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Abstract

The clinical course of autosomal dominant polycystic kidney disease (ADPKD) starts in childhood. Evidence of the benefi-
cial impact of early nephron-protective strategies and lifestyle modifications on ADPKD prognosis is accumulating. Recent
studies have described the association of overweight and obesity with rapid disease progression in adults with ADPKD.
Moreover, defective glucose metabolism and metabolic reprogramming have been reported in distinct ADPKD models
highlighting these pathways as potential therapeutic targets in ADPKD. Several “metabolic” approaches are currently under
evaluation in adults, including ketogenic diet, food restriction, and metformin therapy. No data are available on the impact
of these approaches in childhood thus far. Yet, according to World Health Organization (WHO), we are currently facing a
childhood obesity crisis with an increased prevalence of overweight/obesity in the pediatric population associated with a
cardio-metabolic risk profile. The present review summarizes the knowledge about the role of glucose metabolism in the
pathophysiology of ADPKD and underscores the possible harm of overweight and obesity in ADPKD especially in terms
of long-term cardiovascular outcomes and renal prognosis.
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potential new therapeutic targets in ADPKD. These include
daily caloric restriction [5, 6], time-restricted feeding [7], the
ketogenic diet [7] as well as metformin-based therapy targeting
the AMP-activated protein kinase (AMPK) pathway [8-11]
and the selective inhibition of sodium-glucose cotransporters
[12—15]. Additionally, it seems that ADPKD causes systemic
perturbances of carbohydrate metabolism. Indeed, defects in
insulin secretion and insulin resistance have both been reported
in adult patients with ADPKD with preserved kidney function
[16, 17].

Furthermore, several overlapping features have been
identified between obesity and ADPKD [3]. Nowak et al.
demonstrated that overweight and obesity were correlated
with kidney growth and estimated glomerular filtration rate
(eGFR) decline in young adults with ADPKD [18], while
glucose metabolism, quantified based on metabolomics
data, was significantly different in children with ADPKD
compared to healthy controls [19]. Furthermore, obesity and
insulin resistance have been associated even in the general
population, with the occurrence and progression of chronic
kidney disease (CKD) in both children and adults [20-23].
According to the World Health Organization (WHO), we are
currently facing a childhood obesity crisis with an increased
prevalence of overweight/obesity in the pediatric population.
Such arise in the prevalence of obesity has been particularly
observed in school-aged children and adolescents. In a WHO
European study, severe obesity was affecting almost 400,000
of the 13.7 million children aged 6 to 9 years living in the
21 participating countries [24]. The pediatric community is
very active in tackling this phenomenon with more diet and
lifestyle recommendations.

Obesity in childhood is associated with short- but also long-
term cardiovascular and metabolic risk profiles through the
development of hypertension [25], impaired glucose tolerance
[26], type 2 diabetes [27], dyslipidemia [28], and early ath-
erosclerosis [29]. Besides, compared to overweight children,
severely obese children have an immediate much worse cardio-
metabolic risk profile [24].

Based on the current knowledge, exploring the glucose
metabolism in early ADPKD, and moreover investigating
the role of screening and early management of overweight/
obesity are of particular interest to prevent ADPKD
progression and long-term cardiovascular complications.
Here, we summarize the literature about glucose metabolism
and ADPKD, and we propose hypotheses about the
overlapping features between ADPKD, obesity, and its
associated comorbidities, with a special focus on pediatric
patients.
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Clinical manifestations of metabolic
disturbances in adult patients with ADPKD

Both overweight and obesity are associated with increased
cardiovascular disease mortality and morbidity. A pro-
spective analysis of 5,209 adults aged 35 to 75 years and
followed up to 44 years in the Framingham Heart Study
revealed that overweight and obese patients have a sig-
nificant increased risk of developing hypertension, type
2 diabetes, and hypercholesterolemia. In this study, the
age-adjusted relative risk for new cardiovascular events
and mortality was increased from 1.5 to 1.7 in overweight
patients and from 2.2 to 2.6 in obese patients [30]. Insulin
resistance, which is the earliest carbohydrate impairment
related to obesity, has also been significantly and indepen-
dently associated with a higher cardiovascular risk [31].
Moreover, obesity has a direct impact on the development
of CKD. In healthy adults, higher BMI was associated
with the development of proteinuria and progressive eGFR
decline [23], while it was associated with faster decline in
kidney function in individuals with pre-existing CKD [20].

The prevalence of obesity is currently rising in patients
with ADPKD, as in the general population. In the HALT-
PKD study including 441 adult non-diabetic participants
with ADPKD showed that ~60% of patients were over-
weight or obese [18]. In this study, non-diabetic adult
patients with preserved kidney function (eGFR > 60 ml/
min/1.73 m?) were categorized according to their BMI
and followed for 5 years to assess changes in TKV and
eGFR. The annual percent change in TKV was positively
correlated with increasing BMI category. Obese patients
displayed an annual percent increase in TKV 50% higher
than normal weight participants, even after correction of
weight related to kidney and liver size. Obesity was also
associated with a faster eGFR decline compared to the
normal weight group. For every 5-unit increase in BMI,
eGFR declined by — 0.01 (—0.96;0.93) ml/min/1.73 m? at
month 24, —1.60 (—3.02; —0.19) ml/min/1.73 m? at month
48, and—1.71 (= 3.17; — 0.24) ml/min/1.73 m? at month
60 [18]. These findings were confirmed in a more recent
post hoc analysis of the TEMPO 3:4 trial [32], evaluating
whether overweight and obesity could have an impact on
the efficacy of tolvaptan. Overweight and obesity were
also strongly and independently associated with ADPKD
progression, but increased BMI did not seem to affect
tolvaptan efficacy. The exact mechanisms linking obesity-
associated metabolic changes with cystogenesis remain
unclear.
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Insulin resistance has been previously reported in small
cohorts of adults with ADPKD but with conflicting results.
Lower insulin sensitivity with associated hyperinsulinemia
was reported in adult ADPKD patients with normal kidney
function [33-35]. In a study comparing the insulin sensi-
tivity of 49 adult ADPKD patients with preserved kidney
function versus healthy controls during an oral glucose
tolerance test, impaired insulin secretion was reported in
ADPKD patients with no significant differences in insulin
sensitivity between groups [17]. However, other studies
were unable to validate these results [16, 36]. It should be
acknowledged that these studies were performed in small
cohorts of ADPKD patients, with distinct methodologies
and endpoints (Table 1). Furthermore, no studies have
quantified the insulin sensitivity in ADPKD patients using
the hyperinsulinemic-euglycemic clamp standard method
[37]. ADPKD is a well-known independent risk factor for
new-onset diabetes after transplantation in adults (Table 1)
[38—40]. Furthermore, in a retrospective cohort study com-
paring pre-kidney transplant patients with both ADPKD

and type 2 diabetes versus age- and gender-matched non-
diabetic patients with ADPKD, diabetic patients displayed
higher body mass index (BMI) and greater kidney volumes
than those with no diabetes [41].

Cardiovascular diseases represent the most common
cause of mortality and morbidity in patients with ADPKD
[42]. Main contributors of this increased cardiovascular risk
have been identified in ADPKD patients, including age at
CKD initiation, hypertension, diabetes, obesity, and dyslipi-
demia [43]. However, there are limited data in the literature
regarding cardiovascular risk factors in ADPKD patients.
Total kidney volume was associated with a higher cardio-
vascular risk profile in normotensive ADPKD patients [44].
A cross-sectional study found higher inflammatory indexes,
greater insulin resistance, and endothelial dysfunction in 24
ADPKD patients versus 24 age- and sex-matched controls
[45]. Only one large prospective cohort study evaluated the
prevalence of cardiovascular risk factors and the impact
of their management in ADPKD patients with CKD com-
pared to non-CKD patients and patients with CKD from

Table 1 Clinical studies evaluating the metabolic profile of ADPKD patients

Study Population/intervention

Findings

Insulin resistance positive

Sorof et al. [25]
and sex-matched healthy controls

Sinha et al. [26]
age- and sex-matched healthy controls

Shaw [27]
healthy controls

Skinner et al. [28]
controls

Insulin resistance negative

Baker et al. [29]
m

15 ADPKD with eGFR >90 ml/min/1.73 m? vs. 20 age-

22 ADPKD with eGFR > 60 ml/min/1.73 m? vs. 19

49 ADPKD with normal kidney function vs. 50 healthy

50 hypertensive ADPKD with eGFR > 60 ml/min/1.73
2

-| insulin sensitivity in ADPKD
1 insulin concentration in ADPKD
-Normal p-cell function in ADPKD

21 ADPKD with different stages of kidney failure vs. 16 -| insulin sensitivity in all vs. in controls

-| early insulin secretion in all vs. controls
-Insulin resistance in ADPKD

-t HOMA-IR in ADPKD

- insulin concentration at 30 min of the OGTT in
ADPKD

-4 indexes of p-cell function | in ADPKD

-No differences in HOMA-IR

-No differences in insulin concentration and HOMA-IR in
ADPKD vs. controls

52 hypertensive ADPKD with eGFR 25-60 ml/min/1.73
2

m

42 normotensive ADPKD with eGFR > 60 ml/min/1.73

m2

50 healthy controls
Chang et al. [9]

New-onset diabetes after transplantation

Nowak et al. [32]
matched cohort

Wilson et al. [30]

Yajnik et al. [31] 18 ADPKD vs. 112 non-ADPKD

189 ADPKD (30% kidney transplant recipients)

135 ADPKD vs. 135 matched controls vs. 162 non-

429 kidney allografts in non-diabetic patients

-No differences in the mean fasting glucose levels
between non-transplanted and transplanted ADPKD
patients

-17% NODAT in ADPKD vs. 7.4% in matched controls
vs. 8% in non-matched controls

-13.4% NODAT in ADPKD vs. 5.2% in non-ADPKD

-55.6% NODAT in ADPKD vs. 28% NODAT in non-
ADPKD

ADPKD, autosomal dominant polycystic kidney disease; eGFR, estimated glomerular filtration rate; HOMA-IR, homeostasis model assessment;
OGTT, oral glucose tolerance test; NODAT, new-onset diabetes after transplantation

@ Springer



Pediatric Nephrology

other causes [46]. In this recent study, 1751 patients (132
ADPKD, 1121 with CKD from other causes, and 498 non-
CKD patients) were followed for 4 years. ADPKD patients
with CKD had an intermediate rate of atheromatous plaque
compared to CKD of other causes, showed worse achieve-
ments of blood pressure targets but had lower cardiovascu-
lar events. However, the duration of follow-up was limited
and ADPKD patients with CKD were younger than patients
with other causes of CKD. Compared to non-CKD controls,
ADPKD patients had increased rate of hypertension and dys-
lipidemia, but no differences were found in in the rate of ath-
eromatous plaque. Similarly, there were no differences in the
rate of overweight and obesity between both groups. Further
studies are needed to determine the impact of metabolic dis-
turbances on cardiovascular outcomes in ADPKD patients.

More recently, a post hoc analysis of the HALT-PKD trial
revealed that obesity in adults was an independent risk factor
for back pain in both early and late stage ADPKD [47]. In
this study, moderate weight loss was associated with reduced
worsening of back pain over time compared to the reference
group with stable weight. As chronic and/or back pain is an
important and early burden in ADPKD patients [48], man-
agement of obesity early in life could have an impact on the
future quality of life of ADPKD patients.

The influence of obesity and metabolic
disturbances in the ADPKD pediatric
population

During the last decades, the prevalence of overweight and
obesity in childhood has increased worldwide [49]. Multiple
factors contribute to childhood obesity, including genetic
background, dietary factors (high fat and excess caloric
intake), and physical inactivity. Obesity is associated with
decreased insulin sensitivity, dyslipidemia, systemic inflam-
mation, and hypertension leading to increased cardiovascu-
lar risk, even in children [50].

Increased fasting blood glucose levels, impaired glucose
tolerance, and insulin resistance are highly prevalent in chil-
dren and adolescents with obesity [26]. Obesity and insu-
lin resistance have been related with adverse outcomes in
CKD progression in both adults and children [21-23]. Both
comorbidities are known to promote glomerular hyperfiltra-
tion, which was observed in ~ 20% of ADPKD children and
associated with a faster decline in kidney function and a
faster increase in kidney volume [51-53]. Insulin resistance
was identified as an independent risk factor for CKD pro-
gression resulting in hyperfiltration, impaired nitric oxide-
dependent vascular relaxation, increased tissue inflam-
mation, and fibrosis [51]. The inflammatory state related
to childhood obesity could also affect ADPKD disease
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progression as oxidative stress was identified as a factor
stimulating cystogenesis [54].

Children with obesity are also at increased risk of hyper-
tension [55]. The prevalence of primary hypertension has
reached 20 to 26% among overweight and obese children
[56]. The severity of pediatric obesity has also been linked
to non-dipping nocturnal blood pressure (BP), and obe-
sity-related metabolic abnormalities were associated with
both severity of hypertension and the risk of organ damage
[55]. In a meta-analysis, 20% of children with ADPKD had
hypertension (14 studies including over 900 patients, 95%
CI 15-27%) [57]. Substantial proportions of isolated noc-
turnal hypertension (18%) and nocturnal non-dipping profile
(52%) were identified in a cohort study of 310 children with
ADPKD who underwent a 24-h ambulatory BP monitoring
[58]. In this cohort, no analyses were made on the BMI.
Importantly, ADPKD children with blood pressure > 75th
percentile had a greater annual increase in kidney volume
compared to their normotensive pairs [59]. Moreover, hyper-
tension in childhood ADPKD was also accompanied by
increased left ventricular mass index [60].

Very little data are available concerning metabolic
abnormalities in children with ADPKD. Only one study has
explored the metabolomic profile of 58 children and young
patients with ADPKD with a mean age of 16 years. Plasma
samples from both ADPKD and healthy controls were
collected at baseline and during 3 years for metabolomic
analyses to evaluate differences in metabolomic profile
between both groups and changes over time. Oxidative
stress, endothelial dysfunction, inflammation, and immune
responses were the most affected signaling pathways.
Amino acid metabolism, glucose metabolism, and fatty
acid metabolism were identified as metabolic turn points to
account for the metabolic differences between healthy and
ADPKD children. Overall, in this study, several glycolysis
intermediates were positively correlated with ADPKD
disease progression [19]. Correspondingly, inflammation
and central carbon metabolism were also reported as main
altered processes in a metabolomic study comparing obese
children with insulin resistance versus normal insulin
sensitivity [61]. Inflammation, oxidative stress, and
endothelial dysfunction are hallmarks of both ADPKD
and obesity [3, 54, 62] as well as altered mammalian/
mechanistic target of rapamycin complex (mTORC) and
AMPK signaling pathways [3].

To date, no studies have evaluated the insulin sensitivity
profile of young ADPKD patients. Also, no studies have
explored the impact of obesity on ADPKD outcomes in
young patients. However, childhood obesity might further
increase the risk of hypertension, type 2 diabetes, and sub-
sequent loss of kidney function (Fig. 1).
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Fig. 1 Overlapping features
between obesity and insulin
resistance ADPKD disease pro-
gression. ADPKD, autosomal
dominant polycystic kidney
disease; AMPK, AMP-activated
protein kinase; BMI, body mass
index; CKD, chronic kidney
disease; CV, cardiovascular;
GH, glomerular hyperfiltration;
GLUT?2/5, glucose transporter
2/5; HTN, hypertension;
mTOR, mammalian/mecha-
nistic target of rapamycin; PC,
polycystin; OS, oxidative stress;
PT, proximal tubular; SGLT2,
sodium-glucose cotransporter
2. (<), no risk; (+), at risk;
(+)?, potentially at risk?
(literature data insufficient to
conclude); + (+)?, potentially
higher risk (literature data
insufficient to conclude); (+),
possibly at risk, depending on
patients; (+)?, possibly higher
risk, depending on patients
(literature data insufficient to
conclude)

Normal BMI

/G

Risk

Non-dipping HTN
HTN

Type 2 diabetes
Albuminuria

CKD progression
Glomerular
hyperfiltration
Inflammation/0S
Cardiovascular Risk

Pivotal role of glucose metabolism
in the pathophysiology of ADPKD

The impairment of carbohydrate metabolism has been
highlighted as a key feature and an important disease
modulator in ADPKD. In vitro, aberrant aerobic glycolysis
prevailed in polycystin-1 (PC1)-deficient epithelial cells
derived from mouse embryonic fibroblasts and was
associated with decreased oxidative phosphorylation [2].
In vivo analysis of '*C-glucose tracer in kidneys of a murine
model of PKD has highlighted an increased '3C-glucose
uptake and conversion to '3C-lactate compared to non-cystic
control kidneys. In this study, gene expression profiling of
both gluconeogenesis and glycolysis pathways in human
ADPKD kidneys revealed an upregulation of key glycolytic
genes in kidney cysts compared to normal tissue [2]. This
altered glucose metabolism in PKDI-deficient cells was
correlated with decreased phosphorylation of AMPK and

PC1

Diet  Gliflozins

Metformin

PT Cell PT Cell

Cyst formation
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Obese Obese

Q

0

+/- +/- +(?)
+/- +/- +(2)
+/- +/-(?) +(?)
+/- +/- +(?)
+- . 4 )
+/- +/- +(?)

+ + ++) (?)

+ + ++) (?)

enhanced activity of the mTORCI1 [2]. In addition, glucose
starvation for 12 to 48 h in these PKDI-deficient cells resulted
in increased proliferation, decreased apoptosis, and altered
autophagy response. Furthermore, the administration of a
non-metabolizable glucose analogue 2-DG slows down cyst
formation both in vitro and in vivo [2, 63, 64]. Metabolomic
and transcriptomic profiling of PKDI-deficient mouse tissues
identified a profound metabolic shift occurring in ADPKD
characterized by increased glycolysis, glutaminolysis, and
reduced tricarboxylic acid cycle [4]. On a physiological level,
the cell response to changes in glucose availability depends
on mTORC1, which is a central player in the glucose-sensing
cell response via AMPK in order to adapt energy-consuming
protein synthesis to the amount of available glucose
[65]. Finally, PC-1 has been involved in various stages of
glucose homeostasis as a stimulator of insulin receptor gene
transcription [66] and as a promoter of glucose-stimulated
insulin secretion in mouse and human islets [67].
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Novel therapeutic approaches in ADPKD
targeting glucose metabolism

Dietary interventions
Data from animal models

Warner et al. showed that mild-to-moderate food restric-
tion (10 to 40%) could delay the development of cysts in
a progressive mouse model of ADPKD [6]. Kipp et al.
confirmed that a mild reduction of 23% in total food intake
had a significant inhibitory effect on ADPKD progression
in an orthologous mouse model of ADPKD. Reduced food
intake was associated with reduced cyst growth and pro-
liferation, a minor reduction in total body weight, reduced
mTORCI] activation in mice, as well as preserved kidney
function at 7 weeks [5]. Additionally, Kashyap et al. iden-
tified a role of IGF pathways in ADPKD pathogenesis.
PAPP-A, a component of the IGF pathway that increases
the bioavailability of IGF-1, was highly expressed in kid-
neys of PKDI-deficient mice and also in cystic fluids and
kidneys of humans with ADPKD [68, 69]. In this study,
PAPP-A deficiency decreased the development of cysts in
ADPKD mice, and treatment of mice with a monoclonal
antibody that blocks the proteolytic activity of PAPP-A
was associated with a decreased cystic burden [68].

Subsequently, Torres et al. analyzed the effect of
time-restricted feeding in a non-orthologous rat model
of polycystic kidney disease. They found that Harlan
Sprague—Dawley (Han:SPRD) rats placed on a time-
restricted feeding regimen during 5 weeks show improve-
ment of kidney function and reduced cystogenesis com-
pared to the ad libitum group. The metabolic state of
ketosis induced by the time-restricted feeding regimen was
responsible for the observed effect of reducing cystogen-
esis since rats treated with p-hydroxybutyrate derived from
ketosis had reduced cyst growth compared with rats on the
control diet [7]. This highlights the apparent inflexibility
of ADPKD cells, which are highly glucose-dependent but
are not able to metabolize fatty acids and ketones [7].

More recently, Ramalingam and colleagues demon-
strated increased levels of methionine and S-adenosylme-
thionine in ADPKD murine models and showed methio-
nine dietary restriction attenuated cyst growth in these
models [70].

Clinical data
Dietary interventions such as intermittent fasting and

ketogenic diet are known to be feasible, inexpensive,
and safe, but their success mainly depends on patient
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adherence. The clinical trial (NCT03342742) assessing
the safety and tolerability of daily caloric restriction in
overweight and obese adult patients with ADPKD has
been recently completed and trial results are pending.
The objective was to determine the feasibility of either
daily caloric restriction or intermittent fasting for 1 year
in 28 overweight/obese adult ADPKD patients with
eGFR >30 ml/min/1.73 m?. As secondary endpoints,
changes in kidney growth were assessed for both food
restriction and intermittent fasting interventions. Another
clinical trial (NCT04907799) is currently ongoing to eval-
uate the impact of daily caloric restriction in 126 over-
weight and obese ADPKD adult patients on changes in
height-corrected TKV. Two other pilot studies are in the
recruiting phase to evaluate the feasibility of two distinct
dietary interventions: the pilot study NCT04680780 will
evaluate the safety and tolerance of a ketogenic diet for
3 months in 63 ADPKD patients, and study NCT04534985
will focus on the adherence and feasibility of a time-
restricted feeding intervention in 30 overweight and obese
ADPKD patients (Table 2).

Metformin
Data from animal models

Metformin, a well-known activator of the AMPK pathway,
has demonstrated conflicting results. It has been effective
in reducing cystogenesis in both in vitro and in vivo PKD
models [8, 9]. However, no effect of metformin alone or in
combination with canagliflozin was observed in an adult-
onset mouse model of ADPKD, which might be related to
the more slowly progressive disease compared to the earlier
studies [15].

Clinical data

Metformin is a very old and safe drug that has long been
used as a first-line treatment for type 2 diabetes [71]. Met-
formin was also found to promote weight loss and is cur-
rently used to treat overweight and obese patients with
insulin resistance and/or pre-diabetes [72]. Most common
adverse events of metformin-based therapy are gastro-
intestinal side effects, including nausea, abdominal cramps,
and diarrhea [73]. Lactate acidosis, a rare but alarming side
effect of metformin, mainly occurs in patients with kidney,
hepatic, or cardiac insufficiency [73]. In the pediatric popu-
lation, metformin has been reported to improve insulin sensi-
tivity and weight loss in obese children and adolescents [74].
In a recent pilot study, a low dose of metformin (850 mg/
day) in young children with obesity and risk markers for
metabolic syndrome was well tolerated and had a positive
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Table 2 Clinical studies evaluating treatments targeting glucose metabolism

Study Population/intervention

Findings

Treatment targeting glucose metabolism
Knowler et al. [71]

Seifarth et al. [72]

Safety and tolerability of metformin in 97 ADPKD patients
aged 18 to 60 years with eGFR > 50 ml/min/1.73 m?

Safety and tolerability of metformin in 51 ADPKD patients
aged 30 to 60 years with eGFR 50 to 80 ml/min/1.73 m?

-No serious adverse events

-Gastrointestinal symptoms similar between both groups

-No significant trends in eGFR slope and HtTKV

-No serious adverse events

-1 gastrointestinal symptoms in the metformin group

-No significant differences in eGFR slope and HITKV
between both groups

NCT 04,939,935 Metformin therapy in 1164 ADPKD patients aged 18 to Ongoing
70 years with eGFR >45 ml/min/1.73 m? and <90 ml/
min/1.73 m*

NCT 03,342,742 Daily caloric restriction or intermittent fasting for 1 year in Completed
overweight/obese ADPKD patients with eGFR >30 ml/
min/1.73 m?

NCT 04,907,799 Daily caloric restriction over 2 years in 126 overweight/obese Ongoing
ADPKD patients with eGFR > 30 ml/min/1.73 m?

NCT 04,680,780 Ketogenic diet for 3 months in 21 ADPKD patients from 18 to  Ongoing
60 years with CKD stages 1-3

NCT 04,534,985 Adherence, safety, and tolerability of time-restricted feeding Ongoing

over 1 year in 30 ADPKD patients from 18 to 65 years with

eGFR >30 ml/min/1.73 m?

ADPKD, autosomal dominant polycystic kidney disease; eGFR, estimated glomerular filtration rate; HtTKV, height-corrected total kidney vol-

ume

effect on body composition and inflammatory markers after
12 months [75]. Furthermore, in adolescents with type 1 dia-
betes, metformin treatment was associated with a significant
improvement of insulin resistance and vascular dysfunction
[76]. There are short-term studies regarding obesity and met-
formin in reducing BMI and insulin resistance in children
[77, 78] but there is still a lack of long-term data regarding
metformin in the pediatric population.

Apart from these metabolic effects, a nephroprotective
effect of metformin was highlighted in vitro and in vivo [79].
Moreover, observational clinical studies also suggested a
beneficial impact of metformin on CKD progression [80].
The RENOMET study (NCT 03,831,464), a randomized
controlled double-blind clinical trial to assess the effect
of metformin on the progression of kidney failure in non-
diabetic adult CKD patients (including ADPKD patients),
is currently ongoing.

In the recent TAME study, a 2-year randomized placebo-
controlled clinical trial, metformin was reported to be safe
and tolerable in adult ADPKD patients (18 to 60 years) with
eGFR > 50 ml/min/1.73 m?. Both the eGFR decline and
TKYV expansion were assessed as secondary endpoints, with
no significant reductions in metformin-treated patients com-
pared to controls [10]. This could be explained by the fact
that only 35% of patients have tolerated the maximal dos-
age of metformin (2000 mg/day). Furthermore, mean eGFR
of participants was around 86 ml/min/1.73 m?, suggesting
mild disease progression with no observable impact of

metformin at this early stage within the study duration [81].
The safety and tolerability of metformin was confirmed in a
second prospective randomized controlled study including
51 adult ADPKD patients with preserved kidney function
over 12 months of follow-up [11]. Another prospective ran-
domized controlled trial (NCT 04,939,935) to evaluate the
safety, tolerability, and effect of metformin therapy on kid-
ney function decline and cyst growth is ongoing (Table 2).

Whether metformin could have a double-positive effect in
overweight or obese children with ADPKD remains an open
question for future clinical studies.

Sodium-glucose cotransporter inhibition:
the gliflozins

Data from animal models

Several studies have evaluated the effect of sodium-glucose
cotransporter (SGLT) inhibition in murine models of PKD.
Dapagliflozin, a selective SGLT?2 inhibitor, seems to accel-
erate cystogenesis in PCK rats [13]. Conversely, dapagli-
flozin-treated Han:SPRD rats displayed glucosuria, higher
creatinine clearance, and decreased albuminuria, with no
significant effect on cyst growth [14]. Note that Han:SPRD
rats and PCK rats were both spontaneous hereditary models
of PKD, but the cysts in Han:SPRD rats mainly originate
from the proximal tubule (PT) after missense mutation of the
Pkdrl gene, while, in PCK rats, cysts mainly originate from
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the collecting duct (as in human ADPKD) following muta-
tion of the Pkhdl gene. The pharmacological inhibition of
SGLT2 mainly expressed in the PT may accelerate cystogen-
esis in PCK rats by increasing the availability of glucose in
the distal segments of the nephron. Interestingly, the selec-
tive inhibition of both SGLT1 and SGLT2 with phlorizin
in Han:SPRD rats was associated with a decreased cystic
index and kidney to body weight ratio [12]. In a study using
an orthologous mouse model of PKD, canagliflozin, another
SGLT2 inhibitor, had no effect on cystic kidney disease [15].

Clinical data

SGLT inhibitors are of increasing interest in several dis-
eases, including diabetes, CKD, and chronic heart failure.
They act as glucose-lowering drugs by inhibiting glucose
reabsorption by the renal PTs, resulting in glucosuria,
osmotic diuresis, and natriuresis. SGLT?2 inhibitors have
been approved by the FDA and are widely used as anti-dia-
betic agents. Apart from a better glycemic control, SGLT2
inhibitors have been shown to reduce cardiovascular events
and hospital admissions for heart failure in diabetic patients,
as well as improved eGFR slope in both diabetic and non-
diabetic patients with CKD [82-84]. Both cardiovascular
and nephroprotective effects make SGLT?2 inhibitors of par-
ticular interest in the field of ADPKD. However, there are
currently no data available regarding the potential positive
effect of SGLT2 inhibition in patients with ADPKD. Also,
no studies have evaluated the potential of SGLT?2 inhibi-
tors in the pediatric ADPKD population. Nevertheless, there
are several pediatric clinical trials ongoing to evaluate the
effect of SGLT?2 inhibitors in children with type 1 diabetes
(NCT04333823) and obese adolescents with non-alcoholic
fatty liver disease condition (NCT03867487). To date, there
is still insufficient data regarding the use of SGLT inhibitors
in ADPKD.

Conclusion

The metabolic alterations observed in ADPKD, as well as
their impact on ADPKD progression, are mainly derived
from in vitro studies, both late-stage and slowly progres-
sive animal models, as well as adult patient sample-based
and cohort studies. These findings opened the perspective of
novel therapeutic strategies in adult ADPKD. As the emerg-
ing data in the field of ADPKD are highlighting the need
for early disease stage intervention before the renal paren-
chyma reaches a “non-return” threshold, managing and tar-
geting altered glucose metabolism in this young population
might represent a promising opportunity. Indeed, whether
this defective glucose metabolism is an early primary event
in ADPKD remains unknown. It is clear that obesity is
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associated with the development of impaired glucose toler-
ance, type 2 diabetes, hypertension, and systemic inflam-
mation, which have been suggested as progression markers
of ADPKD in the adult population. Since the prevalence
of obesity is growing among the pediatric population and
is associated with worsening of ADPKD, obese/overweight
children with ADPKD represent a specific target population.
Lifestyle recommendations, dietary strategies, and pharma-
cological interventions regarding insulin resistance and obe-
sity might be beneficial in childhood to prevent disease pro-
gression and long-term cardiovascular diseases, which are
the most important causes of death in patients with ADPKD.

Future perspectives

Based on our review of the available data on glucose metab-
olism and its potential role in ADPKD, we can speculate
that an impaired glucose metabolism, insulin secretion, or
insulin resistance could fuel glucose-dependent metabolic
pathways of ADPKD cells and impact ADPKD progression.
Even if there are no randomized clinical trials evaluating the
impact of lifestyles/dietary interventions on the progression
of childhood ADPKD, it is reasonable to suggest that early
management of obesity-associated comorbidities could pre-
serve kidney function and decrease the global cardiovascular
risk burden of ADPKD patients.
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