo over a median time of 2.4 years. The relative risk for the combined endpoint
of sustained decline in the eGFR of at least 50%, end-stage kidney disease, or death
from renal causes was significantly lower by 44% in the dapagliflozin arm compared
to the placebo group. This effect was irrespective of having type 2 diabetes or not.
Therefore, SGLT-2 inhibitors are also finding their position in guidelines for the
treatment of chronic kidney disease. However, one should be aware that currently
there are still differences in specifications of their label in patients with reduced
eGFR in different countries and regions of the world.

9 Mechanisms of Action for Cardio-Renal Protection
Through SGLT-2 Inhibition

SGLT-2 transports glucose in exchange for sodium in the proximal tubule of the
kidney and reabsorbs approximately 90% of the 180 g of glucose normally filtered
daily in primary urine, for review see Heerspink et al. (2016); Lytvyn et al. (2017);
Verma and McMurray (2018); Marton et al. (2021). SGLT-2 inhibitors selectively
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prevent the transporter with high affinity by an average of about 40–60%. This
inhibition leads to glucosuria, associated osmotic diuresis, increased natriuresis and
an increase in glucagon levels. Figure 2 summarises the principal mechanisms of
action and outlines how the cardioprotective effects associated with SGLT-2-
inhibitor therapy are currently imagined.
Glucosuria leads to a loss of calories, approx. 70–80 g over 24 h, corresponding to

approx. 300 kcal, and weight reduction of approx. 2–3 kg, half of which is due to the
reduction of fat mass. The other half is due to the osmotic diuresis of approx.
300 mL/24 h. In contrast to diuretics, this, in combination with natriuresis, leads to
an interstitial fluid mobilisation without a significant reduction in intravascular
volume, and thus not to an activation of the sympathetic nervous system or an
increase in the pulse rate. These effects also cause a reduction in peripheral vascular
resistance and, in combination, a reduction in blood pressure of 4–6 mmHg systolic
(1–2 mmHg diastolic), which can be even more pronounced at elevated blood
pressure levels or in combination with diuretics.

In addition, natriuresis and possibly direct interaction of SGLT-2 inhibitors in the
myocardium with sodium proton exchanger-1 (NHE-1) may favourably alter the
intracellular ratio of sodium and calcium. The increased natriuresis, also through
additional inhibition of tubular NHE-3, probably leads indirectly in the medulla of
the kidney to higher consumption of oxygen and thus renally to an increased
formation of erythropoietin and an increase in the formation of red blood cells and
the oxygen carrier haemoglobin. In a mediation analysis of the cardiovascular
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explanation see text
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endpoint study of empagliflozin, this appears to be clinically relevant for under-
standing the observed effect in cardioprotection (Inzucchi et al. 2018).

An increase in glucagon levels of about twofold by SGLT-2 inhibitors is
associated with an approximately twofold increase in the concentration of ketone
bodies during therapy. Ketone bodies in turn can be effective substrates (especially
α-hydroxy-butyrate) for cardiac muscle and possibly also lead to altered metabolism
of branched-chain amino acids in the cardiac muscle, which can be disturbed in
diabetic cardiomyopathy (Wanner and Marx 2018). In summary, therapy with
SGLT-2 inhibitors results in a rapid and effective pre- and afterload reduction of
the heart as well as possibly a clinically relevant favourable change in metabolism
and intracardiomyocyte electrolytes, stabilising the structure and function of the
myocardium and increasing work efficiency.

For renoprotection, the key mechanism is probably increased natriuresis in the
proximal tubule, leading to activation of the tubuloglomerular feedback (TGF)
mechanism. The natriuresis caused by SGLT2 inhibition is sensed by the macula
densa in the juxtaglomerular apparatus and leads to a counter-regulation,
i.e. specifically a reduction of glomerular filtration by constriction of the vas afferens,
probably mediated by adenosine. This lowers the intraglomerular pressure and thus
also leads to a reduction in albuminuria and in the long term to a stabilisation and
reduced progressive decrease in the glomerular filtration rate. This fascinating obser-
vation now also makes the hyperfiltration in the early phase of a renal change in
patients with diabetes understandable, because an increased activity of the SGLT-
2 transporter in diabetes leads to increased reabsorption of sodium, thus reduction of
TGF and vasodilation of the vas afferens and thus hyperfiltration of the glomerulum.

In addition to the aforementioned hypotheses of reduction of cardiac pre-and
after-load and intraglomerular pressure reduction by tubuloglomerular feedback
mechanisms, a recent hypothesis involves metabolic adaptations. Under SGLT-2-
inhibitor treatment, there is an increased caloric loss and an about twofold increase in
glucagon levels with a consecutive increase in ketone bodies. These endocrine-
metabolic changes provide both a better energy efficient substrate utilisation for
the heart and the metabolism switch to a state of chronic hypometabolism and water
deprivation. This state is compensated in the long-run by appropriate adaptation of
energy homeostasis or metabolic rate and water conservation. This adaptation
process, called “aestivation”, is evolutionary conserved enabling adaptation to
energy and water shortage (Marton et al. 2021). This metabolic switch induced by
SGLT-2-inhibition might play a role in improved function and reduced damage
progression of different organs, most extensively clinically proven for heart and
kidney.

10 Change in Guidelines and Clinical Recommendations

Patient-centred care is the focus of most guidelines and new recommendations
(Davies et al. 2018; Consentino et al. 2019; Buse et al. 2020; Landgraf et al. 2020;
American Diabetes Association 2021). Based on the clinical evidence provided
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recently and discussed above, guidelines nowadays don’t put HbA1c in focus for
decision about treatment strategy in type 2 diabetes, but rather the clinical picture
and risk of cardio-renal complications in the foreground. Evidence-based means that
the results of large studies, especially cardiovascular endpoint studies, must be
translated into practice.

The recent ESC recommendations on “Diabetes, prediabetes and cardiovascular
disease” (Consentino et al. 2019), produced in collaboration with the EASD, have
incorporated the extensive data from large cardiovascular endpoint studies in recent
years with new antidiabetic agents and have led to a new and more specific
positioning of metformin and cardioprotective blood glucose-lowering drugs in
patients with high and very high cardio-renal risk and diabetes mellitus. The decisive
factor for the choice of a glucose-lowering substance for cardiovascular risk reduc-
tion is primarily not an HbA1c target anymore, but the risk stratification of patients
with diabetes according to the ESC recommendations 2019:

Very high risk patients are those with diabetes and established cardiovascular
disease or end organ damage or three or more risk factors or early onset of type
1 diabetes of long duration (>20 years). Patients with diabetes duration �10 years
without end-organ damage but with another risk factor are classified in the high risk
category. The moderate-risk category includes young patients (type 1 diabetes under
35 or type 2 diabetes under 50 years) with diabetes duration under 10 years without
other risk factors.

The new algorithm for cardiovascular risk reduction with antihyperglycaemic
agents in untreated type 2 diabetic patients – regardless of HbA1c level – focuses on
the high/very high risk categories. Patients with atherosclerotic cardiovascular
disease or high/very high risk should receive an SGLT2 inhibitor or GLP1 receptor
agonist monotherapy as a class Ia recommendation, according to the evidence from
the studies above. In patients with existing or increased risk for heart failure, SGLT-
2 inhibitors are recommended. Similar recommendation belongs to renal protection.

Although the effect of metformin on risk for myocardial infarction was better than
expected from degree of glucose lowering in the UKPS trial, it has been questioned
whether metformin should continue to be first-line therapy in all patients with type
2 diabetes. The CVOTs described above suggest that in these patient groups GLP-1
RAs and SGLT2-inhibitors should be first choice driven by evidence and not
metformin. This is supported by further evaluations of these CVOTs indicating
that metformin has no modulating effect on risk protection by GLP-1RA or
SGLT2-inhibitors (Marx 2020; Sattar and McGuire 2021).

11 Perspectives: Fat Partitioning as a New Target
of Diabetes Drugs

Like treatment of chronic heart failure or chronic kidney disease in patients with and
without diabetes by SGLT2-inhibitors initially developed for diabetes, it is also
interesting to note that new incretin-based drugs, like “twincretins”, reach mean
body weight reductions between 8 and 12 kg and absolute reductions in HbA1c of

Glycaemic Control in Diabetes 65



around 2.0% (Rosenstock et al. 2021; Frías et al. 2021). Results of these kind of
studies might help decipher new networks between fat tissue, diabetes and athero-
sclerosis related risks. In this respect, increased and abnormally distributed fat might
be a new target. Numerous clinical and pathogenetic studies have changed our
understanding of adipose tissue in such a way that the amount of adipose tissue is
not the only essential pathophysiological phenomenon, but in particular the abnor-
mal deposition of fat in other cells or organs, called ectopic lipid accumulation or fat
partitioning (Blüher 2016; Crewe et al. 2017; Scherer 2016; Stefan et al. 2008;
Unger 2002). When the normal storage capacity and plasticity of subcutaneous
adipose tissue and its ability to adapt to increased energy balance are exhausted,
there is recruitment of inflammatory cells in adipose tissue and increased deposition
of fat in other cells, such as visceral fat cells, and in cells of the liver and cardiovas-
cular system. The deposition of fat alters the function of these cells, e.g. resistance to
insulin in the liver, release of mediators from visceral fat, or possibly changes in
contractility in the case of cardiac muscle cells. A clinically important and classic
example of ectopic lipid accumulation is Non-Alcoholic Fatty Liver Disease
(NAFLD), which is often associated with insulin resistance, obesity and diabetes
(van Heerebeek and Paulus 2016) and diastolic dysfunction of the heart (van Wagner
et al. 2015). A growing number of studies show that intracardiomyocyte fat is
associated with altered cardiac cell function including heart failure and epicardial
fat (EAT) cells may influence cardiac function and cardiovascular risk through
release of humoral, inflammatory and metabolic mediators (Unger 2002; McGavock
et al. 2007; Fontes-Carvahlo et al. 2014). Recently it has been shown that in patients
with diabetes EAT volume was independently associated with coronary calcium
score (Cosson et al. 2021) and that extracellular vesicles from EAT facilitate atrial
fibrillation and induce proinflammatory and fibrotic responses in cell culture
(Shaihov-Teper et al. 2021). Furthermore, considering potential cardiovascular
benefit of greater weight reductions, as we have learned from bariatric surgery
(Sjöström et al. 2004), CVOTs of these new treatment options are awaited with
great curiosity. In addition, these degrees of fat reduction and glucose-lowering open
up possibilities to reach “remission” of type 2 diabetes (Lean et al. 2018). Overall
perspectives in the treatment of type 2 diabetes are to identify different subgroups
with different risk profiles for late complications and to better understand major
pathomechanisms that can then be therapeutically targeted therapeutically (Ahlquist
et al. 2019; Zaharia et al. 2019).
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