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Abstract: The diabetes epidemic and the increasing number of patients with diabetic chronic vascular
complications poses a significant challenge to health care providers. Diabetic kidney disease is a
serious diabetes-mediated chronic vascular complication and represents a significant burden for
both patients and society in general. Diabetic kidney disease not only represents the major cause
of end stage renal disease but is also paralleled by an increase in cardiovascular morbidity and
mortality. Any interventions to delay the development and progression of diabetic kidney disease
are important to reduce the associated cardiovascular burden. In this review we will discuss five
therapeutic tools for the prevention and treatment of diabetic kidney disease: drugs inhibiting
the renin-angiotensin-aldosterone system, statins, the more recently recognized sodium-glucose
co-transporter-2 inhibitors, glucagon-like peptide 1 agonists, and a novel non-steroidal selective
mineralocorticoid receptor antagonist.
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1. Introduction

Diabetic kidney disease (DKD) is the main cause of end-stage renal disease (ESRD)
and, alongside drugs inhibiting the renin-angiotensin-aldosterone (RAAS) system and
statins, novel pharmacological agents have recently been proposed to target renal disease
in diabetes.

Sodium-glucose co-transporter-2 (SGLT2) inhibitors, glucagon-like peptide 1 (GLP1)
receptor agonists, and non-steroidal mineralocorticoid receptor antagonists have recently
been shown to have important renoprotective effects in patients with diabetes, which is
also paralleled by a significant and important reduction in cardiovascular morbidity and
mortality [1-3].

We discuss the five therapeutic tools or “pillars’ that can be used for DKD in addition
to how recent advances could contribute to the discovery of novel mechanisms of action
and the development of new treatment options in the future.

2. Diabetic Kidney Disease

Global diabetes prevalence is expected to rise to 12.2% (783.2 million), and its related
health cost has been projected to reach USD 1054 billion by 2040 [4]. Of the diabetic
population, approximately one-third will develop DKD, an estimate similar in both type 1
(T1DM) and type 2 diabetes (T2DM). Patients with T2DM represent an older patient group
with more frequent co-existence of pathologies such as cardiovascular disease [5].

Diabetes represents the most common cause of ESRD worldwide [5]. Declining renal
function and albuminuria are independently and additively associated with an increase in
cardiovascular morbidity and mortality [6-8] which is 2-3 times higher than that seen in
patients with diabetes but without DKD [9].
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The clinical presentation of DKD is typically characterized by glomerular hyperfil-
tration, followed by albuminuria, overt proteinuria, hypertension, and progressive renal
function decline that leads to ESRD [10,11]. Most patients with diabetes present with
classical features of DKD as described, but at times renal function decline is not paralleled
by albuminuria, an event mainly observed in T2DM [12-14].

Poor glycemic control drives the development and progression of DKD, and studies in
T1DM have demonstrated that good metabolic control prevents and delays the progression
of DKD [15]. Good metabolic control prevents hyperfiltration, which is believed to be a
risk factor for CKD progression [16-19]. Glomerular hyperfiltration reflects an increase
in glomerular capillary pressure that translates in anatomo-structural damage. Even in
normotensive conditions, glomerular capillary hypertension synergizes with metabolic
perturbations and drives the development and progression of DKD [20-22].

Mechanisms of hyperfiltration have been related to two main mechanisms: an up-
regulation of SGLT2 with increased glucose and sodium reabsorption at the level of the
proximal tubule and increased glomerular expression/secretion of angiotensin-2 [23,24].

Increased sodium and glucose reabsorption at the level of the proximal tubule results
in a reduced amount of sodium to the macula densa that, by tubule-glomerular feedback,
leads to glomerular afferent arteriolae vasodilation [25-28]. In addition, the local activation
of the RAAS with increased levels of angiotensin-2 leads to an increase in efferent arteriolae
vasoconstriction and secondary glomerular hypertension [22,29,30].

It is recognized that the risk of development and progression of DKD lies mainly
on poor glycemic and blood pressure control and their interaction synergize in driving
renal damage [22]. Obesity, mainly visceral, also represents an important factor for DKD
progression [31]. Obesity results in RAAS activation and hyperfiltration [32,33], while
weight loss improves altered glomerular hemodynamics in diabetes [34,35]. Dyslipidemia
has also been implicated in the pathophysiology of DKD and for the development of
albuminuria, with statins proving to be an effective treatment [36-38]. Similarly, for fibrates
there seem to be a positive effect on renal function decline and albuminuria [39,40].

3. Therapeutic Strategies for DKD

The key approach to reduce DKD-mediated ESRD is to prevent and delay the renal
function decline, as once a fall in renal function occurs, it is difficult to regain, apart
from when normoglycemic conditions are implemented for a long time, such as following
pancreas transplantation [41].

3.1. Lifestyle

Lifestyle measures are a key component in the overall management of DKD. Dietary
advice is important in the management of both CKD and diabetes. In CKD, the National
Kidney Foundation guidelines suggest a registered dietician nutritionist’s intervention to
provide nutritional advice [42]. Considerations include reducing dietary protein intake,
ensuring adequate fruit and vegetables, following a Mediterranean diet, and considering
the need for vitamin and mineral supplements [42]. Depending on the patient, advice to
reduce potassium intake and restrict oral fluids may be given [42].

There is no specific recommended diet for diabetes, but general advice includes
eating a variety of fruit and vegetables, reducing carbohydrates, saturated fats, and
salts, and choosing low- over high-glycemic-index foods [43]. A very-low-calorie diet
(825-853 kcal/day) has been shown to lead to remission of T2DM in almost half of patients
at 12 months [44]. A very low carbohydrate diet has been shown to improve glycemic
control but not renal outcomes in DKD [45]. In addition to diet, regular physical activity,
not smoking and weight loss for patients with obesity are advisable in DKD [46].

In parallel to lifestyle, glycemic and blood pressure control, all cornerstones for the
prevention of DKD, we outline five major treatment “pillars” that possess major renal
protective properties (Figure 1).
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Figure 1. The treatment “pillars” for renal protection in diabetes.

3.2. SGLT?2 Inhibitors

SGLT?2 inhibitors act to reduce proximal tubular glucose reabsorption from the renal
glomerular filtrate [47]. SGLT2 is an energy-dependent sodium-coupled glucose transporter
expressed mainly in the S1 and 52 segment of the nephron proximal tubule [48,49]. SGLT2
is upregulated in diabetes and contributes to both proximal tubule glucose and sodium
reabsorption [26]. The SGLT2 inhibitors were initially developed as oral hypoglycemic
agents. By reducing glucose proximal tubule reabsorption, SGLT2 inhibitors lead to an
increase in urinary glucose excretion, promote weight loss of approximately 4-5 Kg, lower
plasma glucose concentrations, and lead to a reduction in HbAlc of around 1.0% [50].

SGLT2 inhibitors were found to confer both cardiovascular and renal protection; clini-
cal trials have demonstrated that SGLT2 inhibitor treatment results in a 30-40% relative
risk reduction of cardiovascular death and hospitalization, which was mainly driven by
reduction of heart failure [51-53]. The EMPAREG trial was the first to suggest a renopro-
tective role for the SGLT2 inhibitor empagliflozin [54]. Later, other studies such as the
CANVAS and CANVAS-R showed a promising renoprotective effect of the SGLT2 antago-
nist canagliflozin [55]. Subsequently, a prospective study, the CREDENCE trial, enrolled
patients with type 2 diabetes and albuminuria (albumin/creatinine ration 300-5000 mg/g)
and chronic kidney disease (glomerular filtration rate: GFR of 30-90 mL/min/1.73 m?) that
were randomized to the SGLT2 inhibitor canagliflozin at a dose of 100 mg daily or placebo.
All patients were treated with RAAS inhibitors. The trial was stopped earlier due to clear
benefit of patients enrolled in the treatment arm. Patient on SGLT2 inhibitor had a relative
30% reduction of a renal endpoint defined as ESRD, doubling of the serum creatinine
level, or death from renal or cardiovascular causes when compared to the placebo arm [56].
Interestingly, other studies have confirmed these results in patients with T2DM and have
demonstrated that the SGLT2-inhibitor-mediated renoprotective effects occurs also in the
non-diabetic population [57].

The latest NICE guidelines recommend the use of SGLT2 inhibitors with metformin as
dual therapy first line for patients with diabetes with established cardiovascular disease,
and advise to consider their use in patients with high risk of cardiovascular disease [58]. In
addition to documented weight reduction, the cardiovascular protective effects of SGLT2
inhibitors include reduction in blood pressure [59] and reduced risk of both new heart
failure and of worsening existing heart failure in patients with reduced or preserved ejection
fraction [51-53,60-62].

SGLT2 inhibitors, including empagliflozin, dapagliflozin, canagliflozin, and
ertugliflozin, have been observed to have beneficial renal effects in several cardiovas-
cular outcome trials. Meta-analyses of these data have demonstrated that in diabetic
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patients, SGLT2 inhibitors reduce the risk of progression of renal disease, ESRD, or death
from renal causes [3].

The 2022 KDIGO guidelines for diabetes management in CKD recommend the use of
metformin and SGLT2 inhibitors for all patients with T2DM, CKD, and an
GFR > 30 mL/min/1.73 m? [63]. The glucose lowering effects are attenuated at
GFR < 60 mL/min/1.73 m? and minimal at GFR < 30 mL/min/1.73 m? [64]. However, the
renal and cardiovascular benefits are seen at any GFR, and guidelines advise continuing
SGLT2 inhibitors even if GFR falls below 20 mL/min/1.73 m?, until renal replacement
therapy is initiated [56]. The cardio-renal protective effects appear within weeks/months
and seem to be independent of the improvement in glycemic control. The SGLT2 bene-
ficial effects are likely to be driven by a hemodynamic mechanism; the main proposed
mechanisms linked with renal benefits include: increased diuresis and improvement in
blood pressure, tubulo-glomerular feedback leading to reduced intraglomerular pressure,
increased tubular oxygenation, and reduced inflammation and fibrosis [65].

Side Effects

An initial drop in eGFR (driven by hemodynamic changes in the glomerular circula-
tion) is seen when SGLT2 inhibitors are initiated; however, there has been no confirmed
increased risk of acute kidney injury (AKI) occurrence, and conversely, they have been
seen to reduce the risk of AKI in patients with T2DM [66]. Due to the increased glucosuria,
SGLT?2 inhibitors increase the risk of genital infections and so patients should be educated
with regards to the importance of hydration and personal hygiene [67]. An increased
risk of fractures and amputations has been documented, although evidence is mixed, and
further evaluation is needed to confirm these associations [67]. Similarly, an association
has been made with SGLT2 inhibitors and Fournier’s gangrene, but no causality has been
established [67].

SGLT2 inhibitors lead to increased lipolysis and glucagonemia, and therefore, it has
been recommended that they are held peri-operatively and at times of dehydration and
that ketones be monitored due to the risk of ketosis in the peri-operative setting [68,69].
Healthcare professionals are advised to educate patients on the ‘sick-day rules” when
initiating SGLT2 inhibitors to enable prevention and recognition of potential ketoacidosis.
If patients are unwell or unable to eat and drink as normal, they should omit the SGLT2
inhibitor and keep themselves as well hydrated as possible; patients should be informed of
the symptoms of diabetic ketoacidosis and to attend Accident & Emergency department
should they develop them [70]. SGLT2 inhibitors should not be restarted until eating
normally for at least 24 h and never restarted if a patient develops ketoacidosis while taking
them [70].

3.3. GLP1 Receptor Agonists

GLP1 is an incretin hormone produced in the distal small bowel and colon that triggers
the release of insulin in response to oral glucose intake. Incretin hormones slow gastric
emptying and increase natriuresis and diuresis [71]. Native GLP1 has a short half-life as it
is cleaved by dipeptidyl-peptidase IV (DPP IV) enzymes and eliminated renally. The GLP1
receptor agonists are synthetized from either exendin-4 from the saliva of the Gila monster,
a species of venomous lizard, or human GLP1 analogues, both of which are resistant to
the DPP IV degradation. The exendin-4 based agents, such as exenatide and lixisenatide,
have a short half-life but strongly inhibit gastric emptying and cause a greater reduction in
post-prandial hyperglycemia [72].

GLP1 receptor agonists are a group of drugs used to treat T2DM and lead to a reduction
in HbAlc. GLP1 receptors are present in many tissues, but with regards to the therapeutic
effects on diabetes, their activation is thought to increase insulin secretion, and reduce beta
cell apoptosis and glucagon release in a glucose-dependent way [71]. Furthermore, GLP1
receptor agonists bind the GLP1 receptor present in the central nervous system and the
gastrointestinal tract and favor weight loss in obese patients through an increase in satiety,
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reducing appetite, delaying gastric emptying, and potentially increasing thermogenesis of
brown adipose tissue [73,74].

Data from clinical trials suggest that GLP1 receptor agonists improve surrogate renal
endpoints, plausibly beyond the effects of improved glycemic control [75]. Exendin-4-
based GLP1 receptor agonists are renally excreted and so their use is contraindicated at an
eGFR < 30 mL/min/1.73 m? [76]. Meanwhile, the human GLP1 receptor agonists dulaglu-
tide, semaglutide, and liraglutide are longer-acting and are more effective at reducing
fasting blood sugar and HbA1C [77]. They are not eliminated by the kidneys and so can be
safely used down to an eGFR of 15 mL/min/1.73 m? [76].

Cardiovascular outcome trials have shown that GLP1 receptor agonists are efficacious
in reducing the risk of cardiovascular events (stroke, myocardial infarction, or cardiovas-
cular death) in patients with T2DM [1]. The same trials have shown that GLP1 receptor
agonists prevent worsening of renal function in patients with T2DM. This was measured as
a composite outcome of >40% decline in eGFR or doubling of creatinine, need for renal
replacement therapy, new macroalbuminuria, or death from renal disease [1]. The FLOW
trial will be the first dedicated kidney outcome trial to evaluate whether the GLP1 receptor
agonist semaglutide delays progression of kidney disease and reduces the risk of death
from renal or cardiovascular disease in patients with T2DM and CKD (ClinicalTrials.gov
Identifier: NCT03819153). Data are lacking on patients with ESRD on hemodialysis or renal
transplant patients.

Clinical trials on DPP IV inhibitors, which prevent GLP1 degradation, have not shown
a cardiovascular benefit for patients with T2DM [78]. The reasons behind this observation
are unknown but could relate to the "physiological" concentration of circulating GLP1
achieved in patients treated with DPP IV inhibitors versus the "supraphysiological” levels
observed with GLP-1 receptor agonists [79].

Not only do GLP1 receptor agonists improve glycemic control and stimulate weight
loss, but evidence suggests they also confer nephroprotection via interaction with the renal
cells, with GLP1 receptors thought to be present in the kidney [76]. The proposed mecha-
nisms of renal protection include a reduction in oxidative stress, fibrosis, inflammation, and
possibly increased natriuresis [80]. Guidelines (KDIGO) advise the use of GLP1 receptor
agonists in patients with T2DM and CKD who have not achieved glycemic targets with
metformin and SGLT2 inhibitors [63].

Side Effects

GLP1 receptor agonists do not cause hypoglycemia; however, if a patient is already
on insulin or a sulphonylurea, the doses of these may need to be reduced to avoid hypo-
glycemia [81]. The most common side effects of GLP1 receptor agonists are gastrointestinal
such as nausea, vomiting, reflux, diarrhea, or constipation [81,82]. Proposed methods of
managing these include educating patients, escalating dosing more slowly if indicated,
increasing hydration, reducing portion size, and considering switching to an alternative
GLP1 receptor agonist [82]. Associations have been made between GLP1 receptor agonists
and pancreatitis, pancreatic cancer or thyroid cancer; however, current evidence does not
support a causative link [73].

3.4. Non-Steroidal Mineralocorticoid Receptor Antagonists

Activation of mineralocorticoid receptors leads to inflammation and fibrosis contribut-
ing to progression of CKD and cardiovascular dysfunction [69]. While recommended, the
use of steroidal mineralocorticoid receptor antagonists (MRA) for patients with CKD and
heart failure is often limited due to concerns of hyperkalemia, gynecomastia, impotence,
and menstrual disturbances. Finerenone is a non-steroidal, selective MRA with low affinity
for androgen, glucocorticoid, progesterone, and estrogen receptors and high selectivity
for mineralocorticoid receptors [83,84]. It said to be more effective at reducing the patho-
logical processes contributing to CKD than steroidal MRAs, with theoretically lower side
effects [85].
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Finerenone binds similarly to its receptor both in the heart and kidney when compared
to the steroidal MRA spironolactone, which is preferentially distributed in the kidneys.
Compared with eplerenone, another steroidal MRA, finerenone holds more potent anti-
inflammatory and anti-fibrotic effects on the heart and kidney in experimental animal
models. Non-steroidal MRAs have a better benefit-risk ratio than steroidal MRAs, with a
reduced risk for hyperkalemia [85].

In two major phase 3 trials, FIDELIO-DKD and FIGARO-DKD, conducted in patients
with T2DM and chronic kidney disease, finerenone treatment on top of maximally tolerated
RAAS inhibitor treatment was shown to confer both renoprotection (composite of >40%
reduction in eGFR, kidney failure, or death from renal cause) and cardioprotection (com-
posite of cardiovascular death, non-fatal myocardial infarction or stroke, hospitalization
for heart failure) [86,87]. In FIDELIO-DKD, patients either had a urine albumin-creatinine
ratio (UACR) of 30-300 mg/g with an GFR of 25-60 mL/min/1.73 m? of body surface
area as well as diabetic retinopathy or a UACR of 300-5000 mg/g with an GFR of at least
25-75 mL/min/1.73 m? [86]. The inclusion criteria of FIGARO-DKD were similar, with
patients either having a UACR of 30-300 mg/g with an GFR of 25-90 mL/min/1.73 m? or
a UACR of 300-5000 mg/g with an GFR of at least 60 mL/min/1.73 m? [87]. Patients with
symptomatic heart failure with reduced ejection fraction were not eligible for inclusion in
these trials.

The results of these two trials were combined in the pre-specified FIDELITY analysis,
which confirmed the clinical cardiac [hazard ratio (HR): 0.86, 95% confidence interval (CI):
0.78, 0.95] and renal (HR: 0.77, 95% CI: 0.67, 0.88) protective properties of finerenone [88].
Cardio- and renaoprotective effects seemed independent of change in blood pressure as
finerenone conferred only a modest effect on blood pressure [86-88].

Side Effects

A meta-analysis of the use of finerenone (when used in combination with another
RAAS blockade agent) demonstrated an increased incidence of hyperkalemia compared
with placebo but lower than with spironolactone. The increase in potassium plasma
levels observed was moderate at only 0.17 mmol/L; however, potassium monitoring is
advised [83]. NICE guidelines state finerenone should not be initiated at an eGFR of
<25 mL/min/1.73 m? and it should be discontinued if GFR < 25 mL/min/1.73 m? [76].
Other listed side-effects are hypotension and pruritus [89].

3.5. RAAS Inhibitors

The RAAS is central to blood pressure regulation and fluid and electrolyte balance.
RAAS inhibition with angiotensin-converting enzyme inhibitors (ACEis) and angiotensin-2
receptor blockers (ARBs) reduces the activity of angiotensin and thereby leads to vasodi-
lation, reduced sympathetic adrenergic activity, increased natriuresis and diuresis, and
inhibition of cardiac and vascular remodeling. Blood pressure control is effective against the
progression of DKD [37] and ACEis and ARBs are the first-line treatment for patients with
DKD [37]. RAAS blockade has been shown reduce albuminuria and to be renoprotective
for this patient group [90]. The benefits to renal function that these medications provide
exceed that attributable to blood pressure lowering [90]. However, double RAAS blockade
with ACEis/ARBs has been associated with an increased risk of acute kidney injury and
hyperkalemia [91]. In patients with T2DM on ACEIs, ARBs, or combination treatment, the
addition of a mineralocorticoid antagonist results in ~50% reduction in albuminuria [92]
and retains the renoprotective effect [86,93,94].

Side Effects

Adverse effects of ACEis and ARBs include hyperkalemia, renal impairment, angio-
edema, and dizziness; a cough can also occur with ACEis [95]. Use of ACEis or ARBs
in patients with low renal function (CKD4-5), or combination of a mineralocorticoid
antagonist with ACEis or ARBs therapy, can often increase plasma potassium or result in
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AKI. When starting an ACEFEis, or increasing the dose, it is advised to check renal function
and electrolytes 1-2 weeks later, with dose adjustment or medication cessation being
considered if the GFR decreases by >25%, creatinine increases by >30%, or serum potassium
is >5 mmol/L [95]. Patients with conditions such as CKD stage 4-5 or heart failure are
at higher risk of hyperkalemia [96]. Clinicians should conduct a careful risk-benefit
assessment for those patients whom double RAAS blockade is to be considered [97].

3.6. Statins

An inverse relationship exists between GFR and cardiovascular disease, with car-
diovascular disease being the predominant cause of increased mortality in patients with
CKD [6]. Renal dysfunction alters the composition of lipids to a more atherogenic profile;
hypertriglyceridemia, reduced HDL cholesterol, and variable LDL and total cholesterol are
seen [98]. Dyslipidemia per se is also a recognized risk for CKD and its progression [99]. As-
sociation of British Clinical Diabetologist and UK Renal Association guidelines recommend
annual lipid profiles for patients with DKD [100].

Statins are 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors
that act to disrupt the liver’s production of cholesterol. NICE guidelines state that adults
with CKD should be offered a statin to reduce their risk of cardiovascular events [8]. A
renoprotective effect of statins, independent from cholesterol lowering, has also been postulated
and a reduction in microalbuminuria has been observed [101-105]. Atorvastatin has been seen
to reduce cardiovascular disease by 42% in those with GFR 30-60 mL/min/1.73 m? [106]. The
Association of British Clinical Diabetologist and UK Renal Association suggest the use of
a statin in patients with DKD and that treatment targets should be a total cholesterol of
<4 mmol/L, non-HDL cholesterol <2.5 mmol/L, and LDL cholesterol to <2 mmol/L [100].

Side-Effects

Listed side-effects of statins include myalgia, gastrointestinal symptoms, hyper-
glycemia, nasopharyngitis, headache, and hepatotoxicity [107]. NICE guidelines advise
measuring liver function tests at 3 and 12 months after initiation of treatment. Many statins
are metabolized renally and so their doses should be reduced at lower creatinine clearance
levels. Statin use can cause myopathy and rhabdomyolysis that can lead to their discon-
tinuation; however, the rates of these adverse effects are low (1.6 cases per 100,000 person
years and 5 cases per 100,000 person years, respectively) [108]. If symptoms of myalgia or
cramps occur then creatinine kinase levels should be measured, and if they are >5 times the
upper limit of normal, then a statin should be held [107].

4. Recent Developments and Future Directions

Recent discoveries of new therapeutics such as SGLT2 inhibitors, GLP1 receptor ago-
nists, and non-steroidal MRAs have taken an important role in the treatment of cardiorenal
disease in the diabetic and non-diabetic population. Like in the 1990s with the introduction
of RAAS inhibitors, today, we have been learning from novel molecules with cardiorenal-
protective therapeutic properties that can be utilized to reduce cardiovascular morbidity
and mortality (Figure 2).

The SGLT2 inhibitors, initially developed as hypoglycemic agents, have demonstrated
an important cardiorenal protective effect in patients with and without diabetes [51-57]. The
mechanism behind the hypoglycemic effect of SGLT2 inhibitors is well understood [109].
Conversely, we are still not fully aware of the processes behind their cardiorenal-protective
role. The SGLT2 inhibitor-mediated cardiorenal-protective role starts within a few months
from their initiation [110]. The observed rapid and beneficial cardiorenal protective effects
mediated by SGLT2 inhibitors is also seen in patients without diabetes, suggesting a
mechanism which is unlikely to be mediated by an amelioration in glycemic control [57,60].
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Figure 2. Proposed renoprotective mechanisms of action of SGLT2 inhibitors, GLP1 receptor agonists,
non-steroidal MRAs, statins, and inhibitors of the RAAS (see text for detailed explanation).

Many hypotheses have been postulated. The renoprotective effect seems to be related
to changes in glomerular hemodynamics. We are aware of the importance of glomerular
hemodynamic perturbation in DKD [22], and how inhibition of glucose and sodium reab-
sorption in the proximal tubule of the nephron could lead, by tubulo-glomerular feedback,
to an increase in sodium at the macula densa and secondary afferent glomerular arteriolae
vasoconstriction with protection of glomerular hemodynamics [23]. This is supported by
an evident fall in GFR when patients are started on a SGLT2 inhibitor [111], a phenomenon
seen in most patients which represents a functional hemodynamic change and can quickly
be reversed by stopping the medication.

This theory has been disputed, and studies have instead proposed that the reduc-
tion in renal vascular resistance conferred by SGLT2 inhibitors is due to post-glomerular
vasodilation rather than afferent arteriolae vasoconstriction [112].

Other important mechanisms that have been postulated are the known effects of these
drugs to promote erythrocytosis. An analysis from the EMPA-REG OUTCOME trial [51]
suggests that an increase in hematocrit could account for more than 50% reduction in
mortality observed in the study. The increase in hematocrit is seen in both the diabetic
and non-diabetic population treated with SGLT2 inhibitors and has led investigators to
hypothesize that this class of drugs could act via an increase in erythropoietin secretion by
the kidney [113,114].

There are suggestions that SGLT2 inhibitors could act on hypoxia-inducible factors
(HIF)-1oc and HIF-2¢;, which in turn could act as mediators for the renoprotective effect [115].
Diabetic chronic kidney disease is characterized by tissue hypoxia [116], oxidative [117] and
endoplasmic reticulum stress [118], and an altered and inadequate autophagic response to
cellular stress [119] that lead to activation of HIF-1x and inhibition of HIF-2x.

The altered balance of HIF-1«/HIF-2« favors inflammatory and fibrotic processes as
seen in both the glomerular and tubular compartment in the diabetic kidney [120]. SGLT2
inhibitors reduce oxygen consumption in the proximal tubule by inhibiting the activity of
the energy dependent glucose transporter SGLT2. This results in reduced cellular stress,
and enhance nutrient deprivation signaling, which contributes to inhibition of HIF-1« and
stimulation of HIF-2« resulting in an increase in erythropoiesis (better tissue oxygena-
tion) [115]. Importantly, the shift in HIF-1oc/HIF-2« balance, in favor of HIF-2«, also results
in reduction of renal inflammation and fibrosis. The evidence that the known hypoxia
mimetic cobalt chloride mirrors the SGLT2 inhibitors effects in the kidney [115] supports
this hypothetical mechanism of action for the renoprotective properties of SGLT2 inhibitors.
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SGLT2 inhibitors promote natriuresis and volume depletion and activate the RAAS
system [121] as seen in patients with familial glycosuria (a genetic condition characterized
by mutations of the SGLT2 gene) [122]. Another proposed renoprotective effect of SGLT2
inhibitors is that, in patients treated with ACEis, angiotensin converting enzyme-2 activity
predominates leading to formation of angiotensin 1-7 which in turns activate the Mas
receptor promoting beneficial anti-inflammatory and anti-fibrotic effects [123].

A lot of discussion has been conducted on the observed increased ketogenesis seen
with the use of SGLT2 inhibitors in clinical trials in patients with T2DM. Ketones are
an efficient substrate that could benefit tissue homeostasis by relieving hypoxic stress,
improving renal function, and preventing progression to CKD [124]. This theory has been
challenged as ketone bodies circulating levels are increased in patients with diabetes and in
diabetes the kidney is per se a ketogenic organ [125].

The renoprotective effect of GLP1 agonists is not yet fully understood. Like for SGLT2
inhibitors, data from clinical trials conducted in patients with T2DM have shown that
treatment with GLP1 receptor agonists reduced the risk of cardiovascular events and
slowed the development of albuminuria in diabetic patients, demonstrating a direct cardio-
and renoprotective action independent of their effect on glycemic control [1,126]. GLP-1
receptor agonists seem to counteract the action of the RAAS. Infusion of GLP1 receptor
agonists, in patients with diabetes, results in a reduction in plasma angiotensin-2 which
has been postulated to contribute to renal protection [127,128].

Both GLP1 receptor agonists and SGLI2 inhibitors appear to have some effect on
RAAS which could potentially explain their cardiorenal-protective effect. The underlying
mechanisms are yet to be fully explained, and further work should focus on the interaction
of these drugs on RAAS [129].

In the last few years, non-steroidal MRAs (finerenone) have been developed [130].
Steroid hormones bind their receptor which in turn interacts with many other different
molecules (e.g., transcriptional cofactors) that contribute to the cellular activity of the
specific ligand [131]. It has been observed that more than 300 different cofactors interact
with members of the nuclear hormone superfamily. These cofactors allow ligand- and cell-
type/tissue-specific cellular events that lead to different physiological responses [132]. The
different cellular responses then translate into diverse actions seen between the different
type of steroid and non-steroidal ligands. Modulation of the ligand (e.g., non-steroidal
MRAs) results in different specific cellular/tissue effects that confer its specific mode of
action [85] (Figure 3).

The non-steroidal MRA finerenone’s renoprotective effect resides in the
anti-inflammatory and anti-fibrotic actions of MRA driven by RAAS inhibition [130]. Both
spironolactone and eplerenone have greater accumulation in the kidney when compared to
finerenone, which, in turn, has an equal distribution in the heart and kidneys. Finerenone
has no active metabolites and has a short half-life which may enable a more rapid rever-
sal of hyperkalemic episodes with this drug (especially when utilised with other RAAS
inhibitors) [133]. This allows the use of finerenone for cardiorenal protection in conjunction
with RAAS inhibition with ACEis or ARBs as described in the FIGARO and FIDELIO
trials [86-88].

The mechanisms behind the cardiorenal benefit of SGLI2 inhibitors, GLP1 receptor ag-
onists, and non-steroidal MRA are not fully understood, but it appears that the modulation
of RAAS activation, as seen in disease, is central to the mechanism of action of these drugs.

Better understanding of the mechanisms behind the renoprotective properties of these
recent new class of drugs is crucial. Clear knowledge of the mechanisms of action could
favor the discovery of novel target for treatment and the development of new molecules.
For example, alternative non-steroidal MRAs are currently being studied [134]. Some are
looking into aldosterone synthesis inhibition, aldosterone gene epigenetic regulation, and
targeted inhibition of specific downstream effects of the mineralocorticoid receptor [135].
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Figure 3. Steroidal and nonsteroidal MRAs mechanisms of action. Aldosterone binds to mineralocor-
ticoid receptors (MR) and by translocating into the nucleus and binding to specific nuclear hormone
response elements (HRE), recruits transcriptional cofactors and then initiates the transcription of
target genes (e.g., NfKB, nuclear factor kappa-light-chain-enhancer of activated B cell; AP-1, activator
protein-1; TGF(31, transforming growth factor 31; ET-1, endothelin-1; CTGF, connective tissue growth
factor; PAI-1, plasminogen activator inhibitor 1). Increased activation of the MR promotes proinflam-
matory and profibrotic processes that drive renal disease. Both steroidal and non-steroidal MRAs
bind to MR inhibiting aldosterone from binding to MRs. This prevents the downstream activation
of proinflammatory and profibrotic mechanisms. Steroidal MRAs, by interacting with cofactors
that affect gene transcription, function as partial MR agonists. Conversely, non-steroidal MRA (e.g.,
finerenone) anti-inflammatory and anti-fibrotic effects are more pronounced than those of steroidal
MRAS (see text for detailed explanation).

Studies are also looking at potential synergistic properties of non-steroidal MRAs with
SGLT?2 inhibitors; in the FIDELIO-DKD trial, lower rates of hyperkalemia were observed in
patients receiving SGLT2 inhibitors [136]. Other studies are looking at the combination of
non-steroidal MRAs and SGLT2 inhibitors on cardiorenal outcomes [133].

Better understanding of the mechanism of action of drugs could also help towards
personalized patient treatments with the identification of patients that could benefit in
different way from the use of new molecules.

5. Summary and Conclusions

The fight against diabetic kidney disease is centred on the prevention of its devel-
opment and progression. In recent years, significant new tools have become available to
prevent and treat DKD. Prevention requires aggressive treatment and close follow up of
patients with diabetes. Early intervention will improve patients” health outcomes, quality
of life, and health- and society-related costs. Studies aimed at better understanding the
mechanisms of these new molecules may open new opportunities for patients’ personalized
treatments and for the development of new therapeutic targets.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sattar, N.; Lee, M.M.Y; Kristensen, S.L.; Branch, K.R.H.; Del Prato, S.; Khurmi, N.S.; Lam, C.S.P; Lopes, R.D.; McMurray, J.J.V.;
Pratley, R.E.; et al. Cardiovascular, mortality, and kidney outcomes with GLP-1 receptor agonists in patients with type 2 diabetes:
A systematic review and meta-analysis of randomised trials. Lancet Diabetes Endocrinol. 2021, 9, 653-662. [CrossRef] [PubMed]

2. Gonzalez-Juanatey, ].R.; Gorriz, J.L.; Ortiz, A.; Valle, A.; Soler, M.].; Facila, L. Cardiorenal benefits of finerenone: Protecting kidney
and heart. Ann. Med. 2023, 55, 502-513. [CrossRef] [PubMed]


https://doi.org/10.1016/S2213-8587(21)00203-5
https://www.ncbi.nlm.nih.gov/pubmed/34425083
https://doi.org/10.1080/07853890.2023.2171110
https://www.ncbi.nlm.nih.gov/pubmed/36719097

Pharmaceutics 2023, 15, 1343 11 of 16

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lo, K.B; Gul, F; Ram, P; Kluger, A.Y.; Tecson, KM.; McCullough, P.A.; Rangaswami, ]. The Effects of SGLT2 Inhibitors on
Cardiovascular and Renal Outcomes in Diabetic Patients: A Systematic Review and Meta-Analysis. Cardiorenal Med. 2020, 10,
1-10. [CrossRef] [PubMed]

Sun, H.; Saeedi, P.; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B.; Stein, C.; Basit, A.; Chan, ].C.N.; Mbanya, ].C.; et al.
IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes
Res. Clin. Pract. 2022, 183, 109119. [CrossRef]

Koye, D.N.; Magliano, D.J.; Nelson, R.G.; Pavkov, M.E. The Global Epidemiology of Diabetes and Kidney Disease. Adv. Chronic
Kidney Dis. 2018, 25, 121-132. [CrossRef]

Go, A.S.; Chertow, G.M.; Fan, D.; McCulloch, C.E.; Hsu, C.Y. Chronic kidney disease and the risks of death, cardiovascular events,
and hospitalization. N. Engl. J. Med. 2004, 351, 1296-1305. [CrossRef]

Tuttle, K.R.; Bakris, G.L.; Bilous, RW.; Chiang, J.L.; de Boer, I.H.; Goldstein-Fuchs, J.; Hirsch, I.B.; Kalantar-Zadeh, K.; Narva,
A.S.; Navaneethan, S.D.; et al. Diabetic kidney disease: A report from an ADA Consensus Conference. Diabetes Care 2014, 37,
2864-2883. [CrossRef]

Penno, G.; Solini, A.; Orsi, E.; Bonora, E.; Fondelli, C.; Trevisan, R.; Vedovato, M.; Cavalot, F.; Lamacchia, O.; Scardapane, M.; et al.
Non-albuminuric renal impairment is a strong predictor of mortality in individuals with type 2 diabetes: The Renal Insufficiency
And Cardiovascular Events (RIACE) Italian multicentre study. Diabetologia 2018, 61, 2277-2289. [CrossRef]

Afkarian, M.; Sachs, M.C.; Kestenbaum, B.; Hirsch, I.B.; Tuttle, K.R.; Himmelfarb, J.; de Boer, . H. Kidney disease and increased
mortality risk in type 2 diabetes. J. Am. Soc. Nephrol. 2013, 24, 302-308. [CrossRef]

Haraldsson, B.; Nystrom, J.; Deen, WM. Properties of the glomerular barrier and mechanisms of proteinuria. Physiol. Rev. 2008,
88, 451-487. [CrossRef] [PubMed]

KDIGO CKD Work Group. KDIGO 2012 Clinical Practice Guideline for the Evaluation and Management of Chronic Kidney
Disease. Kidney Int. Suppl. 2013, 3 (Suppl. 1), 1-150.

Robles, N.R; Villa, J.; Gallego, R.H. Non-Proteinuric Diabetic Nephropathy. J. Clin. Med. 2015, 4, 1761-1773. [CrossRef] [PubMed]
Maclsaac, R.J.; Tsalamandris, C.; Panagiotopoulos, S.; Smith, T.J.; McNeil, K.J.; Jerums, G. Nonalbuminuric renal insufficiency in
type 2 diabetes. Diabetes Care 2004, 27, 195-200. [CrossRef] [PubMed]

Kramer, H.].; Nguyen, Q.D.; Curhan, G.; Hsu, C.Y. Renal insufficiency in the absence of albuminuria and retinopathy among
adults with type 2 diabetes mellitus. JAMA 2003, 289, 3273-3277. [CrossRef]

De Boer, I.H.; Sun, W.; Cleary, PA.; Lachin, ].M.; Molitch, M.E.; Steffes, M.W.; Zinman, B. Intensive diabetes therapy and
glomerular filtration rate in type 1 diabetes. N. Engl. . Med. 2011, 365, 2366-2376. [CrossRef]

Stephenson, ].M.; Fuller, ].H. Microalbuminuria is not rare before 5 years of IDDM. EURODIAB IDDM Complications Study
Group and the WHO Multinational Study of Vascular Disease in Diabetes Study Group. J. Diabetes Complicat. 1994, 8, 166-173.
[CrossRef]

Mogensen, C.E. Early glomerular hyperfiltration in insulin-dependent diabetics and late nephropathy. Scand. J. Clin. Lab. Investig.
1986, 46, 201-206. [CrossRef]

Magee, G.M.; Bilous, RW.; Cardwell, C.R; Hunter, S.J.; Kee, E; Fogarty, D.G. Is hyperfiltration associated with the future risk of
developing diabetic nephropathy? A meta-analysis. Diabetologia 2009, 52, 691-697. [CrossRef]

Ruggenenti, P,; Porrini, E.L.; Gaspari, F.; Motterlini, N.; Cannata, A.; Carrara, F,; Cella, C.; Ferrari, S.; Stucchi, N.; Parvanova, A;
et al. Glomerular Hyperfiltration and Renal Disease Progression in Type 2 Diabetes. Diabetes Care 2012, 35, 2061-2068. [CrossRef]
Poulsen, PL.; Hansen, K.W.; Mogensen, C.E. Ambulatory blood pressure in the transition from normo- to microalbuminuria. A
longitudinal study in IDDM patients. Diabetes 1994, 43, 1248-1253. [CrossRef]

Lurbe, E.; Redon, J.; Kesani, A.; Pascual, ].M.; Tacons, J.; Alvarez, V.; Batlle, D. Increase in nocturnal blood pressure and
progression to microalbuminuria in type 1 diabetes. N. Engl. |. Med. 2002, 347, 797-805. [CrossRef] [PubMed]

Gnudi, L.; Thomas, S.M.; Viberti, G. Mechanical forces in diabetic kidney disease: A trigger for impaired glucose metabolism. J.
Am. Soc. Nephrol. 2007, 18, 2226-2232. [CrossRef] [PubMed]

Cherney, D.Z.; Perkins, B.A.; Soleymanlou, N.; Maione, M.; Lai, V.; Lee, A.; Fagan, N.M.; Woerle, H.].; Johansen, O.E.; Broed],
U.C,; et al. Renal hemodynamic effect of sodium-glucose cotransporter 2 inhibition in patients with type 1 diabetes mellitus.
Circulation 2014, 129, 587-597. [CrossRef] [PubMed]

Anderson, S.; Vora, ].P. Current concepts of renal hemodynamics in diabetes. J. Diabetes Complicat. 1995, 9, 304-307. [CrossRef]
[PubMed]

Hummel, C.S.; Lu, C.; Loo, D.D.; Hirayama, B.A.; Voss, A.A.; Wright, E.M. Glucose transport by human renal Na+/D-glucose
cotransporters SGLT1 and SGLT2. Am. |. Physiol. Cell Physiol. 2011, 300, C14—C21. [CrossRef]

Rahmoune, H.; Thompson, PW.; Ward, ].M.; Smith, C.D.; Hong, G.; Brown, J. Glucose transporters in human renal proximal
tubular cells isolated from the urine of patients with non-insulin-dependent diabetes. Diabetes 2005, 54, 3427-3434. [CrossRef]
Vallon, V.; Thomson, S.C. Renal function in diabetic disease models: The tubular system in the pathophysiology of the diabetic
kidney. Annu. Rev. Physiol. 2012, 74, 351-375. [CrossRef]

Vervoort, G.; Veldman, B.; Berden, ].H.; Smits, P.; Wetzels, ].F. Glomerular hyperfiltration in type 1 diabetes mellitus results from
primary changes in proximal tubular sodium handling without changes in volume expansion. Eur. J. Clin. Investig. 2005, 35,
330-336. [CrossRef]


https://doi.org/10.1159/000503919
https://www.ncbi.nlm.nih.gov/pubmed/31743918
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1053/j.ackd.2017.10.011
https://doi.org/10.1056/NEJMoa041031
https://doi.org/10.2337/dc14-1296
https://doi.org/10.1007/s00125-018-4691-2
https://doi.org/10.1681/ASN.2012070718
https://doi.org/10.1152/physrev.00055.2006
https://www.ncbi.nlm.nih.gov/pubmed/18391170
https://doi.org/10.3390/jcm4091761
https://www.ncbi.nlm.nih.gov/pubmed/26371050
https://doi.org/10.2337/diacare.27.1.195
https://www.ncbi.nlm.nih.gov/pubmed/14693989
https://doi.org/10.1001/jama.289.24.3273
https://doi.org/10.1056/NEJMoa1111732
https://doi.org/10.1016/1056-8727(94)90035-3
https://doi.org/10.3109/00365518609083660
https://doi.org/10.1007/s00125-009-1268-0
https://doi.org/10.2337/dc11-2189
https://doi.org/10.2337/diab.43.10.1248
https://doi.org/10.1056/NEJMoa013410
https://www.ncbi.nlm.nih.gov/pubmed/12226150
https://doi.org/10.1681/ASN.2006121362
https://www.ncbi.nlm.nih.gov/pubmed/17634438
https://doi.org/10.1161/CIRCULATIONAHA.113.005081
https://www.ncbi.nlm.nih.gov/pubmed/24334175
https://doi.org/10.1016/1056-8727(95)80028-D
https://www.ncbi.nlm.nih.gov/pubmed/8573753
https://doi.org/10.1152/ajpcell.00388.2010
https://doi.org/10.2337/diabetes.54.12.3427
https://doi.org/10.1146/annurev-physiol-020911-153333
https://doi.org/10.1111/j.1365-2362.2005.01497.x

Pharmaceutics 2023, 15, 1343 12 of 16

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

Maddox, D.A.; Brenner, B.M. Glomerular ultrafiltration. In The Kidney; Brenner, B.M., Rector, F.C., Jr., Eds.; W.B. Saunders
Company: Philadelphia, PA, USA, 2000; Volume 6, pp. 319-374.

Raij, L. The pathophysiologic basis for blocking the renin-angiotensin system in hypertensive patients with renal disease. Am. J.
Hypertens. 2005, 18, 955-99S. [CrossRef]

Hall, J.E.; Jones, D.W.; Kuo, ].J.; da Silva, A.; Tallam, L.S; Liu, J. Impact of the obesity epidemic on hypertension and renal disease.
Curr. Hypertens. Rep. 2003, 5, 386-392. [CrossRef]

Hall, J.E.; Henegar, ].R.; Dwyer, T.M.; Liu, J.; Da Silva, A.A.; Kuo, ].J.; Tallam, L. Is obesity a major cause of chronic kidney disease?
Adv. Ren. Replace Ther. 2004, 11, 41-54. [CrossRef] [PubMed]

Henegar, ].R.; Bigler, S.A.; Henegar, L K.; Tyagi, S.C.; Hall, J.E. Functional and structural changes in the kidney in the early stages
of obesity. J. Am. Soc. Nephrol. 2001, 12, 1211-1217. [CrossRef] [PubMed]

Chagnac, A.; Weinstein, T.; Herman, M.; Hirsh, J.; Gafter, U.; Ori, Y. The effects of weight loss on renal function in patients with
severe obesity. . Am. Soc. Nephrol. 2003, 14, 1480-1486. [CrossRef] [PubMed]

Ezequiel, D.G.; Costa, M.B.; Chaoubah, A.; de Paula, R.B. Weight loss improves renal hemodynamics in patients with metabolic
syndrome. |. Bras. Nefrol. 2012, 34, 36—42. [CrossRef] [PubMed]

Rutledge, ].C.; Ng, K.E; Aung, H.H.; Wilson, D.W. Role of triglyceride-rich lipoproteins in diabetic nephropathy. Nat. Rev. Nephrol.
2010, 6, 361-370. [CrossRef]

Gnudi, L.; Gentile, G.; Ruggenenti, P. The patient with diabetes mellitus. In Oxford Textbook of Clinical Nephrology; Turner, N.,
Lamiere, N., Goldsmith, D.]J., Wineearls, C.G., Himmelfarb, J., Remuzzi, G., Eds.; Oxford University Press: Oxford, UK, 2016;
Volume 2, pp. 1199-1247.

Shen, X.; Zhang, Z.; Zhang, X.; Zhao, J.; Zhou, X.; Xu, Q.; Shang, H.; Dong, J.; Liao, L. Efficacy of statins in patients with diabetic
nephropathy: A meta-analysis of randomized controlled trials. Lipids Health Dis. 2016, 15, 179. [CrossRef] [PubMed]

Sun, X,; Liu, J.; Wang, G. Fenofibrate decreased microalbuminuria in the type 2 diabetes patients with hypertriglyceridemia.
Lipids Health Dis. 2020, 19, 103. [CrossRef]

Forsblom, C.; Hiukka, A.; Leinonen, E.S.; Sundvall, ].; Groop, PH.; Taskinen, M.R. Effects of long-term fenofibrate treatment on
markers of renal function in type 2 diabetes: The FIELD Helsinki substudy. Diabetes Care 2010, 33, 215-220. [CrossRef]

Fioretto, P; Steffes, M.W.; Sutherland, D.E.; Goetz, F.C.; Mauer, M. Reversal of lesions of diabetic nephropathy after pancreas
transplantation. N. Engl. J. Med. 1998, 339, 69-75. [CrossRef]

Ikizler, T.A.; Burrowes, ].D.; Byham-Gray, L.D.; Campbell, K.L.; Carrero, ].J.; Chan, W.; Fouque, D.; Friedman, A.N.; Ghaddar, S.;
Goldstein-Fuchs, D.J.; et al. KDOQI Clinical Practice Guideline for Nutrition in CKD: 2020 Update. Am. ]. Kidney Dis. 2020, 76,
S1-5107. [CrossRef]

Crapo, P.A. Simple versus complex carbohydrate use in the diabetic diet. Annu. Rev. Nutr. 1985, 5, 95-114. [CrossRef]

Lean, M.E.; Leslie, W.S.; Barnes, A.C.; Brosnahan, N.; Thom, G.; McCombie, L.; Peters, C.; Zhyzhneuskaya, S.; Al-Mrabeh, A.;
Hollingsworth, K.G.; et al. Primary care-led weight management for remission of type 2 diabetes (DiRECT): An open-label,
cluster-randomised trial. Lancet 2018, 391, 541-551. [CrossRef] [PubMed]

Zainordin, N.A.; Eddy Warman, N.A.; Mohamad, A.F,; Abu Yazid, FA.; Ismail, N.H.; Chen, X.W.; Koshy, M.; Abdul Rahman, T.H.;
Mohd Ismail, N.; Abdul Ghani, R. Safety and efficacy of very low carbohydrate diet in patients with diabetic kidney disease-A
randomized controlled trial. PLoS ONE 2021, 16, €0258507. [CrossRef] [PubMed]

Onyenwenyi, C.; Ricardo, A.C. Impact of Lifestyle Modification on Diabetic Kidney Disease. Curr. Diabetes Rep. 2015, 15, 60.
[CrossRef] [PubMed]

Wright, EM.; Loo, D.D.; Hirayama, B.A. Biology of human sodium glucose transporters. Physiol. Rev. 2011, 91, 733-794.
[CrossRef]

Solini, A. Role of SGLT2 inhibitors in the treatment of type 2 diabetes mellitus. Acta Diabetol. 2016, 53, 863-870. [CrossRef]
Ferrannini, E.; Solini, A. SGLT2 inhibition in diabetes mellitus: Rationale and clinical prospects. Nat. Rev. Endocrinol. 2012, 8,
495-502. [CrossRef]

Fonseca-Correa, ].I.; Correa-Rotter, R. Sodium-Glucose Cotransporter 2 Inhibitors Mechanisms of Action: A Review. Front. Med.
2021, 8, 777861. [CrossRef]

Zinman, B.; Wanner, C.; Lachin, J.M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.; Woerle,
H.J.; et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N. Engl. |. Med. 2015, 373, 2117-2128.
[CrossRef]

Neal, B.; Perkovic, V.; Mahaffey, KW.; de Zeeuw, D.; Fulcher, G.; Erondu, N.; Shaw, W.; Law, G.; Desai, M.; Matthews, D.R,; et al.
Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes. N. Engl. ]. Med. 2017, 377, 644-657. [CrossRef]

Wiviott, S.D.; Raz, I.; Bonaca, M.P,; Mosenzon, O.; Kato, E.T.; Cahn, A.; Silverman, M.G.; Zelniker, T.A.; Kuder, ].F,; Murphy, S.A,;
et al. Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. ]. Med. 2019, 380, 347-357. [CrossRef] [PubMed]
Wanner, C.; Inzucchi, S.E.; Lachin, ].M.; Fitchett, D.; von Eynatten, M.; Mattheus, M.; Johansen, O.E.; Woerle, H.J.; Broedl, U.C,;
Zinman, B.; et al. Empagliflozin and Progression of Kidney Disease in Type 2 Diabetes. N. Engl. ]. Med. 2016, 375, 323-334.
[CrossRef] [PubMed]

Perkovic, V.; de Zeeuw, D.; Mahaffey, KW.; Fulcher, G.; Erondu, N.; Shaw, W.; Barrett, T.D.; Weidner-Wells, M.; Deng, H.;
Matthews, D.R.; et al. Canagliflozin and renal outcomes in type 2 diabetes: Results from the CANVAS Program randomised
clinical trials. Lancet Diabetes Endocrinol. 2018, 6, 691-704. [CrossRef] [PubMed]


https://doi.org/10.1016/j.amjhyper.2004.11.040
https://doi.org/10.1007/s11906-003-0084-z
https://doi.org/10.1053/j.arrt.2003.10.007
https://www.ncbi.nlm.nih.gov/pubmed/14730537
https://doi.org/10.1681/ASN.V1261211
https://www.ncbi.nlm.nih.gov/pubmed/11373344
https://doi.org/10.1097/01.ASN.0000068462.38661.89
https://www.ncbi.nlm.nih.gov/pubmed/12761248
https://doi.org/10.1590/S0101-28002012000100006
https://www.ncbi.nlm.nih.gov/pubmed/22441180
https://doi.org/10.1038/nrneph.2010.59
https://doi.org/10.1186/s12944-016-0350-0
https://www.ncbi.nlm.nih.gov/pubmed/27733168
https://doi.org/10.1186/s12944-020-01254-2
https://doi.org/10.2337/dc09-0621
https://doi.org/10.1056/NEJM199807093390202
https://doi.org/10.1053/j.ajkd.2020.05.006
https://doi.org/10.1146/annurev.nu.05.070185.000523
https://doi.org/10.1016/S0140-6736(17)33102-1
https://www.ncbi.nlm.nih.gov/pubmed/29221645
https://doi.org/10.1371/journal.pone.0258507
https://www.ncbi.nlm.nih.gov/pubmed/34644368
https://doi.org/10.1007/s11892-015-0632-3
https://www.ncbi.nlm.nih.gov/pubmed/26194155
https://doi.org/10.1152/physrev.00055.2009
https://doi.org/10.1007/s00592-016-0856-y
https://doi.org/10.1038/nrendo.2011.243
https://doi.org/10.3389/fmed.2021.777861
https://doi.org/10.1056/NEJMoa1504720
https://doi.org/10.1056/NEJMoa1611925
https://doi.org/10.1056/NEJMoa1812389
https://www.ncbi.nlm.nih.gov/pubmed/30415602
https://doi.org/10.1056/NEJMoa1515920
https://www.ncbi.nlm.nih.gov/pubmed/27299675
https://doi.org/10.1016/S2213-8587(18)30141-4
https://www.ncbi.nlm.nih.gov/pubmed/29937267

Pharmaceutics 2023, 15, 1343 13 of 16

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Perkovic, V.; Jardine, M.].; Neal, B.; Bompoint, S.; Heerspink, H.J.L.; Charytan, D.M.; Edwards, R.; Agarwal, R; Bakris, G.; Bull, S,;
et al. Canagliflozin and Renal Outcomes in Type 2 Diabetes and Nephropathy. N. Engl. ]. Med. 2019, 380, 2295-2306. [CrossRef]
Heerspink, H.J.L.; Stefansson, B.V.; Correa-Rotter, R.; Chertow, G.M.; Greene, T.; Hou, EF; Mann, ].EE.; McMurray, ].J.V.; Lindberg,
M.; Rossing, P; et al. Dapagliflozin in Patients with Chronic Kidney Disease. N. Engl. J. Med. 2020, 383, 1436-1446. [CrossRef]
National Institute for Health and Care Excellence. Diabetes-Type 2. 2023. Available online: https://cks.nice.org.uk/topics/
diabetes-type-2/management/management-adults (accessed on 20 April 2023).

Georgianos, P1.; Agarwal, R. Ambulatory Blood Pressure Reduction With SGLT-2 Inhibitors: Dose-Response Meta-analysis and
Comparative Evaluation with Low-Dose Hydrochlorothiazide. Diabetes Care 2019, 42, 693-700. [CrossRef]

McMurray, J.J.V.; Solomon, S.D.; Inzucchi, S.E.; Kober, L.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P.; Sabatine, M.S.; Anand,
L.S.; Belohlavek, J.; et al. Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction. N. Engl. |. Med. 2019, 381,
1995-2008. [CrossRef]

Anker, S.D.; Butler, J.; Filippatos, G.; Ferreira, J.P.; Bocchi, E.; Bohm, M.; Brunner-La Rocca, H.P.; Choi, D.J.; Chopra, V.; Chuquiure-
Valenzuela, E.; et al. Empagliflozin in Heart Failure with a Preserved Ejection Fraction. N. Engl. ]. Med. 2021, 385, 1451-1461.
[CrossRef]

Solomon, S.D.; McMurray, J.J.V.; Claggett, B.; de Boer, R.A.; DeMets, D.; Hernandez, A.F.; Inzucchi, S.E.; Kosiborod, M.N.; Lam,
C.S.P; Martinez, F; et al. Dapagliflozin in Heart Failure with Mildly Reduced or Preserved Ejection Fraction. N. Engl. |. Med.
2022, 387, 1089-1098. [CrossRef]

Rossing, P.; Caramori, M.L.; Chan, ].C.N.; Heerspink, H.].L.; Hurst, C.; Khunti, K.; Liew, A.; Michos, E.D.; Navaneethan, S.D.;
Olowu, W.A; et al. Executive summary of the KDIGO 2022 Clinical Practice Guideline for Diabetes Management in Chronic
Kidney Disease: An update based on rapidly emerging new evidence. Kidney Int. 2022, 102, 990-999. [CrossRef]

Cherney, D.Z.I.; Cooper, M.E.; Tikkanen, L; Pfarr, E.; Johansen, O.E.; Woerle, H.J.; Broedl, U.C.; Lund, S.S. Pooled analysis of
Phase III trials indicate contrasting influences of renal function on blood pressure, body weight, and HbAlc reductions with
empagliflozin. Kidney Int. 2018, 93, 231-244. [CrossRef] [PubMed]

Vallon, V. The mechanisms and therapeutic potential of SGLT2 inhibitors in diabetes mellitus. Annu. Rev. Med. 2015, 66, 255-270.
[CrossRef] [PubMed]

Bailey, C.J.; Day, C.; Bellary, S. Renal Protection with SGLT2 Inhibitors: Effects in Acute and Chronic Kidney Disease. Curr.
Diabetes Rep. 2022, 22, 39-52. [CrossRef] [PubMed]

Garofalo, C.; Borrelli, S.; Liberti, M.E.; Andreucci, M.; Conte, G.; Minutolo, R.; Provenzano, M.; De Nicola, L. SGLT2 Inhibitors:
Nephroprotective Efficacy and Side Effects. Medicina 2019, 55, 268. [CrossRef]

Musso, G.; Saba, F.; Cassader, M.; Gambino, R. Diabetic ketoacidosis with SGLT2 inhibitors. BM] 2020, 371, m4147. [CrossRef]
Medicines and Healthcare Products Regulatory Agency. Drug Safety Update. 2020. Available online: https://www.gov.uk/drug-
safety-update/sglt2-inhibitors-monitor-ketones-in-blood-during-treatment-interruption-for-surgical-procedures-or-acute-
serious-medical-illness (accessed on 20 April 2023).

Dashora, U.; Gregory, R.; Winocour, P.; Dhatariya, K.; Rowles, S.; Macklin, A.; Rayman, G.; Nagi, D.; Whitehead, K.; Beba, H.;
et al. Association of British Clinical Diabetologists (ABCD) and Diabetes UK joInt. position statement and recommendations for
non-diabetes specialists on the use of sodium glucose co-transporter 2 inhibitors in people with type 2 diabetes (January 2021).
Clin. Med. 2021, 21, 204-210. [CrossRef]

Yu, J.H,; Park, S.Y,; Lee, D.Y,; Kim, N.H.; Seo, ].A. GLP-1 receptor agonists in diabetic kidney disease: Current evidence and future
directions. Kidney Res. Clin. Pract. 2022, 41, 136-149. [CrossRef]

Meier, ].J. GLP-1 receptor agonists for individualized treatment of type 2 diabetes mellitus. Nat. Rev. Endocrinol. 2012, 8, 728-742.
[CrossRef]

Zhao, X.; Wang, M.; Wen, Z.; Lu, Z.; Cui, L.; Fu, C; Xue, H,; Liu, Y.; Zhang, Y. GLP-1 Receptor Agonists: Beyond Their Pancreatic
Effects. Front. Endocrinol. 2021, 12, 721135. [CrossRef]

Nauck, M.A.; Quast, D.R.; Wefers, J.; Meier, ].J. GLP-1 receptor agonists in the treatment of type 2 diabetes—State-of-the-art. Mol.
Metab. 2021, 46, 101102. [CrossRef]

Kristensen, S.L.; Rorth, R.; Jhund, P.S.; Docherty, K.E; Sattar, N.; Preiss, D.; Kober, L.; Petrie, M.C.; McMurray, J.J.V. Cardiovascular,
mortality, and kidney outcomes with GLP-1 receptor agonists in patients with type 2 diabetes: A systematic review and
meta-analysis of cardiovascular outcome trials. Lancet Diabetes Endocrinol. 2019, 7, 776-785. [CrossRef] [PubMed]

Granata, A.; Maccarrone, R.; Anzaldi, M.; Leonardi, G.; Pesce, F.; Amico, F; Gesualdo, L.; Corrao, S. GLP-1 receptor agonists and
renal outcomes in patients with diabetes mellitus type 2 and diabetic kidney disease: State of the art. Clin. Kidney J. 2022, 15,
1657-1665. [CrossRef] [PubMed]

Buse, J.B.; Nauck, M.; Forst, T.; Sheu, W.H.; Shenouda, S.K.; Heilmann, C.R.; Hoogwerf, B.].; Gao, A.; Boardman, M.K.; Fineman,
M.; et al. Exenatide once weekly versus liraglutide once daily in patients with type 2 diabetes (DURATION-6): A randomised,
open-label study. Lancet 2013, 381, 117-124. [CrossRef] [PubMed]

Patoulias, D.I.; Boulmpou, A.; Teperikidis, E.; Katsimardou, A.; Siskos, F; Doumas, M.; Papadopoulos, C.E.; Vassilikos, V.
Cardiovascular efficacy and safety of dipeptidyl peptidase-4 inhibitors: A meta-analysis of cardiovascular outcome trials. World J.
Cardiol. 2021, 13, 585-592. [CrossRef]

Brunton, S. GLP-1 receptor agonists vs. DPP-4 inhibitors for type 2 diabetes: Is one approach more successful or preferable than
the other? Int. . Clin. Pract. 2014, 68, 557-567. [CrossRef]


https://doi.org/10.1056/NEJMoa1811744
https://doi.org/10.1056/NEJMoa2024816
https://cks.nice.org.uk/topics/diabetes-type-2/management/management-adults
https://cks.nice.org.uk/topics/diabetes-type-2/management/management-adults
https://doi.org/10.2337/dc18-2207
https://doi.org/10.1056/NEJMoa1911303
https://doi.org/10.1056/NEJMoa2107038
https://doi.org/10.1056/NEJMoa2206286
https://doi.org/10.1016/j.kint.2022.06.013
https://doi.org/10.1016/j.kint.2017.06.017
https://www.ncbi.nlm.nih.gov/pubmed/28860019
https://doi.org/10.1146/annurev-med-051013-110046
https://www.ncbi.nlm.nih.gov/pubmed/25341005
https://doi.org/10.1007/s11892-021-01442-z
https://www.ncbi.nlm.nih.gov/pubmed/35113333
https://doi.org/10.3390/medicina55060268
https://doi.org/10.1136/bmj.m4147
https://www.gov.uk/drug-safety-update/sglt2-inhibitors-monitor-ketones-in-blood-during-treatment-interruption-for-surgical-procedures-or-acute-serious-medical-illness
https://www.gov.uk/drug-safety-update/sglt2-inhibitors-monitor-ketones-in-blood-during-treatment-interruption-for-surgical-procedures-or-acute-serious-medical-illness
https://www.gov.uk/drug-safety-update/sglt2-inhibitors-monitor-ketones-in-blood-during-treatment-interruption-for-surgical-procedures-or-acute-serious-medical-illness
https://doi.org/10.7861/clinmed.2021-0045
https://doi.org/10.23876/j.krcp.22.001
https://doi.org/10.1038/nrendo.2012.140
https://doi.org/10.3389/fendo.2021.721135
https://doi.org/10.1016/j.molmet.2020.101102
https://doi.org/10.1016/S2213-8587(19)30249-9
https://www.ncbi.nlm.nih.gov/pubmed/31422062
https://doi.org/10.1093/ckj/sfac069
https://www.ncbi.nlm.nih.gov/pubmed/36003669
https://doi.org/10.1016/S0140-6736(12)61267-7
https://www.ncbi.nlm.nih.gov/pubmed/23141817
https://doi.org/10.4330/wjc.v13.i10.585
https://doi.org/10.1111/ijcp.12361

Pharmaceutics 2023, 15, 1343 14 of 16

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Kawanami, D.; Takashi, Y. GLP-1 Receptor Agonists in Diabetic Kidney Disease: From Clinical Outcomes to Mechanisms. Front.
Pharmacol. 2020, 11, 967. [CrossRef]

Wharton, S.; Davies, M.; Dicker, D.; Lingvay, I.; Mosenzon, O.; Rubino, D.M.; Pedersen, S.D. Managing the gastrointestinal side
effects of GLP-1 receptor agonists in obesity: Recommendations for clinical practice. Postgrad. Med. 2022, 134, 14-19. [CrossRef]
Filippatos, T.D.; Panagiotopoulou, T.V.; Elisaf, M.S. Adverse Effects of GLP-1 Receptor Agonists. Rev. Diabet. Stud. 2014, 11,
202-230. [CrossRef]

Zhang, M.Z.; Bao, W.; Zheng, Q.Y.; Wang, Y.H.; Sun, L.Y. Efficacy and Safety of Finerenone in Chronic Kidney Disease: A
Systematic Review and Meta-Analysis of Randomized Clinical Trials. Front. Pharmacol. 2022, 13, 819327. [CrossRef]

Bakris, G.; Filippatos, G.S.; Farmakis, D.; Epstein, M.; Pitt, B. Aldosterone Antagonists and CVD. 2021. Available on-
line: https:/ /www.acc.org/latest-in-cardiology /articles /2021/07/19/13 /42 /aldosterone-antagonists-and-cvd (accessed on
20 April 2023).

Agarwal, R.; Kolkhof, P.; Bakris, G.; Bauersachs, J.; Haller, H.; Wada, T.; Zannad, F. Steroidal and non-steroidal mineralocorticoid
receptor antagonists in cardiorenal medicine. Eur. Heart J. 2021, 42, 152-161. [CrossRef]

Bakris, G.L.; Agarwal, R.; Anker, S.D.; Pitt, B.; Ruilope, L.M.; Rossing, P.; Kolkhof, P.; Nowack, C.; Schloemer, P; Joseph, A.; et al.
Effect of Finerenone on Chronic Kidney Disease Outcomes in Type 2 Diabetes. N. Engl. ]. Med. 2020, 383, 2219-2229. [CrossRef]
[PubMed]

Pitt, B.; Filippatos, G.; Agarwal, R.; Anker, S.D.; Bakris, G.L.; Rossing, P.; Joseph, A.; Kolkhof, P.; Nowack, C.; Schloemer, P; et al.
Cardiovascular Events with Finerenone in Kidney Disease and Type 2 Diabetes. N. Engl. |. Med. 2021, 385, 2252-2263. [CrossRef]
[PubMed]

Agarwal, R; Filippatos, G.; Pitt, B.; Anker, S.D.; Rossing, P.; Joseph, A.; Kolkhof, P.; Nowack, C.; Gebel, M.; Ruilope, L.M.; et al.
Cardiovascular and kidney outcomes with finerenone in patients with type 2 diabetes and chronic kidney disease: The FIDELITY
pooled analysis. Eur. Heart |. 2022, 43, 474-484. [CrossRef] [PubMed]

National Institute for Health and Care Excellence. British National Formulary. Finerenone. 2022. Available online: https:
//bnfnice.org.uk/drugs/finerenone (accessed on 20 April 2023).

Lewis, E.J.; Hunsicker, L.G.; Bain, R.P; Rohde, R.D. The effect of angiotensin-converting-enzyme inhibition on diabetic nephropa-
thy. The Collaborative Study Group. N. Engl. |. Med. 1993, 329, 1456-1462. [CrossRef]

Fried, L.F,; Emanuele, N.; Zhang, ].H.; Brophy, M.; Conner, T.A.; Duckworth, W.; Leehey, D.J.; McCullough, P.A.; O’Connor, T,;
Palevsky, PM.; et al. Combined angiotensin inhibition for the treatment of diabetic nephropathy. N. Engl. . Med. 2013, 369,
1892-1903. [CrossRef]

Navaneethan, S.D.; Nigwekar, S.U.; Sehgal, A.R.; Strippoli, G.F. Aldosterone antagonists for preventing the progression of chronic
kidney disease: A systematic review and meta-analysis. Clin. J. Am. Soc. Nephrol. 2009, 4, 542-551. [CrossRef]

Bianchi, S.; Bigazzi, R.; Campese, V.M. Long-term effects of spironolactone on proteinuria and kidney function in patients with
chronic kidney disease. Kidney Int. 2006, 70, 2116-2123. [CrossRef]

Van den Meiracker, A.H.; Baggen, R.G.; Pauli, S.; Lindemans, A.; Vulto, A.G.; Poldermans, D.; Boomsma, E. Spironolactone in type
2 diabetic nephropathy: Effects on proteinuria, blood pressure and renal function. J. Hypertens. 2006, 24, 2285-2292. [CrossRef]
National Institute for Health and Care Excellence. Angiotensin-Convertine Enzyme Inhibitors. 2022. Available online:
https:/ /cks.nice.org.uk/topics /hypertension/prescribing-information /angiotensin-converting-enzyme-inhibitors (accessed on
20 April 2023).

Khosla, N.; Kalaitzidis, R.; Bakris, G.L. Predictors of hyperkalemia risk following hypertension control with aldosterone blockade.
Am. J. Nephrol. 2009, 30, 418-424. [CrossRef]

Weir, M.R.; Rolfe, M. Potassium homeostasis and renin-angiotensin-aldosterone system inhibitors. Clin. J. Am. Soc. Nephrol. 2010,
5,531-548. [CrossRef]

Visconti, L.; Benvenga, S.; Lacquaniti, A.; Cernaro, V.; Bruzzese, A.; Conti, G.; Buemi, M.; Santoro, D. Lipid disorders in patients
with renal failure: Role in cardiovascular events and progression of chronic kidney disease. J. Clin. Transl. Endocrinol. 2016, 6,
8-14. [CrossRef] [PubMed]

Schaeffner, E.S.; Kurth, T.; Curhan, G.C.; Glynn, R.J.; Rexrode, K.M.; Baigent, C.; Buring, J.E.; Gaziano, ].M. Cholesterol and the
risk of renal dysfunction in apparently healthy men. J. Am. Soc. Nephrol. 2003, 14, 2084-2091. [CrossRef] [PubMed]
Zac-Varghese, S.; Mark, P.; Winocour, P.; Association of British Clinical Diabetologist and UK Renal Association. Clinical Practice
Guidelines for Management of Lipids in Adults with Diabetic Kidney Disease. 2021. Available online: https://abcd.care/
sites/abcd.care/files/site_uploads/Resources/Position-Papers/Management-of-lipids-in%20adults-with-DKD.pdf (accessed on
20 April 2023).

Oesterle, A.; Laufs, U.; Liao, ].K. Pleiotropic Effects of Statins on the Cardiovascular System. Circ. Res. 2017, 120, 229-243.
[CrossRef] [PubMed]

Wanner, C.; Tonelli, M.; Kidney Disease: Improving Global Outcomes Lipid Guideline Development Work Group Members.
KDIGO Clinical Practice Guideline for Lipid Management in CKD: Summary of recommendation statements and clinical approach
to the patient. Kidney Int. 2014, 85, 1303-1309. [CrossRef]

Chen, H.C,; Guh, ].Y;; Chang, ].M.; Hsieh, M.C.; Shin, S.J.; Lai, Y.H. Role of lipid control in diabetic nephropathy. Kidney Int. Suppl.
2005, 67, S60-S62. [CrossRef] [PubMed]


https://doi.org/10.3389/fphar.2020.00967
https://doi.org/10.1080/00325481.2021.2002616
https://doi.org/10.1900/RDS.2014.11.202
https://doi.org/10.3389/fphar.2022.819327
https://www.acc.org/latest-in-cardiology/articles/2021/07/19/13/42/aldosterone-antagonists-and-cvd
https://doi.org/10.1093/eurheartj/ehaa736
https://doi.org/10.1056/NEJMoa2025845
https://www.ncbi.nlm.nih.gov/pubmed/33264825
https://doi.org/10.1056/NEJMoa2110956
https://www.ncbi.nlm.nih.gov/pubmed/34449181
https://doi.org/10.1093/eurheartj/ehab777
https://www.ncbi.nlm.nih.gov/pubmed/35023547
https://bnf.nice.org.uk/drugs/finerenone
https://bnf.nice.org.uk/drugs/finerenone
https://doi.org/10.1056/NEJM199311113292004
https://doi.org/10.1056/NEJMoa1303154
https://doi.org/10.2215/CJN.04750908
https://doi.org/10.1038/sj.ki.5001854
https://doi.org/10.1097/01.hjh.0000249708.44016.5c
https://cks.nice.org.uk/topics/hypertension/prescribing-information/angiotensin-converting-enzyme-inhibitors
https://doi.org/10.1159/000237742
https://doi.org/10.2215/CJN.07821109
https://doi.org/10.1016/j.jcte.2016.08.002
https://www.ncbi.nlm.nih.gov/pubmed/29067238
https://doi.org/10.1681/ASN.V1482084
https://www.ncbi.nlm.nih.gov/pubmed/12874462
https://abcd.care/sites/abcd.care/files/site_uploads/Resources/Position-Papers/Management-of-lipids-in%20adults-with-DKD.pdf
https://abcd.care/sites/abcd.care/files/site_uploads/Resources/Position-Papers/Management-of-lipids-in%20adults-with-DKD.pdf
https://doi.org/10.1161/CIRCRESAHA.116.308537
https://www.ncbi.nlm.nih.gov/pubmed/28057795
https://doi.org/10.1038/ki.2014.31
https://doi.org/10.1111/j.1523-1755.2005.09415.x
https://www.ncbi.nlm.nih.gov/pubmed/15752242

Pharmaceutics 2023, 15, 1343 15 of 16

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

Esmeijer, K.; Dekkers, O.M.; de Fijter, ].W.; Dekker, EW.; Hoogeveen, E.K. Effect of different types of statins on kidney function
decline and proteinuria: A network meta-analysis. Sci. Rep. 2019, 9, 16632. [CrossRef]

De Zeeuw, D.; Anzalone, D.A.; Cain, V.A.; Cressman, M.D.; Heerspink, H.J.; Molitoris, B.A.; Monyak, ].T,; Parving, H.H.; Remuzzi,
G.; Sowers, J.R.; et al. Renal effects of atorvastatin and rosuvastatin in patients with diabetes who have progressive renal disease
(PLANET I): A randomised clinical trial. Lancet Diabetes Endocrinol. 2015, 3, 181-190. [CrossRef] [PubMed]

Colhoun, H.M,; Betteridge, D.J.; Durrington, PN.; Hitman, G.A.; Neil, H.A,; Livingstone, S.J.; Charlton-Menys, V.; DeMicco, D.A;
Fuller, J.H.; Investigators, C. Effects of atorvastatin on kidney outcomes and cardiovascular disease in patients with diabetes: An
analysis from the Collaborative Atorvastatin Diabetes Study (CARDS). Am. ]. Kidney Dis. 2009, 54, 810-819. [CrossRef] [PubMed]
National Institute for Health and Care Excellence. Lipid Modification and Cardiovascular Disease Prevention. 2023. Available
online: https://cks.nice.org.uk/topics/lipid-modification-cvd-prevention (accessed on 20 April 2023).

Ezad, S.; Cheema, H.; Collins, N. Statin-induced rhabdomyolysis: A complication of a commonly overlooked drug interaction.
Oxf. Med. Case Rep. 2018, 2018, omx104. [CrossRef]

Chao, E.C. SGLT-2 Inhibitors: A New Mechanism for Glycemic Control. Clin. Diabetes 2014, 32, 4-11. [CrossRef]

Vallon, V.; Verma, S. Effects of SGLT2 Inhibitors on Kidney and Cardiovascular Function. Annu. Rev. Physiol. 2021, 83, 503-528.
[CrossRef] [PubMed]

Heerspink, H.J.L.; Cherney, D.Z.I. Clinical Implications of an Acute Dip in eGFR after SGLT2 Inhibitor Initiation. Clin. J. Am. Soc.
Nephrol. 2021, 16, 1278-1280. [CrossRef]

van Bommel, E.].M.; Muskiet, M.H.A.; van Baar, M.].B.; Tonneijck, L.; Smits, M.M.; Emanuel, A.L.; Bozovic, A.; Danser, AH.J.;
Geurts, F.; Hoorn, E.J.; et al. The renal hemodynamic effects of the SGLT2 inhibitor dapagliflozin are caused by post-glomerular
vasodilatation rather than pre-glomerular vasoconstriction in metformin-treated patients with type 2 diabetes in the randomized,
double-blind RED trial. Kidney Int. 2020, 97, 202-212. [CrossRef] [PubMed]

Sano, M.; Goto, S. Possible Mechanism of Hematocrit Elevation by Sodium Glucose Cotransporter 2 Inhibitors and Associated
Beneficial Renal and Cardiovascular Effects. Circulation 2019, 139, 1985-1987. [CrossRef] [PubMed]

Mazer, C.D.; Hare, G.M.T.; Connelly, PW.,; Gilbert, R.E.; Shehata, N.; Quan, A.; Teoh, H.; Leiter, L.A.; Zinman, B.; Juni, P; et al.
Effect of Empagliflozin on Erythropoietin Levels, Iron Stores, and Red Blood Cell Morphology in Patients with Type 2 Diabetes
Mellitus and Coronary Artery Disease. Circulation 2020, 141, 704-707. [CrossRef]

Packer, M. Mechanisms Leading to Differential Hypoxia-Inducible Factor Signaling in the Diabetic Kidney: Modulation by SGLT2
Inhibitors and Hypoxia Mimetics. Am. . Kidney Dis. 2021, 77, 280-286. [CrossRef]

Hesp, A.C; Schaub, J.A.; Prasad, P.V.; Vallon, V.; Laverman, G.D.; Bjornstad, P.; van Raalte, D.H. The role of renal hypoxia in the
pathogenesis of diabetic kidney disease: A promising target for newer renoprotective agents including SGLT2 inhibitors? Kidney
Int. 2020, 98, 579-589. [CrossRef]

Sagoo, M.K.; Gnudi, L. Diabetic nephropathy: Is there a role for oxidative stress? Free. Radic. Biol. Med. 2018, 116, 50-63.
[CrossRef]

Ricciardi, C.A.; Gnudi, L. Endoplasmic Reticulum stress in chronic kidney disease. New molecular targets from bench to the
bedside. G. Ital. Nefrol. 2019, 36, 2019-vol6.

Ding, Y.; Choi, M.E. Autophagy in diabetic nephropathy. J. Endocrinol. 2015, 224, R15-R30. [CrossRef]

Xu, Y,; Kong, X,; Li, J.; Cui, T.; Wei, Y,; Xu, J.; Zhu, Y.; Zhu, X. Mild Hypoxia Enhances the Expression of HIF and VEGF and
Triggers the Response to Injury in Rat Kidneys. Front. Physiol. 2021, 12, 690496. [CrossRef]

Schork, A.; Saynisch, J.; Vosseler, A.; Jaghutriz, B.A.; Heyne, N.; Peter, A.; Haring, H.U.; Stefan, N; Fritsche, A.; Artunc, F. Effect of
SGLT2 inhibitors on body composition, fluid status and renin-angiotensin-aldosterone system in type 2 diabetes: A prospective
study using bioimpedance spectroscopy. Cardiovasc. Diabetol. 2019, 18, 46. [CrossRef]

Calado, J.; Sznajer, Y.; Metzger, D.; Rita, A.; Hogan, M.C.; Kattamis, A.; Scharf, M.; Tasic, V.; Greil, ].; Brinkert, F; et al. Twenty-one
additional cases of familial renal glucosuria: Absence of genetic heterogeneity, high prevalence of private mutations and further
evidence of volume depletion. Nephrol. Dial. Transplant. 2008, 23, 3874-3879. [CrossRef] [PubMed]

De Albuquerque Rocha, N.; Neeland, 1.].; McCullough, P.A.; Toto, R.D.; McGuire, D.K. Effects of sodium glucose co-transporter 2
inhibitors on the kidney. Diabetes Vasc. Dis. Res. 2018, 15, 375-386. [CrossRef]

Mudaliar, S.; Alloju, S.; Henry, R.R. Can a Shift in Fuel Energetics Explain the Beneficial Cardiorenal Outcomes in the EMPA-REG
OUTCOME Study? A Unifying Hypothesis. Diabetes Care 2016, 39, 1115-1122. [CrossRef] [PubMed]

Zhang, D.; Yang, H.; Kong, X.; Wang, K.; Mao, X.; Yan, X.; Wang, Y.; Liu, S.; Zhang, X.; Li, J.; et al. Proteomics analysis reveals
diabetic kidney as a ketogenic organ in type 2 diabetes. Am. J. Physiol. Endocrinol. Metab. 2011, 300, E287-E295. [CrossRef]
Vitale, M.; Haxhi, J.; Cirrito, T.; Pugliese, G. Renal protection with glucagon-like peptide-1 receptor agonists. Curr. Opin. Pharmacol.
2020, 54, 91-101. [CrossRef] [PubMed]

Skov, J.; Pedersen, M.; Holst, ].].; Madsen, B.; Goetze, ].P.; Rittig, S.; Jonassen, T.; Frokiaer, ]J.; Dejgaard, A.; Christiansen, J.S.
Short-term effects of liraglutide on kidney function and vasoactive hormones in type 2 diabetes: A randomized clinical trial.
Diabetes Obes. Metab. 2016, 18, 581-589. [CrossRef]

Asmar, A.; Cramon, P.K.; Simonsen, L.; Asmar, M.; Sorensen, C.M.; Madsbad, S.; Moro, C.; Hartmann, B.; Jensen, B.L.; Holst, J.J.;
et al. Extracellular Fluid Volume Expansion Uncovers a Natriuretic Action of GLP-1: A Functional GLP-1-Renal Axis in Man. J.
Clin. Endocrinol. Metab. 2019, 104, 2509-2519. [CrossRef]


https://doi.org/10.1038/s41598-019-53064-x
https://doi.org/10.1016/S2213-8587(14)70246-3
https://www.ncbi.nlm.nih.gov/pubmed/25660356
https://doi.org/10.1053/j.ajkd.2009.03.022
https://www.ncbi.nlm.nih.gov/pubmed/19540640
https://cks.nice.org.uk/topics/lipid-modification-cvd-prevention
https://doi.org/10.1093/omcr/omx104
https://doi.org/10.2337/diaclin.32.1.4
https://doi.org/10.1146/annurev-physiol-031620-095920
https://www.ncbi.nlm.nih.gov/pubmed/33197224
https://doi.org/10.2215/CJN.02480221
https://doi.org/10.1016/j.kint.2019.09.013
https://www.ncbi.nlm.nih.gov/pubmed/31791665
https://doi.org/10.1161/CIRCULATIONAHA.118.038881
https://www.ncbi.nlm.nih.gov/pubmed/31009585
https://doi.org/10.1161/CIRCULATIONAHA.119.044235
https://doi.org/10.1053/j.ajkd.2020.04.016
https://doi.org/10.1016/j.kint.2020.02.041
https://doi.org/10.1016/j.freeradbiomed.2017.12.040
https://doi.org/10.1530/JOE-14-0437
https://doi.org/10.3389/fphys.2021.690496
https://doi.org/10.1186/s12933-019-0852-y
https://doi.org/10.1093/ndt/gfn386
https://www.ncbi.nlm.nih.gov/pubmed/18622023
https://doi.org/10.1177/1479164118783756
https://doi.org/10.2337/dc16-0542
https://www.ncbi.nlm.nih.gov/pubmed/27289124
https://doi.org/10.1152/ajpendo.00308.2010
https://doi.org/10.1016/j.coph.2020.08.018
https://www.ncbi.nlm.nih.gov/pubmed/33027748
https://doi.org/10.1111/dom.12651
https://doi.org/10.1210/jc.2019-00004

Pharmaceutics 2023, 15, 1343 16 of 16

129.

130.

131.

132.

133.

134.

135.

136.

Puglisi, S.; Rossini, A.; Poli, R.; Dughera, F.; Pia, A.; Terzolo, M.; Reimondo, G. Effects of SGLT2 Inhibitors and GLP-1 Receptor
Agonists on Renin-Angiotensin-Aldosterone System. Front. Endocrinol. 2021, 12, 738848. [CrossRef]

Kolkhof, P.; Lawatscheck, R.; Filippatos, G.; Bakris, G.L. Nonsteroidal Mineralocorticoid Receptor Antagonism by Finerenone-
Translational Aspects and Clinical Perspectives across Multiple Organ Systems. Int. J. Mol. Sci. 2022, 23, 9243. [CrossRef]
[PubMed]

Timmermans, S.; Souffriau, J.; Libert, C. A General Introduction to Glucocorticoid Biology. Front. Immunol. 2019, 10, 1545.
[CrossRef] [PubMed]

Lonard, D.M.; Lanz, R.B.; O’Malley, B.W. Nuclear receptor coregulators and human disease. Endocr. Rev. 2007, 28, 575-587.
[CrossRef] [PubMed]

Pandey, A K.; Bhatt, D.L.; Cosentino, F.; Marx, N.; Rotstein, O.; Pitt, B.; Pandey, A.; Butler, J.; Verma, S. Non-steroidal mineralocor-
ticoid receptor antagonists in cardiorenal disease. Eur. Heart J. 2022, 43, 2931-2945. [CrossRef]

Clarisse, D.; Deng, L.; de Bosscher, K.; Lother, A. Approaches towards tissue-selective pharmacology of the mineralocorticoid
receptor. Br. |. Pharmacol. 2022, 179, 3235-3249. [CrossRef]

Mulder, P; Mellin, V.; Favre, J.; Vercauteren, M.; Remy-Jouet, I.; Monteil, C.; Richard, V.; Renet, S.; Henry, ].P.; Jeng, A.Y.; et al.
Aldosterone synthase inhibition improves cardiovascular function and structure in rats with heart failure: A comparison with
spironolactone. Eur. Heart J. 2008, 29, 2171-2179. [CrossRef]

Agarwal, R; Joseph, A.; Anker, S.D.; Filippatos, G.; Rossing, P; Ruilope, L.M.; Pitt, B.; Kolkhof, P.; Scott, C.; Lawatscheck, R.; et al.
Hyperkalemia Risk with Finerenone: Results from the FIDELIO-DKD Trial. J. Am. Soc. Nephrol. 2022, 33, 225-237. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fendo.2021.738848
https://doi.org/10.3390/ijms23169243
https://www.ncbi.nlm.nih.gov/pubmed/36012508
https://doi.org/10.3389/fimmu.2019.01545
https://www.ncbi.nlm.nih.gov/pubmed/31333672
https://doi.org/10.1210/er.2007-0012
https://www.ncbi.nlm.nih.gov/pubmed/17609497
https://doi.org/10.1093/eurheartj/ehac299
https://doi.org/10.1111/bph.15719
https://doi.org/10.1093/eurheartj/ehn277
https://doi.org/10.1681/ASN.2021070942

	Introduction 
	Diabetic Kidney Disease 
	Therapeutic Strategies for DKD 
	Lifestyle 
	SGLT2 Inhibitors 
	GLP1 Receptor Agonists 
	Non-Steroidal Mineralocorticoid Receptor Antagonists 
	RAAS Inhibitors 
	Statins 

	Recent Developments and Future Directions 
	Summary and Conclusions 
	References

