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Abstract

Purpose of Review Chronic kidney disease (CKD) is a common condition and a major cause of morbidity and mortality in
adults, but children and adolescents are also at risk for early kidney injury and development of CKD. Obesity contributes
both directly and indirectly to the development of CKD. The purpose of this review is to describe obesity-related kidney
disease (ORKD) and diabetic kidney disease (DKD) and their impact in the pediatric population.

Recent Findings Although obesity-related CKD in childhood and adolescence is uncommon, nascent kidney damage may
magnify the lifetime risk of CKD. Glomerular hyperfiltration is an early phenotype of both ORKD and DKD and typically
manifests prior to albuminuria and progressive decline in GFR. Novel treatments for obesity and type 2 diabetes exerting
protective effects on the kidneys are being investigated for use in the pediatric population.

Summary It is important to understand the impact of obesity on the kidneys more fully in the pediatric population to help
detect injury earlier and intervene prior to the onset of irreversible progression of disease and to guide future research in
this area.

Keywords Obesity-related kidney disease - Diabetic kidney disease - Obesity-related glomerulopathy - Pediatric obesity

Introduction

Chronic kidney disease (CKD) is a leading cause of death
and affects more than 800 million people worldwide [1]. The
prevalence of CKD in adults in the USA between 2015 and
2018 was 13.3% [2]. The prevalence of CKD increases with
age: 0.36% in children (ages 12-17), 6% in adults 18-44,
12.4% in adults 45-64, and 38.1% in adults over 65 years [3,
4]. However, the initial impact of risk factors such as hyper-
tension, diabetes, and obesity on the kidneys often manifest
early in life before the onset of overt kidney disease. Addi-
tionally, a large majority of adults with CKD are unaware
that they have the disease [4]. A better understanding of the
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impact of risk factors for the development of CKD in child-
hood and adolescence and earlier identification of kidney
injury may help prevent progression of kidney disease in
adulthood.

CKD is defined as abnormal kidney structure or function
for greater than 3 months (unless an infant <3 months old)
as represented by impaired GFR (<60 ml/min/1.73 m?) or
a marker of kidney damage (albuminuria, histologic abnor-
mality, structural abnormality, urine sediment abnormality,
or electrolyte disturbance secondary to tubular disorders) [3,
5]. Diabetic kidney disease (DKD) and hypertension are the
leading causes of CKD in the adult population. While clini-
cally evident CKD from diabetes or hypertension are rare in
children, the early onset of obesity predisposes children to
develop these conditions later in life [3, 6].

Obesity is known to be a major risk factor for CKD and
worsens outcomes in patients with pre-existing kidney dis-
ease [7, 8]. The metabolic syndrome is a known risk fac-
tor for development of CKD, and it is well-established that
obesity increases the risk of co-morbid conditions that affect
kidney function such as hypertension and diabetes [9—-11].
Obesity has a direct adverse impact on kidney function as
well, as higher BMI has been shown to increase the risk of
kidney failure even after adjusting for blood pressure and
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diabetes [12]. In the USA, an estimated 24% of kidney dis-
ease in men and 34% in women is attributed to overweight
and obesity [13]. While the evidence is more sparse in the
pediatric population, children undergoing kidney trans-
plant have an increased risk of graft failure if the recipi-
ent has obesity [14]. Higher BMI is also associated with
an increased risk of kidney cancer, stone formation, worse
outcomes in IgA nephropathy, and urinary tract infection
risk in children [15-20]. In a recent systemic review of the
pediatric population, 6 of 8 prospective studies (follow-up
duration 8—64 years) reported a positive association between
higher BMI levels in early life and greater kidney disease
risk in later life [21].

A new entity, obesity-related kidney disease (ORKD),
is now recognized as a distinct cause of CKD and though it
shares similarities and overlap with DKD, it is important to
understand its unique characteristics to guide management
and prevention strategies. Historically ORKD was rarely
diagnosed in pediatrics, but in response to the obesity epi-
demic, it is an emerging and likely underrecognized and
understudied complication of pediatric obesity. Therefore,
the purpose of this review is to describe both ORKD and
DKD and summarize current research in the pediatric popu-
lation (Table 1).

Obesity-Related Kidney Disease

ORKD is classically defined as a secondary form of focal
segmental glomerulosclerosis (FSGS). In addition to the
pathognomonic finding of scarring in a portion of the glo-
merular tuft, it is characterized by glomerular hypertrophy
and proteinuria without hematuria. The diagnosis is estab-
lished in patients with a BMI meeting criteria for obesity
and without evidence of other underlying primary kidney
diseases or known cause of FSGS [22]. However, the effects
of obesity are not constrained to secondary focal segmental
glomerulosclerosis, nor to the glomerulus alone. Indeed,
modern studies have defined ORKD histologically as glo-
merulomegaly with obesity with and without evidence of
focal segmental glomerulosclerosis, while functionally
the effects of obesity on tubular metabolism have recently
gained increasing recognition. Therefore, we contend that
the definition of ORKD is likely broad and characterized
by heterogeneity in both structural and functional features.

Epidemiology

The prevalence of obesity in children and adolescents 2—19
years old in the United States is nearly 20%, and these chil-
dren are also more likely to remain overweight or obese
as adults [23-25]. According to a meta-analysis in 2016,

Table 1 Summary of obesity-related kidney disease and diabetic kidney disease in children
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children and adolescents who are obese were five times more
likely to be obese in adulthood [26].

Obesity accentuates the risk of hypertension and diabetes,
the two leading causes of CKD. Epidemiologic data also
support the effect of obesity on the development of kidney
disease in the absence of these conditions. A meta-analysis
found that obesity was associated with a 28% increased risk
of impaired eGFR and a 51% increased risk in albuminuria
in adults without prior CKD and that the risk of impaired
eGFR persisted even in those without metabolic syndrome
suggesting obesity itself is an independent driver of devel-
opment of CKD [27]. Obesity as a risk factor for kidney
disease has been seen in the young adult population as well.
One prospective cohort of young adults found that both
obesity and poor diet quality were associated with onset of
moderate albuminuria after controlling for hypertension and
diabetes and another cohort found that BMI >35 kg/m? in
young adults was associated with albuminuria [28, 29].

The data in pediatric populations are more limited. In one
large cohort of adolescents, having obesity at age 17 was
associated with a 19-fold increased risk of kidney failure
secondary to diabetes and a 3.4-fold increased risk of kidney
failure for reasons beyond diabetes illustrating the impact
of obesity both through increasing risk of DKD but also on
non-diabetic kidney disease [30]. Another study in children
and adolescents found an association between high BMI
and glomerular hyperfiltration, and an inverse association
of duration of obesity and the homeostatic model of insulin

Fig. 1 Multi-factorial etiol-
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resistance (HOMA-IR) with eGFR. This is consistent with
the observation that ORKD starts with a glomerular hyperfil-
tration phase followed by a slow decrease in GFR over time,
though the impact on GFR can be seen as early as childhood
[31]. For example, in a cross-sectional study of children aged
5-14 years, being overweight or obese was associated with
an increased risk of mildly impaired estimated GFR [32].

The exact prevalence of ORKD is difficult to ascertain.
However, it is currently thought to be the underlying cause
in up to 30% of patients with CKD. A study of biopsy sam-
ples suggested an incidence of 2.7% from 2001-2015 using
the definition of BMI >30 kg/m? and the presence of glo-
merulomegaly with or without FSGS. About half of the
patients diagnosed with ORKD by biopsy had a BMI of 40
or higher and the other half had a BMI of 30—40 suggesting
an increased risk at any class of obesity [33, 34]. Further
work is needed to define the optimal measurement of adipos-
ity to define obesity and the prevalence of ORKD.

Obesity may not magnify the risk of kidney injury simi-
larly across individuals given the complex range of factors
contributing to disease (Fig. 1). People with greater visceral
fat, diagnosed with components of the metabolic syndrome,
other co-morbid conditions such as sleep apnea, a lower
nephron number (which can be related to low birth weight or
preterm birth), or a lower nephron mass from nephrectomy
or congenital anomalies are at increased risk for experienc-
ing kidney injury secondary to obesity [35]. In the area of
cardiovascular risk, a concept of “pound-years” (defined as
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excess adiposity multiplied by years of exposure) has been
described to better quantify the risk of long-term obesity
exposure [36]. Obesity starting in childhood and therefore
increasing the number of “pound-years” is likely a much
stronger risk factor for lifetime CKD risk, but more studies
are needed to quantify this risk.

Pathogenesis

Though the exact pathophysiology of ORKD is not clearly
defined, obesity has been shown to impact the kidneys
through multiple mechanisms including hemodynamic
changes and hyperfiltration, inflammation, insulin resist-
ance, activation of the renin-angiotensin-aldosterone-
system (RAAS), and mitochondrial damage. The defin-
ing characteristic of ORKD is an increase in glomerular
pressure that causes basement membrane distension and
glomerulomegaly and an increased filtration rate leading
to hypertrophy by the podocytes and eventual podocyte
apoptosis, detachment, and glomerulosclerosis [33]. The
3 major pathways through which obesity leads to these
changes include hyperfiltration secondary to increased
body weight causing higher glomerular pressures, inflam-
mation from cytokines released from adipose tissues, and
changes in metabolic pathways (Fig. 2). Hemodynamic

Adipose tissue-derived cytokines
and inflammation

\ Ectopic lipid deposition

Increased sodium reabsorption —

changes occur in obesity that result in increased GFR,
renal plasma flow (RPF), and filtration fraction (FF). The
mechanisms proposed for this glomerular hyperfiltration
include afferent arteriole dilation and an increase in the
proximal tubule resorption of sodium and water [37, 38].
Obesity leads to the activation of the RAAS which can
also cause hyperfiltration through a vasoconstrictive effect
on the efferent arteriole by angiotensin II and aldosterone
and an increase in sodium reabsorption by angiotensin
II. Glomerular hyperfiltration and increased glomerular
pressure then leads to glomerular injury, podocyte loss,
and tubulointerstitial inflammation and fibrosis [33, 39].
Angiotensin II contributes to podocyte injury by increas-
ing intracellular calcium causing depolarization.
Adipose tissue itself is associated with an increase in
inflammation in patients with obesity through the release of
proinflammatory cytokines such as IL-1, IL-6, TNF-a, and a
decrease in more beneficial adipokines such as adiponectin
which has a protective role for podocytes [40]. Lipotoxicity
also contributes to kidney damage as excess free fatty acids
and triglycerides are deposited in the kidney leading to mito-
chondrial dysfunction, generation of reactive oxygen spe-
cies, and podocyte damage [41-43]. Furthermore, physical
compression of renal vessels and parenchyma by fat could
promote sodium reabsorption and arterial hypertension [44].

Intraglomerular hypertension

Glomerulosclerosis, interstitial
fibrosis, tubular atrophy

Mitochondrial dysfunction

Fig. 2 Pathophysiological pathways promoting kidney injury in obesity. Created with BioRender.com
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Insulin resistance in obesity is associated with kidney
dysfunction through multiple mechanisms. Patients with
moderate albuminuria have been shown to be more insulin
resistant and have higher fasting insulin concentrations than
those without moderate albuminuria even in the absence of
diabetes and hypertension [45]. Animal studies have shown
that onset of podocyte injury and proteinuria occur second-
ary to insulin resistance independent of hyperglycemia [46].
Hyperinsulinemia can also cause kidney injury through oxi-
dative stress secondary to generation of free radicals and a
decrease in antioxidant enzymes. Finally, it can magnify the
effect of angiotensin II in the kidney [47].

Structure

Otherwise, healthy children with obesity have significantly
larger kidneys than those with a normal BMI [48]. ORKD
is histologically marked by glomerular hypertrophy or glo-
merulomegaly and low glomerular density with or without
evidence of FSGS. Glomerulomegaly in obese patients can
present early in life and has been reported in children as
young as 3 years old [49]. A review of 6818 kidney biop-
sies found that compared to idiopathic FSGS, patients with
ORKD had more glomerulomegaly, less segmental sclerosis,
and less extensive foot process effacement [34]. If there is
FSGS present in ORKD, the histopathological extent tends
to be milder than primary FSGS. The sclerosis is more com-
monly present in the perihilar region of the glomerular tuft
[50, 51]. The FSGS is thought to occur in ORKD due to
podocyte hypertrophy that occurs as an adaptation to glo-
merulomegaly. Ultimately, the podocyte adaptations cannot
accommodate the glomerular expansion due to constrained
proliferative capacity, and they eventually detach and fail.
Other common findings include increased mesangial matrix,
mesangial cell proliferation, and irregular podocyte drop-
out [41, 52]. Lipid accumulation may also be seen in both
podocytes and tubular cells [53, 54]. Tubular hypertrophy
also occurs in obese patients. In a biopsy study of 11 adult
patients with obesity without diabetes, there was an increase
in proximal tubular volume secondary to hypertrophy. This
is thought to be due to an increase in metabolic load that
needs to be reabsorbed in the setting of hyperfiltration [55].

Function

ORKD may be clinically silent and not recognized for sev-
eral years after onset of the initial kidney insult. The typi-
cal progression of disease is marked by initial glomerular
hyperfiltration and histological changes. This is followed
by onset of albuminuria, which is slowly progressive, and
finally impaired GFR and in some cases, progression to
kidney failure. Since the early kidney injury often goes
undetected, the most common initial clinical presentation

@ Springer

is isolated proteinuria or albuminuria. It is typically in a
sub-nephrotic range though some patients may have higher
degrees of proteinuria. Though albuminuria/proteinuria are
the typical markers used to detect ORKD, they may not be
manifest until later in the disease course and the adverse
effects on the kidneys from obesity can be seen on biopsy
before the manifestation of albuminuria [52]. Clinical symp-
toms of nephrotic syndrome are not typical in ORKD even
with nephrotic-range proteinuria [50, 56]. In addition to the
less frequent presence of overt nephrotic syndrome, when
compared to primary FSGS, ORKD has a more indolent
course. There are limited data on the long-term outcomes
of ORKD. In one study of 15 adults with biopsy proven
obesity-related FSGS, almost 50% advanced to kidney fail-
ure with an estimated probability of kidney survival of 77%
after 5 years and 51% after 10 years [56]. In one retrospec-
tive cohort, children with obesity born at term had a similar
course as described in adults while obese children born pre-
term had a more rapid deterioration [57].

Screening

Reconsideration of screening guidelines to detect kidney
disease may be warranted in children and adolescents with
an increased BMI to facilitate identification of ORKD.
Serum creatinine and urine albumin to creatinine ratio are
not routinely checked in patients with obesity, especially not
in youth. Moreover, altered body composition may impact
on creatinine production in obese individuals and affect the
accuracy of serum creatinine concentration as an index of
kidney function. Studies of kidney function using alterna-
tive markers such as cystatin C may be required to assess the
prevalence of ORKD.

Formulas to estimate GFR based on height and serum
creatinine concentration in patients with obesity often do not
reflect true filtration function, though using absolute eGFR
in lieu of eGFR normalized to body surface area (BSA) may
more readily detect the early glomerular hyperfiltration
phase of ORKD [58, 59]. Though not specific for ORKD,
in order to facilitate earlier detection of kidney damage and
better track progression of disease, several novel biomarkers
are being investigated. In a study of adolescents with severe
obesity undergoing bariatric surgery, they were found to
have significantly higher prevalence of subclinical evidence
of kidney injury with elevated urine neutrophil gelatinase-
associated lipocalin (NGAL), Interleukin-18 (IL-18), and
kidney injury molecule-1 (KIM-1) compared to lean sub-
jects despite having no microalbuminuria or evidence of
decreased kidney function [60].

There may be a role for kidney imaging in the initial
detection and evaluation of progression of ORKD. The accu-
mulation of lipids in the kidney can be seen on ultrasound,
computerized tomography (CT), and magnetic resonance
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imaging (MRI). Different measures that could be derived
from ultrasound imaging include the resistance index that
can indicate renal perfusion changes and early signs of
kidney injury, pararenal and perirenal ultrasonographic fat
thickness (PUFT) to measure visceral fat, elastography to
evaluate for fibrosis. CT and MRI can be used to measure
renal sinus fat (RSF), and whether MRI can be used to detect
ectopic lipid deposition remains under investigation. There
are not clear guidelines on the use of imaging for detecting
ORKD or the usefulness of these markers in the adult or
pediatric population, but several studies of adults have found
associations between PUFT, RSF and increasing albuminu-
ria and decreasing eGFR [50, 61-64].

Diabetic Kidney Disease
Epidemiology

Diabetic kidney disease is the leading cause of CKD in
adults accounting for about a third of adults with CKD
[25]. In children and adolescents, there has been a relative
increase in the prevalence of type 1 diabetes (45% increase)
and of type 2 diabetes (95% increase) over the past 16 years
[65]. There has also been an increase in DKD in children
and adolescents over a similar time period (2002-2013) with
arise in prevalence from 1.16 to 3.44% among those with
diabetes [66]. Teenagers and young adults with type 2 diabe-
tes have a higher prevalence of DKD than those with type 1
diabetes and are more likely to develop renal failure [67, 68].

There is a strong association between overweight or obe-
sity in adolescence and the development of type 2 diabetes.
Having a higher BMI during the adolescent years increases
risk of developing diabetes at a younger age and having
higher rates of albuminuria. Thus, addressing obesity dur-
ing childhood and adolescence plays an important role in
preventing diabetic kidney disease [69]. The importance is
highlighted by the increased incidence of kidney failure in
adults with onset of type 2 diabetes in childhood compared
to those with onset of diabetes in adulthood [70]. Indeed,
younger age at diabetes onset, being overweight or obese,
having a positive family history, genetic factors, poor glyce-
mic control, high glucose variability, hypertension, smoking,
intrauterine exposure to maternal diabetes or obesity, and
low birth weight all exacerbate developing DKD [71].

Pathogenesis

Chronic hyperglycemia is the major driver in the develop-
ment of DKD leading to glomerular and tubular injury,
inflammation, and oxidative stress. Trials have demonstrated
that intensive glycemic control (targeting a hemoglobin
AI1C (HbA1C) level <7%) delays the development of and

slows the progression of DKD in both type 1 and 2 diabetes.
This more intensive glycemic control has lasting beneficial
effects on the development of microvascular complications
including development of albuminuria and loss of eGFR. In
the Diabetes Control and Complications Trial (DCCT), after
the intensive glycemic control intervention ended and glyce-
mic control worsened, the intervention group still had less
microvascular complications over a decade later [72-76].
While more exposure to hyperglycemia does increase the
risk of DKD, not all patients with poorly controlled diabe-
tes develop DKD and not all patients with well-controlled
diabetes are spared this complication. This underscores the
importance of non-glycemic risk factors, including genetic
susceptibility and epigenetics.

Hyperglycemia induces kidney damage through several
mechanisms. Like ORKD, glomerular hyperfiltration is an
early feature driving kidney damage in DKD [71]. Glomer-
ular hyperfiltration is in part due to dilation of the affer-
ent arteriole. Hyperglycemia contributes to this dilation by
release of insulin-like growth factor 1, nitric oxide, vascu-
lar endothelial growth factor, and prostaglandins. Addition-
ally, there is an increase in the reabsorption of glucose and
sodium in the proximal tubule, which decreases delivery
of sodium to the macula densa, reduces tubuloglomerular
feedback, and contributes to dilation of the afferent arteri-
ole [77]. Hyperglycemia activates the RAAS system, and
increased angiotensin II leads to preferential constriction of
the efferent arteriole further contributing to increase intra-
glomerular pressure [78]. Ultimately hyperfiltration and
increased glomerular pressure result in mechanical stress
and glomerulosclerosis. Hyperglycemia activates pathways
such as the polyol pathway, hexosamine pathway, protein
kinase C pathway, and the advanced glycation end-product
(AGE)-related pathway resulting in reactive oxygen species
(ROS) generation ultimately leading to oxidative stress and
cell dysfunction. Other activated intracellular pathways,
such as Janus kinase-signal transducers and activators of
transcription and nuclear factor kappa-B, contribute to
inflammation in DKD [79].

Hypoxia due to the mismatch of oxygen supply and con-
sumption is another important contributor to diabetic kidney
disease. Hyperglycemia and glomerular hyperfiltration drive
renal energy expenditure and oxygen demand, but due to
microvascular injury and interstitial fibrosis, oxygen supply
is often impaired [79].

Structure

Advanced stages of DKD are not commonly seen in child-
hood but structural changes can be seen before development
of clinical disease. There is greater frequency of structural
abnormalities with increasing duration of disease, but
changes have been noted as early as 2 years after diagnosis
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of diabetes [80—82]. Early abnormalities found on kidney
biopsies include thickening of the glomerular, tubular,
and capillary basement membranes. The tubular basement
membrane is one of the earliest sites of change, which may
occur prior to development of albuminuria or clinical renal
disease [71].

Mesangial expansion is another common finding in DKD
and is characterized by an increase in mesangial cells and
increased production of matrix proteins. Both mesangial
matrix accumulation and mesangial cell hypertrophy have
been seen in response to hyperglycemia [83]. Other classic
findings include effacement of foot processes and loss of
podocytes, mesangial nodule formation, afferent and effer-
ent glomerular arteriolar hyalinosis, and finally global glo-
merular sclerosis. Type 2 diabetes tends to have more varied
findings on biopsy compared to type 1 diabetes [76, 84].

Function

Generally, the progression of DKD is similar to that
described in ORKD with initial hyperfiltration, followed by
a normalization of eGFR, and finally progression into overt
CKD with a fall in eGFR. Albuminuria can develop at any
point in this progression.

In prior literature, the stages of DKD have been described
as follows. Stage 1 of DKD is characterized by preserved
GFR or glomerular hyperfiltration. An increase in kidney
size and increased renal plasma flow has also been reported.
Stage 2 is described by changes in structure including thick-
ening of the glomerular basement membrane and mesangial
expansion and can occur as early as 1.5-2 years after onset
of diabetes, and often prior to overt kidney dysfunction. At
this stage, GFR, blood pressure, and albuminuria are all
typically normal. At stage 3, there is moderate albuminuria
(30-300 mg/g) and potentially a modest decrease in GFR.
In stage 4, there is severely increased albuminuria (>300
mg/g), impaired GFR (<60 ml/min/1.73 m?), and hyperten-
sion. Finally, there is progression to stage 5 with GFR < 15
ml/min/1.73 m* [71].

Screening

It is recommended that children are screened with a urine
microalbumin/creatinine ratio annually starting at age 10
or puberty and after having type 1 diabetes for 5 years or
at time of diagnosis for those with type 2 diabetes. Higher
rates of moderate albuminuria are seen in adolescents with
type 2 diabetes compared to those with type 1 diabetes
and an increasing HbAIc increases the risk of moderate
albuminuria [85]. Annual screening of eGFR is advised to
enable earlier detection of DKD as glomerular hyperfiltra-
tion may be found prior to clinical presentation of overt
nephropathy [86].

@ Springer

Despite being the key screening method, there are sev-
eral limitations to albuminuria as a marker of DKD. It can
be influenced by hydration, infection, stress, menstrual
cycles, glucose levels, and physical activity. Thus, there is
significant day-to-day variation. It has a low sensitivity and
specificity, and development of albuminuria may not occur
until later in disease progression [71]. Albuminuria can also
be transitory and patients with albuminuria may never pro-
gress to CKD and alternatively patients may develop kid-
ney impairment without albuminuria (i.e., non-albuminuric
DKD). In the UK Prospective Diabetes Study, 51% of the
study population did not have albuminuria prior to devel-
oping renal impairment (defined as an eGFR of <60 ml/
min/1.73 m?) [87].

There are several biomarkers being investigated that
could help predict DKD earlier than albuminuria, such as
NF-a, transferrin, type IV collagen, L-PGDS, IgG, ceru-
loplasmin, laminin, GAGs, fibronectin, podocalyxin, and
VEGF. Additionally, tubular injury precedes glomerular
injury so tubular biomarkers may help detect DKD earlier
(a -1-microglobulin CysC, KIM-1, NGAL, nephrin, NAG,
L-FABP, VDBP, CypA, s-Klotho). There may also be a role
of markers of inflammation and oxidative stress in predict-
ing DKD development and progression [71].

Identifying which patients with obesity have insulin
resistance could also play a role in recognizing children most
at risk for developing diabetes and kidney disease given its
association with hyperfiltration. Adolescents in the TODAY
study demonstrated that over time youth with type 2 diabe-
tes experienced rising eGFR and albumin excretion rates,
which associated with decreasing insulin sensitivity. In the
same study, worsening insulin resistance was associated with
glomerular hyperfiltration, and hyperglycemia was associ-
ated with increased albumin excretion [86]. However, there
has been data in the adult population to show no associa-
tion between insulin resistance and CKD in non-diabetic
patients, and further study is needed to clarify the relation-
ship between insulin resistance and kidney disease risk in
the pediatric population [88].

Blood oxygen level-dependent magnetic resonance imag-
ing (BOLD-MRI) is a technique that can be used to estimate
kidney oxygen availability and has been used to visualize the
effects of kidney oxygenation on risk of kidney disease [79].

Management of ORKD and DKD

The primary form of management and prevention for ORKD
is to address the underlying cause, obesity, through weight
loss and maintenance of a healthy weight. For weight loss,
a multifactorial approach should be considered including
diet, exercise, pharmacological treatment, and in some cases
metabolic bariatric surgery. It is also important to main-
tain a healthy blood pressure as hypertension can further



Current Obesity Reports (2023) 12:332-344

339

contribute to kidney injury. Given that ORKD may be silent
for many years, it is important for pediatric providers to
focus on treatment and prevention of obesity prior to the
diagnosis of kidney disease to prevent progression to irre-
versible disease. Weight loss has been shown to significantly
attenuate glomerular hyperfiltration seen in patients with
obesity who do not yet have overt kidney disease [89]. A
Cochrane review of randomized controlled trials in adults
with obesity and existing CKD did not demonstrate clear
improvement in proteinuria following weight loss, but did
show that lifestyle interventions were effective in weight
loss [90].

As detailed in the American Academy of Pediatrics
(AAP) “Clinical Practice Guideline for the Evaluation and
Treatment of Children and Adolescents with Obesity,” life-
style treatment should be child-focused and family-centered
with a focus on understanding the underlying genetic, bio-
logic, environmental, and social determinants that are con-
tributing. The most effective intensive health behavior and
lifestyle treatment occurs over 3—12 months with over 26 h
of face-to-face counseling on nutrition and physical activity
with parent involvement [91].

Specific to nutrition in patients with CKD, the Kidney
Disease: Improving Global Outcomes (KDIGO) group
recommends limiting daily proteins, restriction of sodium
intake in children with hypertension or pre-hypertension,
and controlled or reduced phosphorus and potassium intake
[5]. There are not clear guidelines for patients with both
CKD and obesity.

The traditional mainstays of protecting against the devel-
opment and progression of DKD include strict glycemic
control (goal HbAlc <7%), blood pressure control, and
weight loss if having pre-obesity or obesity. Fewer treatment
options exist for children with type 2 diabetes compared
to adults. Current standard treatment of type 2 diabetes in
children and adolescents consists of metformin and insulin,
but high failure rates to metformin have been demonstrated
and youth with type 2 diabetes tend to have lower insulin
sensitivity than adults [92, 93]. Recently, new therapies have
gained approval for use in children.

Pharmacologic therapy may have a role in both ORKD
and DKD to help protect the kidneys and halt progression of
disease, contribute to weight loss, improve blood pressure,
and maintain glycemic control. There are several medica-
tions that can be used for nephroprotection in ORKD and
DKD. ACE-inhibitors play an important role in both ORKD
and DKD as an adjunctive treatment for both blood pres-
sure control and albuminuria reduction. ACE-inhibitors
have been shown in a randomized, placebo-controlled trial
of adults to prevent the rise of proteinuria that occurs in
patients with obesity and reduce the rate of kidney failure
by 86% in patients with obesity and 45% in patients with
pre-obesity (overweight) [7]. As shown in the ESCAPE trial,

blood pressure control with ACE-inhibitors in children with
CKD and hypertension improves kidney function [94, 95].
However, there is limited data on use of ACE-inhibitors to
specifically help prevent ORKD in the pediatric population.
An animal study in pre-pubescent rats showed that lisinopril
attenuated glomerular hyperfiltration and reduced glomeru-
lar injury, proteinuria, and kidney inflammation in obese
rats [96]. More studies are needed in ORKD to determine
when to intervene in children with obesity but not diabetes.
For DKD, it is recommended to initiate an ACE-inhibitor
or ARB if two morning urine samples have a urine micro-
albumin/Cr ratio >30 mg/g over 6 months despite trying
to improve glycemic control and blood pressure [97]. It is
important to note, however, that studies in adults have dem-
onstrated a dissociation between antiproteinuric and reno-
protective action of ACEI or ARB therapy. Continued study
is warranted in pediatric patients with DKD.

Pharmacologic therapy may also be helpful to achieve
weight loss in children and adolescents who have not been
able to achieve a healthy weight with lifestyle therapy alone.
Phentermine, topiramate, and glucagon-like peptide-1 recep-
tor agonists (GLP-1RA) have been used in adolescents and
demonstrated significant decreases in BMI [98, 99]. For
children with type 2 diabetes, additional medications may
be needed to achieve glycemic control. GLP-1RAs have been
shown to have beneficial effects on glycemic control, but
data on cardiorenal benefits are limited in youth with type
2 diabetes [100-104].

GLP-1 receptor agonists may protect the kidneys and
heart indirectly by improving hyperglycemia, hypertension,
obesity, and dyslipidemia in addition to direct action on the
kidneys by decreasing inflammation, inducing natriuresis,
and decreasing glomerular hypertension [105]. Systemic
review and meta-analysis of randomized controlled trials
of GLP-1RAs in adults found they resulted in weight loss
in patients with and without diabetes and several of these
medications are now also available to children [106]. In the
adolescent population, liraglutide is superior to placebo for
reduction of BMI [99]. Liraglutide (daily injection) is FDA
approved for children 12 years and older with or without
diabetes. Exenatide (weekly injection) is approved for chil-
dren 10 years and older who also have type 2 diabetes (T2D)
and has also been shown to decrease BMI in the pediatric
population [91]. Semaglutide (weekly injection) is approved
for weight loss in children 12 years and older with obesity
or excess weight and has been shown to result in a greater
reduction in BMI than lifestyle intervention alone [107].
An oral version of semaglutide has also been approved for
adults with type 2 diabetes, but has not yet been approved
for children [108]. Other GLP-1 receptor agonists are being
studied in children including a recent trial of dulaglutide, a
once weekly injection, that demonstrated improved glyce-
mic control but did not impact BMI [100]. There have been
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randomized trials of GLP-1 receptor agonists in adults that
included renal outcomes and found a decrease in new-onset
macroalbuminuria, but trials examining hard renal endpoints
remain in progress [105].

New dual GLP-1/glucose-dependent insulinotropic poly-
peptide (GIP) receptor agonists and even triple GLP-1/GIP/
glucagon agonists are also under investigation to treat type
2 diabetes and obesity. A dual GLP-1/GIP receptor agonist,
tirzepatide, was approved for treatment of type 2 diabe-
tes in 2022 and has been shown to be more effective for
glycemic control and weight loss than GLP-1RAs. These
drugs are not yet approved for the pediatric population,
but trials are undergoing. They have promise in addressing
both diabetes and obesity and therefore decreasing risk of
kidney failure [109].

Sodium-glucose cotransporter 2 inhibitors (SGLT21i)
increase glucosuria and natriuresis through the inhibition of
SGLT?2 in the proximal tubule causing a decrease in serum
glucose, improved blood pressure, and decreased hyperfiltra-
tion and therefore help protect the kidneys. Several randomized
controlled trials in adults have demonstrated the protective
effect of these medications on the kidneys in patients with
diabetes and that the benefit to the kidneys occurs even in the
absence of diabetes [110, 111]. Most recently, sotagliflozin
demonstrated a significant reduction in cardiovascular mortal-
ity and hospitalization and received FDA approval for adults
with heart failure, type 2 diabetes, chronic kidney disease, or
other cardiovascular risk factors [112, 113]. Though the data
is more limited in the pediatric population, several SGLT2i’s
are under investigation. Dapagliflozin is approved for use in
children 10 years and older in Europe. In a recent large phase
3 trial of dapagliflozin in children and young adults with type
2 diabetes (ages 10-24), a decrease in HbAlc was not dem-
onstrated in the intention to treat group though was seen in
the protocol compliant participants [102]. In another recent
trial, Empagliflozin showed a significant reduction in HbAlc
with children ages 1-17 with type 2 diabetes in a multi-center
trial across 15 countries. It has been submitted to the FDA for
approval in children 12 years and older with type 2 diabetes
[104]. Protection against kidney disease was not specifically
examined in these trials. Overall, further studies are needed to
determine if SGLT2 inhibitors will demonstrate kidney protec-
tion benefits in the pediatric population. They could also be
beneficial for ORKD through several mechanisms including
blood-pressure improvement, weight loss, reduction in renal
fat, reduction of pro-inflammatory cytokines, and afferent arte-
riole vasoconstriction to decrease hyperfiltration [114—-116].

Metabolic bariatric surgery is a treatment option to
consider for severe obesity that could positively impact or
prevent both ORKD and DKD [117]. Among adolescents
with severe obesity, there is a growing body of evidence
suggesting the effectiveness of bariatric surgery to achieve
long lasting reduction of BMI and improvement or remission
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of obesity-related co-morbid conditions [91]. A systemic
review of long-term follow-up results from adults undergo-
ing bariatric surgery demonstrated remission from type 2
diabetes at a rate of 66.7% from gastric bypass and 38.6% for
gastric band [118]. Additionally, bariatric surgery is more
effective at achieving glycemic control in uncontrolled type
2 diabetes than medical therapy alone [119]. Benefits have
been seen in the adolescent population as well with a remis-
sion rate of 95% for type 2 diabetes and 76% for prediabetes
at 3-year post-surgery. These adolescents experienced other
health benefits apart from diabetes as well including a mean
weight reduction of 27%, 86% remission of abnormal kidney
function, and 74% remission of elevated blood pressure at
3-year post-surgery [120].

Conclusion

Childhood and adolescent obesity can result in renal dam-
age even before the onset of clinical disease, increasing the
likelihood of chronic kidney disease and, ultimately, kidney
failure. However, our current understanding of the impact
of obesity on the kidneys in pediatric patients remains lim-
ited. To fully comprehend the ramifications of pediatric
obesity on the kidneys, further research is imperative. We
must investigate the most effective screening methods to
detect early kidney injury and prioritize the development
of evidence-based interventions during childhood and
adolescence. By dedicating resources toward a more com-
prehensive understanding of the effects of obesity on the
kidneys in young patients, we may facilitate the creation
of strategies to mitigate the long-term consequences of this
growing epidemic.
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