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Abstract

Chronic kidney disease (CKD) is a global public healthcare concern in the pediatric population, where glomerulopathies
represent the second most common cause. Although classification and diagnosis of glomerulopathies still rely mostly on
histopathological patterns, patient stratification should complement information supplied by kidney biopsy with clinical
data and etiological criteria. Genetic determinants of glomerular injury are particularly relevant in children, with important
implications for prognosis and treatment. Targeted therapies addressing the primary cause of the disease are available for a
limited number of glomerular diseases. Consequently, in the majority of cases, the treatment of glomerulopathies is actually
the treatment of CKD. The efficacy of the currently available strategies is limited, but new prospects evolve. Although the
exact mechanisms of action are still under investigation, accumulating data in adults demonstrate the efficacy of sodium-
glucose transporter 2 inhibitors (SGLT21i) in slowing the progression of CKD due to diabetic and non-diabetic kidney disease.
SGLT?2i has proved effective on other comorbidities, such as obesity, glycemic control, and cardiovascular risk that frequently
accompany CKD. The use of SGLT2i is not yet approved in children. However, no pathophysiological clues theoretically
exclude their application. The hallmark of pediatric CKD is the inevitable imbalance between the metabolic needs of a
growing child and the functional capacity of a failing kidney to handle those needs. In this view, developing better strategies
to address any modifiable progressor in kidney disease is mandatory, especially considering the long lifespan typical of the
pediatric population. By improving the hemodynamic adaptation of the kidney and providing additional beneficial effects
on the overall complications of CKD, SGLT?2i is a candidate as a potentially innovative drug for the treatment of CKD and
glomerular diseases in children.
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Introduction

Chronic kidney disease (CKD) is a global public healthcare
concern [1, 2]. As the burden of disease is constantly increas-
ing across all age groups, shortcomings in health care systems
become evident, calling for changes in kidney care delivery,
management, and prevention. Although representing a small
proportion of the total CKD population, children warrant
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disease. Here, we review the available evidence about the effi-
cacy of this class of drugs in adults and discuss their mecha-
nisms of action as well as the potential implications for the
use of SGLT?2i in the pediatric population, with a particular
focus on patients affected by glomerulopathies.

Glomerulopathies in children

Glomerulopathies represent the second most common cause
of CKD in the pediatric population, following congenital
anomalies of the kidney and urinary tract (CAKUT) [1, 2,
5, 6]. Other causes include ciliopathies, atypical hemolytic-
uremic syndrome, and nephrolithiasis/nephrocalcinosis
that collectively contribute to less than 10% of cases [1].
The hallmark of glomerulopathies is urinary abnormali-
ties, which can develop profound clinical manifestations,
e.g., overt nephrotic syndrome. However, since proteinuria,
hematuria, and mild to moderate CKD are frequently asymp-
tomatic, the epidemiological burden of glomerulopathies,
and their role as causes of CKD is probably underestimated.

Pathomechanisms and disease progression

Current classifications of glomerulopathies relate mostly to
a small number of different histopathological patterns, but
attempts are being made to define categories that better link
pathogenesis, treatment options, and prognosis. For exam-
ple, glomerulopathies include (1) podocytopathies, encom-
passing a broad spectrum of etiologies, including genetic
abnormalities, circulating/permeability factors and immu-
nologic dysfunction, infectious agents, and toxic drugs [7],
with different prevalence across infancy and childhood; (2)
Immune-mediated primary glomerular diseases (e.g., [gA
nephropathy, membranous nephropathy, C3 glomerulopa-
thy), all showing immune deposits on kidney biopsy; (3)
systemic diseases with secondary glomerular involvement
(e.g., lupus nephritis, vasculitis, metabolic storage diseases,
diabetic nephropathy). Diagnosis and patient stratifica-
tion should complement information supplied by kidney
biopsy with clinical data and etiological criteria [7]. Of
note, genetic determinants of glomerular injury are particu-
larly relevant in children, comprising abnormalities that are
responsible for kidney damage per se (e.g., rare variants with
large effect-size on podocyte, collagen, and other pheno-
copy genes) [8—10] and common and polymorphic variants
conferring susceptibility to glomerular diseases and CKD
(e.g., risk alleles in APOLI, polymorphisms in UMOD, or
in complement genes) [11]. In addition, increasing evidence
suggests that multiple mechanisms with different effect-
size can determine or amplify glomerular injury from other
causes, prompting multifactoriality even in children [12].
Prematurity and low birth weight can be associated with low
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nephron endowment even in the absence of clinically detect-
able CAKUT. Low nephron mass leads to podocyte damage,
proteinuria, and secondary focal segmental glomerulosclero-
sis (FSGS) [13]. A subclinical low number of nephrons lacks
the capacity to sufficiently compensate upon damage-related
nephron loss [14—16]. In addition, the overall survival of
children treated in pediatric Intensive Care Units for com-
plex kidney diseases, as well as in oncohematology settings,
has markedly improved over time [2, 17]. ICU care involves
exposure to nephrotoxic medications, episodes of acute
kidney injury (AKI), invasive surgery, and procedures that
significantly contribute to early-determined kidney damage
by causing nephron loss. Furthermore, obesity represents a
rising plague in the pediatric population. Besides predispos-
ing to diabetes and hypertension, obesity is a recognized
determinant of glomerular hyperfiltration, increased podo-
cyte shear stress, and accelerated CKD progression [18].
Irrespective of the pathophysiology of glomerular injury, all
of these conditions can cause accumulating damage, which
implies a reduction of viable kidney cells and functional
nephrons, ultimately leading to an imbalance between the
metabolic needs of the body and the functional capacity
of a failing kidney. It is of note that in growing children,
metabolic needs substantially increase with time, while at
the same time in progressive CKD the kidney’s capacity
to handle metabolic load declines. This imbalance rapidly
exploits all adaptive mechanisms of the remaining nephrons
to maximize filtration and reabsorption. As a result, the
hemodynamic and metabolic load per nephron increases as
the child grows and as more nephrons get lost. Therefore,
single nephron overload is a shared pathomechanism and
potential target for therapeutic intervention in all forms of
CKD irrespective of its underlying causes such as podocy-
topathies, immune-mediated diseases, or systemic disorders
[19], not only in adults but in particular in growing children.

Current treatment options

The ideal goal of treatment is complete remission of pro-
teinuria and excretory kidney function especially when
kidney disease develops secondary to a systemic disorder
[20, 21]. Complete remission of the disease is paramount in
minimizing injury-related nephron loss so that the additional
workload for the remaining nephrons remains within their
capacity for adaptation, which could ensure favorable long-
term kidney and global outcomes. Treatment must target
the cause of glomerular injury whenever possible. This fits
quite well with immune-mediated glomerulopathies (either
primary or secondary) that can be effectively addressed with
immunosuppressive therapies (i.e., steroids and second-
line immunosuppressants, plasma exchange, eculizumab)
that should anyway be tailored to each individual patient
in order to obtain clinically relevant results while limiting
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toxicity. Enzyme replacement therapy in Fabry disease
and coenzyme Q10 supplementation in FSGS due to coen-
zyme Q10-related gene mutations are illustrative of other
disease-targeted treatments [7]. In addition, in some cases,
the primary cause cannot be addressed (e.g., genetic podocy-
topathies, Alport syndrome) or is putative or unknown (e.g.,
non-genetic FSGS), hampering the possibility to target it and
dramatically limiting treatment efficacy. For all these rea-
sons, whenever interventions aimed at targeting the specific
cause of glomerulopathies are limited or inefficient, focusing
on slowing the progression toward dialysis or transplantation
represents the primary goal of treatment.

So far, renin—angiotensin—aldosterone system inhibitors
(RAASI) have represented the only available strategy to
reduce cardiovascular (CV) morbidity and mortality, control
hypertension, and slow disease progression in different types
of glomerulopathies, including genetic podocytopathies, as
well as in other forms of CKD [19]. However, a subset of
patients with glomerular diseases progress despite optimal
RAASI therapy, suggesting that current treatment options
are largely insufficient in halting CKD and ensuring a favora-
ble long-term prognosis [2]. Additional strategies to address
this shortcoming are based on intensive blood pressure
control and amelioration of metabolic balance [19], but the
results are mostly unsatisfying. While treatment with vita-
min D receptor activators [22], selective endothelin receptor
antagonists [23, 24], finerenone [25], and bardoxolone [26]
are under investigation, SGLT?2i have been proposed recently
as an additional treatment for controlling CKD progression
in diabetic and non-diabetic glomerular diseases in the
adult population [12, 27]. Although the exact mechanisms
of action are still under investigation, the promising thera-
peutic profile renders SGLT?2i as intriguing new therapeutic
options for glomerular diseases handling and CKD manage-
ment, with potential applications also in children.

Efficacy of SGLT2i in the adult population

A number of large randomized controlled trials demon-
strated the efficacy of SGLT2i on CV and kidney outcomes
in patients with type 2 diabetes mellitus (T2DM) at an
unprecedented rate [28, 29] (Table 1). In particular, the
CREDENCE trial demonstrated that patients with T2DM,
CKD, and albuminuria receiving canagliflozin in addition
to RAASI had a lower risk of the composite outcome of
kidney replacement therapy (KRT), CKD progression, or
death from kidney or CV causes in comparison to controls
[29]. Interestingly, upon an immediate decline of estimated
glomerular filtration rate (eGFR), the slope of decline in
eGFR was lower compared to controls, suggesting a nephro-
protective effect of SGLT2i, which should translate into a
longer kidney life-span. Of note, the initial drop in eGFR

was associated with a reduction in albuminuria. A post
hoc analysis showed that early reduction in albuminuria is
independently associated with favorable long-term kidney
and CV outcomes [30]. Recent data provided evidence that
the nephroprotective effect of dapaglifozin was remarkable
across all levels of eGFR and proteinuria [31, 32].

The beneficial effects of SGLT2i observed in the high-
risk population for CKD progression and kidney failure
included in the CREDENCE trial (T2DM with CKD) raised
the question whether SGLT?2i efficacy would translate also
to CKD patients without diabetes. Indeed, this SGLT?2 trans-
porter could be involved in the progression of CKD from
other causes [12]. Recently, the potential role of SGLT2i
in CKD was investigated in a randomized, double-blind,
placebo-controlled, multicenter clinical trial, the Dapa-
gliflozin and Prevention of Adverse Outcomes in Chronic
Kidney Disease (DAPA-CKD). This trial represents an inno-
vative point of view on the pathophysiology, use, efficacy,
and safety of this class of drugs in patients with CKD and
nephropathies different from the diabetic one [33]. The trial
aimed at evaluating the effects of dapagliflozin on kidney
and CV events in patients affected by different nephropa-
thies, with eGFR between 25 to 75 mL per minute per 1.73
m? of the body surface area and proteinuria measured as
an albumin-to-creatinine ratio of 200-5000 mg/g at enroll-
ment [33, 34]. Underlining the importance of therapy with
RAAS-blocking drugs, ACE inhibitors (ACE-I) and angio-
tensin receptor blockers (ARB) were used in all patients
enrolled unless contraindicated, suggesting that the hemo-
dynamic and metabolic effects exerted by SGLT2i may have
a greater weight on the progression of CKD. The DAPA-
CKD trial proved the efficacy of SGLT?2i in reducing kid-
ney disease progression, CV events, and deaths in patients
with CKD, irrespective of the presence of T2DM and the
degree of CKD when added to RAASi. Of note, the trial
included patients with different glomerulopathies, such as
IgA nephropathy (IgAN), FSGS, membranous nephropa-
thy (MN), and minimal-changes (MC) [33]. Interestingly,
270 patients with IgAN (biopsy proven in 94% of cases)
as a main cause of CKD were enrolled, representing the
third-largest group of participants [35, 36]. A pre-specified
analysis of this group showed a reduction in the risk of pro-
gression of CKD (eGFR decline, occurrence of KRT) in
patients treated with SGLT2i, with an effect size of 57%
on the composite kidney endpoint and a good safety profile
[36]. Patients who had previously undergone immunosup-
pressive therapy were excluded, eliminating the confounding
effect of any previous treatment different from ACE-I or
ARB and emphasizing the combined effect of these classes
of drugs with SGLT2i. Of note, several trials (STOP-IgAN
trial and TESTING) have questioned the effectiveness of
immunosuppressive therapy in IgAN, especially when bal-
ancing the risk of side effects [37, 38]. In this view, the
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results provided by the DAPA-CKD trial suggest a profound
revision of the therapeutic approach to IgAN.

Although striking, the results of the DAPA-CKD trial
in the group of patients with [gAN do present some limi-
tations. Firstly, kidney biopsy was performed a long time
before enrollment in the study in many patients; therefore,
other factors contributing to CKD progression cannot be
ruled out, limiting the generalizability of the results. As an
example, almost one-third of patients with IgAN also had
T2DM that could have acted as an accelerator of disease
progression. Secondly, the adverse events in the IgAN popu-
lation enrolled were very low (3 participants died—2 from
CV death and 1 was hospitalized for heart failure) and the
slope of eGFR reduction in the placebo group was signifi-
cantly higher than that reported in other clinical studies on
IgAN (STOP-IgAN). This makes it difficult to assess the real
effects of the drug in this specific subgroup, which could
therefore have been overestimated [36].

The DAPA-CKD trial also included 115 patients with
FSGS, 43 with MN and 11 with MC [35]. Although no spe-
cific sub-analysis for each of these categories of patients
is available, the cumulative effect of SGLT2i was compa-
rable to that in IgAN patients. Previous study reported a
reduced expression of SGLT?2 either in humans or in rodents
with FSGS not associated with diabetes, hypothesizing that
SGLT2i may not affect renal hemodynamic function or pro-
teinuria in these patients [39]. Of note, it was an explora-
tive study with ten patients and 8 weeks of observation. In
fact, the same group then published the DIAMOND trial,
the first randomized double-blind clinical study of SGLT2i
on 53 patients with non-diabetic CKD (including patients
with IgAN, FSGS, hypertensive nephropathy, and other
nephropathies), who were on stable RAASIi blockers at
baseline. The authors found that 6 weeks of treatment with
dapagliflozin did not affect proteinuria but induced an acute
and reversible decline in measured GFR and a reduction in
body weight, paving the way for exploring the results in sub-
sequent clinical trials, including the DAPA-CKD trial [40].
Although additional studies are needed to verify these obser-
vations, understanding the role and the response of SGLT2i
in patients with FSGS and other non-diabetic nephropathies
is crucial to frame their therapeutic space in slowing CKD
progression, especially when immunosuppressive therapy
fails to obtain remission.

Finally, patients with advanced CKD (i.e., stage IV
CKD) are very vulnerable to CV events and mortality,
including those due to progression of kidney damage. In
previous trials, such as CREDENCE, only patients with
CKD up to stage III with diabetes were enrolled [29]. The
DAPA-CKD enrolled patients with CKD stage IV (14% of
patients included in the study), showing favorable efficacy
and safety of SGLT?2i also in this population. These results
are consistent with those provided by studies evaluating

the effect of glifozins in patients with heart failure. In
particular, the EMPEROR study showed a significant
improvement in kidney endpoints and CV mortality in the
treatment arm in comparison to placebo in patients with
hypertension, left ventricular hypertrophy, and preserved
ejection fraction [41]. Of interest, the latter are typical
features of patients with CKD.

The DAPA-CKD trial has recognized SGLT?2i as a
promising class of drugs, not only in helping to slow CKD
progression, but also acting on other comorbidities (obe-
sity, glycemic control, CV risk) that frequently accompany
CKD. Of note, adult patients with normal kidney function
and normoalbuminuria, type 1 diabetes mellitus (T1DM),
autosomal dominant polycystic kidney disease, lupus
nephritis, and vasculitis, who could theoretically benefit
from the same therapeutic effects of glifozins, were not
included in the DAPA-CKD study. Therefore, the role of
these drugs in slowing the progression of kidney damage
is debated and still under investigation [42].

Mechanisms of action of SGLT2i and their
role in CKD progression

In the last decade, basic research studies provided evi-
dence of the possible mechanisms of action of SGLT2i
in reducing proteinuria and limiting CKD progression.
More recently, their use in large clinical trials confirmed
their effectiveness in treating diabetes, heart, and kidney
diseases [28]. While the diuretic effect can explain the
benefits observed in patients with heart failure and CV dis-
ease, the mechanisms in support of the results in patients
with isolated kidney disorders may involve other biologi-
cal effects.

Most studies of this class of drugs have been conducted
in experimental and human models of diabetes mellitus
[43]. By selectively blocking the SGLT2 protein, glifoz-
ins prevent sodium-coupled glucose reabsorption in the
proximal tubule, leading to glycosuria, lowering blood
glucose, and facilitating weight loss [19]. Diabetic rodents
showed an increased expression of SGLT2 in the proxi-
mal tubule [27]. Conversely, results on protein expression
in humans have been conflicting [39, 44]. However, the
clinical evidence of effectiveness also in non-diabetic
patients affected by CKD made clear that the nephropro-
tective effects of SGLT?2i are probably independent of the
glucose-lowering effect [27]. Indeed, many other possible
mechanisms of action have been proposed and the list is
yet to be completed (Fig. 1) [45]. Since the mechanisms of
action of SGLT2i can be modulated during kidney growth,
their role can putatively change over time from childhood
to adulthood.

@ Springer
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Fig.1 Mechanisms of action of SGLT2i. Schematic representa-
tions of the mechanisms of action responsible for the nephroprotec-
tive effect of SGLT2i. In red boxes, mechanisms of action; in yellow

The tubulo-glomerular feedback mechanism

The most commonly accepted and important protective
mechanism of SGLT2i is the modulation of tubulo-glo-
merular feedback. Tubulo-glomerular feedback is a pivotal
mechanism of homeostasis since it allows GFR to adapt
to modifications in blood pressure and volume. There is a
paucity of data about the modifications of this mechanism
during kidney development and growth in humans. How-
ever, studies performed in ovines suggested that the tubulo-
glomerular feedback is active during fetal life and that a
reduction in sensitivity allows GFR to increase after birth
[46, 47]. Emerging evidence suggests the involvement of
tubulo-glomerular feedback in the progression of CKD.
Nephron loss of any cause leads to a functional overload
in the remaining nephrons, causing intraglomerular hyper-
tension, glomerular hypertrophy, and further glomerular
damage [48]. By blocking glucose reabsorption, SGLT2i
induces a coupled reduction in sodium reuptake in the proxi-
mal tubule. The increased concentration of sodium in the
tubular lumen is sensed by the macula densa, which in turn
activates negative feedback (tubulo-glomerular feedback)
that reduces intraglomerular pressure, hyperfiltration, and
proteinuria [49]. The main mediator of tubulo-glomerular
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inflammation

boxes, final protective effect. eGFR, estimated glomerular filtration
rate; HIF2a, hypoxia-inducible-factor 2a

feedback is thought to be adenosine, a potent vasoconstrictor
of the glomerular afferent artery [50, 51]. The rationale for
using SGLT?2i also in non-diabetic subjects comes from the
observation that hyperfiltration is common also in different
conditions, such as obesity and hypertension without overt
concomitant proteinuria or CKD [52, 53]. In these patients,
studies on lithium handling by kidney tubules showed an
increase in reabsorption in the proximal tubule, which rep-
resents an indirect sign of hyperfiltration. Moreover, these
patients show an increased risk of developing microalbu-
minuria, further suggesting glomerular overload [52]. In
obese patients, reducing proximal tubule sodium reabsorp-
tion by acetazolamide has provided evidence that modula-
tion of tubulo-glomerular feedback is possible, supporting
the rationale of SGLT2i implementation in the treatment of
glomerular diseases other than diabetic nephropathy [54].
Furthermore, there is experimental evidence that chronic use
of SGLT2i reduces the activity of the Na+*/H * exchanger
3 in the proximal tubule, potentially leading to improvement
in controlling acid-base balance and protecting from CKD
progression [55]. The net result of all glomerular hemody-
namic changes induced by SGLT?2i is responsible for the
clinical manifestation of an eGFR drop of approximately
4-6 mL/min/1.73 m? recorded in clinical trials in diabetic
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and non-diabetic subjects at the beginning of the treatment
[45, 49]. Of note, this eGFR reduction is transitory, sug-
gesting that it is secondary to a hemodynamic effect and
not evidence of kidney injury [56]. Furthermore, the drop is
reversible and the decreased rate of annual eGFR reduction
observed during follow-up may actually be the expression
of kidney function preservation [56].

Proximal tubule workload reduction

In the last decade, there has been a shift of attention to the
proximal tubule as the primary sensor and effector in the
progression of CKD as well as AKI. An interesting hypoth-
esis of the protective mechanism of SGLT2i is related to
metabolic and workload changes in the proximal tubule.
The reduction of sodium and glucose reabsorption mediated
by SGLT2i leads to a decrease in proximal tubule energy
demand, reducing cellular workload and limiting the risk
of developing hypoxia [57]. Indeed, the lower incidence
of AKI observed in large clinical trials in treated arms and
the reduction in the release of urinary markers of proximal
tubular damage during SGLT2i therapy support this hypoth-
esis [57, 58]. In addition, the reduced uptake of metabolites
in proximal tubules leads to an increase in the metabolic
activity of the thick ascending limb of the loop of Henle
and of oxygen requirements in the outer medulla, resulting
in the activation of the hypoxia-inducible-factor 2 (HIF-2)
pathway. This brings about a reduction of anemia and a rise
in erythropoietin production and hematocrit in patients on
SGLT?2i [59]. Since metabolic stress is directly involved
in hypoxia signaling and inflammation, this mechanism of
nephroprotection probably applies to all forms of CKD.

The “fuel” theory

In addition to the aforementioned metabolic changes, the
“fuel hypothesis” has been proposed as an additional theory
to explain the mechanism of action of SGLT2i in the kidney.
Briefly, by reducing glycemia, glycosuria would cause an
increase in glucagon and a reduction in insulin secretion,
that in turn result in an increase in lipid oxidation and pro-
duction of ketone bodies, in particular f-OH-butyrate. The
shift in kidney metabolism from fat and glucose oxidation
toward energy-efficient ketogenesis is thought to improve
cellular efficiency and function [56]. This mechanism is pre-
sent also in non-diabetics, albeit attenuated by higher insulin
levels [45]. Furthermore, it has been proposed that ketogen-
esis actually represents a marker of transcriptional changes
of protective compensatory mechanisms for the kidney via
the sirtuin 1-AMPK-HIF-2a axis [45, 60]. According to this,
the urinary level of -OH-butyrate correlates to the increase
in erythropoietin [57]. Moreover, ketones such as p-OH-
butyrate also suppress kidney inflammation, e.g., through

attenuating the activation of the NLRP3 inflammasome and
IL-1beta production in monocytes [61]. Finally, ketones
indicate improved mitochondrial functioning possibly linked
to the metabolic adjustment induced by the SGLT2i [57].
These mechanisms need to be more extensively studied in
humans in order to characterize all the complex pathways
involved [45, 60].

Improvement of blood pressure control

A large meta-analysis in patients with T2DM showed that
SGLT?2i induces a mean reduction in systolic and diastolic
blood pressure of approximately 2.5 and 1.5 mmHg, respec-
tively [62]. There is also evidence that nocturnal dipping
is re-established in some patients [62]. These effects seem
independent of the concomitant use of other antihyperten-
sive medications and the starting blood pressure levels [62].
Blood pressure reduction by SGLT?2i is likely a multifac-
torial mechanism. Recently, the DAPASALT trial showed
that in a strictly selected cohort of diabetic patients without
CKD, dapaglifozin does not increase net urinary sodium
loss, probably by activating distal tubular reabsorption,
thus questioning the causal relationship between natriure-
sis and blood pressure control elicited by these drugs [63].
The effects of SGLT2i on the RAAS system are still unclear
and need to be further evaluated in relation to pre-existing
therapy with RAASI. In fact, conflicting results emerged
from the assessment of systemic and intrarenal RAAS
activation in diabetic patients, impairing the extension of
the observations to other patient populations [64]. Beside
this, therefore, weight loss, improved glycemic control, the
resulting reduction in arterial inflammation and stiffness,
and improved endothelial regulation have been proposed
as additional factors participating in blood pressure control
beside osmotic diuresis [65, 66].

Additional actions and potential effects in CKD

The clinical use of SGLT2i provided evidence of additional
effects that could widen their therapeutic fan, even besides
the role in slowing kidney disease and CKD progression. A
common class effect of SGLT2i reported in clinical trials
is the reduction in blood uric acid levels. This is thought to
be linked to the reduced reabsorption of urate by GLUT-9
[67]. Moreover, it has been observed that SGLT2i can have
an additive effect on other drugs such as verinarurad, a novel
blocker of urate reuptake [68]. A post hoc analysis of the
CREDENCE trial recently highlighted that canagliflozin
reduced the risk of hyperkalemia in the enrolled popula-
tion [69]. This effect could be at least in part due to the
kaliuretic effect [69]. Although these data need to be con-
firmed with additional studies, this further effect could prove
useful in the management of CKD, potentially helping the
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maximization of RAASi and aldosterone antagonists that are
generally suspended in advanced stages of CKD. As further
support, other reports previously ruled out the increased risk
of hyperkalemia with SGLT2i [69].

Potential applications and drawbacks
of SGLT2i in the treatment of pediatric
glomerulopathies and CKD

In the adult population, the use of SGLT?2i has retraced the
path of RAASI, having initially been used in patients with
diabetes mellitus and CKD and subsequently employed in
other categories of patients. Indeed, it seems reasonable to
hypothesize a similar fate also in children.

The assessment of the risk-to-benefit ratio of new drugs
is crucial and requires caution and patience before the use
can be extended to the pediatric population. Due to the lack
of data in children, we can only try to project evidence about
safety and efficacy from the adult population to envisage
potential fields of application of SGLT2i therapy in pediat-
ric glomerulopathies and CKD. SGLT2i generally showed
a favorable safety profile in clinical trials in adults. Never-
theless, as they are intended as a long-term treatment, even
small side effects can become relevant. The most frequently
reported side effects were an overall increased risk of uro-
genital infections [70], polyuria and pollakiuria affecting the
quality of life, hypovolemia and hypotension when used in
addition to diuretics or blood pressure medications, eugly-
cemic diabetic ketoacidosis, AKI, and hypovolemia [70].
Among the associated side effects, some deserve a specific
consideration in the pediatric population. Urogenital infec-
tions are common and can be more severe in children. In
addition, they might become even more frequent and harm-
ful in patients on steroids or other immunosuppressants as
a treatment for glomerular diseases, even if data in adults
does not suggest this as a relevant risk since patients on
immunosuppressive therapy were mostly excluded from the
clinical trials. Euglycemic diabetic ketoacidosis, precipitated
by severe acute illness, dehydration, extensive exercise, and
surgery [70], suggests the need for preventing even subclini-
cal hypovolemia in children, bearing in mind that ketoacido-
sis is a serious concern in T1DM more than T2DM. As an
additional unfavorable aspect concerning their employment,
SGLT2i showed only a moderate antidiabetic potential.

As therapeutic tools of nephrologists, SGLT2i were wel-
comed to prevent the progression of kidney disease in adult
patients with diabetes mellitus. Therefore, it is reasonable to
consider the use of gliflozins also in the pediatric population.
Luckily, diabetic kidney disease in children is rare (Fig. 2).
Nevertheless, children with diabetes may represent the first
group to consider for this group of drugs, basically for two
reasons. Firstly, kidney disease is not already established at
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the time of diagnosis, neither from diabetes itself nor from
other comorbidities, making limitations to their prescription
extremely few. Secondly, the advantages of preserving kidney
function are crucial in the expected long duration of the dis-
ease. In addition, pediatric diabetes is on the rise, with type
T2DM increasing faster than T1DM, probably related to the
epidemic increase in obesity and overweight among children
[71]. Kidney involvement in youth onset-T2DM occurs early
in the disease course and the progression is similar to that
seen in the T2DM adult population [72]. Unfortunately, oral
antidiabetic monotherapy in children with T2DM does not
seem to be as effective in glucose control as in adults [73],
pushing us to explore association therapy to prevent compli-
cations. From this perspective, SGLT2i may play a crucial
role. In adults with TIDM and obesity, glifozins seem to play
a role as an adjunctive treatment option when insulin alone
does not provide adequate glycaemic control despite optimal
therapy [74]. These observations have potentially important
implications for the pediatric population, where T1DM is the
most prevalent form of diabetes. However, the risk-to-benefit
profile in T1IDM is controversial even in adults [75] and more
studies are needed before the use of glifozins in this subgroup
could be hypothesized to be transferred to children.

As previously happened with RAASI, after their success-
ful use in diabetic nephropathy SGLT2i have been tested
in proteinuric glomerulopathies of different etiology, dem-
onstrating that they reduce the progression of kidney dis-
ease, in particular in adult patients with [gAN [12]. Indeed,
patients with IgAN and other proteinuric nephropathies
represented a significant part of the population enrolled
in the DAPA-CKD trial (695 out of 4304 patients, 16%),
which proved the efficacy of SGLT2i in reducing the risk
of CKD progression and CV morbidity, independently of
the concomitant diagnosis of diabetes mellitus. This opens
an interesting window on the potential application of this
class of drugs in the pediatric population that could be even
wider than in adults (Fig. 2). Indeed, in children, teenagers,
and young adults, primary glomerular diseases account for
a higher percentage of CKD and progression to KRT than in
the adult population [1] (Fig. 2). As previously mentioned,
the genetic make-up of children with glomerulopathies can
be complex, with low effect-size genetic polymorphisms
influencing nephron endowment, metabolic balance, and
other aspects, probably contributing to determining the
overall predisposition to CKD progression. As a conse-
quence, therapy innovation in this field is of great interest
in the pediatric population. Moreover, due to the burden of
side effects, immunosuppressive therapy has progressively
been reconsidered and limited to a selection of patients and
clinical situations in many glomerulopathies, prompting
the optimization of antiproteinuric treatments together with
risk factor reduction [20]. The burden of side effects related
to immunosuppressive treatments in children reasonably
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Fig.2 Primary kidney disease distribution at the start of kidney
replacement therapy in adults and children in Europe. Primary kid-
ney disease distribution at the start of kidney replacement therapy in
Europe in the adult population (left panel). Data from ERA-EDTA
Registry, Annual Report 2019. Primary kidney disease distribution
at the start of kidney replacement therapy in Europe in the pediat-
ric population (right panel). Data from ESPN/ERA-EDTA Registry,

worries pediatric nephrologists. Luckily, previous experi-
ence of antiproteinuric therapy in primary glomerular dis-
eases in children borrowed from adults as in IgAN is very
encouraging [76].

Most importantly, given the physiological aspects of
SGLT?2i shown in the previous sections, these drugs may
potentially be applied in all proteinuric diseases in children,
whether the cause of glomerular injury leading to CKD is
primary or secondary (Fig. 2). Unfortunately, no etiologic
therapy is available for the majority of cases of CKD in
children (e.g., CAKUT, genetic podocytopathies) and sup-
portive therapy together with appropriate planning of KRT
are the only current options to contain morbidity and mor-
tality. Nevertheless, these diseases are characterized by the
presence of proteinuria of various degrees, ranging from
subnephrotic to massive proteinuria, due to the disease itself
and other factors specific to the patient (body mass index,
blood pressure control, and diet compliance). Proteinuria
may be considered as a sign of intraglomerular failure and
per se leads to a progression of kidney disease. Thus, RAASI
represent the only available therapy to slow the pace of CKD
progression in children at this time. SGLT2i may follow this
path and reach this target in all patients with indications of
RAAS;, finding a key role in addressing the leading causes

miscellancus uCKD

Annual Report 2018. Green to yellow to red scale identifies the like-
lihood of implementation of SGLT2i in each group of primary kid-
ney disease. ADPD, autosomal dominant polycystic kidney disease;
CAKUT, congenital anomalies of the kidney and urinary tract; DM,
diabetes mellitus; GN, glomerulonephritis; HUS, hemolytic ure-
mic syndrome; SRNS, steroid-resistant nephrotic syndrome; uCKD,
chronic kidney disease of unknown origin

of CKD in children (Fig. 2). Moreover, many patients are
treated with RAASI as long as possible during the decline
of kidney function, accepting the implementation of diuret-
ics wasting potassium as well as potassium binders to safely
continue these therapies in order to keep proteinuria under
control [20]. In this view, SGLT2i could represent adjuvant
treatment to help control the metabolic complications of
CKD progression.

Conclusions

Developing better strategies to address CKD progression in
children is an important unmet medical need. Considering
the long lifespan typical of the pediatric population, it is
fundamental to address any modifiable progressor in kidney
disease to preserve every milliliter of eGFR. Briefly, to sum-
marize the observations about the potential fields of applica-
tion of SGLT2i in the treatment of pediatric glomerulopa-
thies and CKD, we could hypothesize an outline of priority
groups to extend the use of this class of drugs:

1. Children with glomerular causes of CKD: e.g., IgAN,
FSGS, genetic podocytopathies, especially those pro-
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gressing rapidly in terms of proteinuria and eGFR slope,
and not responding well to target therapy or RAASi.

2. Children with CKD at high CV risk: e.g., obese patients
with T2DM, metabolic syndrome, and poorly controlled
hypertension.

3. Children with CAKUT and secondary causes of glomer-
ular proteinuria: e.g., severely hypodysplastic CAKUT
with proteinuria, discrepancy between metabolic needs,
and filtering nephrons (preterm and low birth weight,
low nephron endowment, obesity without T2DM, etc.).

On the other hand, caution should prevail in children with
low risk of progressing CKD and on target with RAASi
monotherapy, children under steroids and other immunosup-
pressants and with a specific red flag for severe urinary tract
infection susceptibility, and children with T1DM. Finally, for
tubulointerstitial and cystic forms of CKD, and secondary
immune-mediated diseases data are still lacking.

In conclusion, SGLT2i recently emerged as promising
therapeutic tools. Although their use in the pediatric popu-
lation has not yet started, there are no pathophysiological
clues to theoretically exclude their application in children.
Indeed, by improving the hemodynamic adaptation elicited
by RAASI, providing additional beneficial effects on overall
metabolic homeostasis, blood pressure, weight control, and
limiting complications of CKD, SGLT?2i potentially could be
applied to a wide range of contexts in the treatment of CKD
and glomerular diseases in children.
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