REVIEW

Metabolic Reprogramming in Autosomal Dominant
Polycystic Kidney Disease

Evidence and Therapeutic Potential

Kristen L. Nowak(@® and Katharina Hopp

Abstract

Autosomal dominant polycystic kidney disease is characterized by progressive development and enlargement
ofkidney cysts, leading to ESKD. Because the kidneys are under high metabolic demand, itis not surprising that
mounting evidence suggests thata metabolic defect exists in in vitroand animal models of autosomal dominant
polycystic kidney disease, which likely contributes to cystic epithelial proliferation and subsequent cyst
growth. Alterations include defective glucose metabolism (reprogramming to favor aerobic glycolysis),
dysregulated lipid and amino acid metabolism, impaired autophagy, and mitochondrial dysfunction. Limited
evidence supports that cellular kidney metabolism is also dysregulated in humans with autosomal dominant
polycystic kidney disease. There are notable overlapping features and pathways among metabolism, obesity,
and/or autosomal dominant polycystic kidney disease. Both dietary and pharmacologic-based strategies
targeting metabolic abnormalities are being considered as therapies to slow autosomal dominant polycystic
kidney disease progression and are attractive, particularly given the slowly progressive nature of the disease.
Dietary strategies include daily caloric restriction, intermittent fasting, time-restricted feeding, a ketogenic
diet, and 2-deoxy-glucose as well as alterations to nutrient availability. Pharmacologic-based strategies

include AMP-activated kinase activators, sodium glucose cotransporter-2 inhibitors, niacinamide, and
thiazolidenediones. The results from initial clinical trials targeting metabolism are upcoming and
anxiously awaited within the scientific and polycystic kidney disease communities. There continues to be a
need for additional mechanistic studies to better understand the role of dysregulated metabolism in
autosomal dominant polycystic kidney disease and for subsequent translation to clinical trials. Beyond
single-intervention trials focused on metabolic reprograming in autosomal dominant polycystic kidney
disease, great potential also exists by combining metabolic-focused therapeutic approaches with
compounds targeting other signaling cascades altered in autosomal dominant polycystic kidney disease,

such as tolvaptan.
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Introduction

Autosomal dominant polycystic kidney disease
(ADPKD) is characterized by progressive develop-
ment and enlargement of kidney cysts, leading to
ESKD (1). Interestingly, although kidneys are only
0.5% of the human body mass, they consume 10%
of the body’s oxygen, highlighting the organ’s
high metabolic demand. Hence, it is not surprising
that mounting evidence suggests that metabolic
reprogramming is an important modulator of
ADPKD pathology (Figure 1). This narrative review
will summarize supporting data in humans with
ADPKD; common features among metabolism,
obesity, and/or ADPKD; and ongoing or potential
dietary/pharmacologic-based strategies to correct
metabolic abnormalities. Evidence of ADPKD
metabolic reprogramming using in vitro or animal
models has been excellently reviewed recently
(2—4); hence, these findings will be only mentioned
briefly.
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ADPKD, a Disease of Dysregulated Metabolism,
as Established by In Vitro and Animal Models
Over the last decade, multiple in vitro and animal
studies have shown that dysregulated metabolism is a
key feature and disease modulator of ADPKD. For
example, glucose metabolism is defective in ADPKD,
which was initially established by studying Pkd1~/~
mouse embryonic fibroblasts (5). These cells repro-
gram to favor aerobic glycolysis (i.e., Warburg effect),
resulting in upregulation of mammalian target of
rapamycin complex 1 (mMTORC1); inhibition of AMP-
activated kinase (AMPK); and subsequent increased
proliferation, decreased apoptosis, and defective auto-
phagy. Altered glucose metabolism was later reported
in multiple in vivo models (5,6), evidenced by upreg-
ulation of key glycolytic genes in patient cystic
epithelia and murine polycystic kidney disease
(PKD) kidneys (5,6). Although glycolysis is not con-
sistently observed to be altered in all PKD models
(7,8), its inhibition with 2-deoxyglocose, a glucose
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Figure 1. | Autosomal dominant polycystic kidney disease (ADPKD) and nutrient metabolisms have converging pathways. Central cellular
processes that are known to be impaired in ADPKD pathology and are characteristic of metabolic reprogramming include autophagic flux,
glycolysis, fatty acid oxidation, and mitochondrial function. Central signaling nodes that overlap between ADPKD and metabolic response
include mammalian targetof rapamycin (mTOR), AMP-activated kinase (AMPK), sirtuin-1 (SIRT-1), IGF-1, and peroxisome proliferator-activated
receptor-a/y (PPARa/y). Alteration in diet intake or composition can affect many of these overlapping processes/pathways. Similarly, multiple
pharmacologic approaches that are known to alter metabolic reprogramming target these central processes/signaling hubs. Collectively,
this suggests that such interventions have high potential in alleviating ADPKD in humans. Dotted arrows indicate that signaling cascade is
more complex than depicted. AKT, protein kinase B; BHB, B-hydroxybutyrate; BMI, body mass index; CFTR, cystic fibrosis transmembrane
conductance regulator; cMYC, cellular mycelocytomatosis; CR, caloric restriction; 2-DG, 2-deoxyglucose; 4E-BP1, eukaryotic translation
initiation factor 4E (elF4E)-binding protein 1; ERK1/2, extracellular signal-regulated kinase; FAO, fatty acid oxidation; HNF4a, hepatocyte
nuclear factor 4«; IMF, intermittent fasting; IRS, insulin receptor substrate; MAM, mitochondria associated membranes; MEK, mitogen-
activated protein kinase kinase; OXPHOS, oxidative phosphorylation; PC, polycystin; PI3K, phosphoinositide 3-kinase; Rheb, ras homolog
enriched in brain; ROS, reactive oxygen species; S6K, ribosomal protein S6 kinase; SGLT1/2, sodium glucose cotransporter-1/2; STAT3,
signal transducer and activator of transcription 3; TCA, tricarboxylic acid cycle; TRF, time-restricted feeding; TSC1/2, tuberous sclerosis 1/2;

TZD, thiazolidinedione.
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analog that cannot be metabolized, reduces cell prolifera-
tion in human PKD cells and kidney cystogenesis in
various murine models (5,6,9). Consistent with these
results, higher glucose concentration increases kidney
cyst growth (10), and hyperglycemia promotes cystogen-
esis, as well as kidney structural and functional damage
in a nonorthologous rodent model of PKD (11).

Dysregulated lipid metabolism (i.e., reduced fatty acid
oxidation) has also been identified as a key PKD feature via
kidney transcriptomics, urine metabolomics, and lipido-
mics in different ADPKD models (7,12,13). Signaling via
hepatocyte nuclear factor 4a (Hnf4a) or peroxisome
proliferator—activated receptor-a (PPARa), two proteins
key to multiple metabolic programming pathways, has
been suggested to be central to the reduced fatty acid
oxidation observed in PKD. Indeed, treatment with the
PPARa agonist fenofibrate enhances fatty acid oxidation
and reduces cystic disease in an orthologous ADPKD
model (13). Similarly, loss of Hnf4a in the setting of PKD
results in more severe cystic disease (12).

Furthermore, amino acid metabolism is also altered in
PKD. For example, glutaminase 1 is upregulated in cyst-
lining epithelial of human ADPKD kidneys and murine
models (14). Correlatively, both Pkd1 mutant (but not wild-
type) cells and primary ADPKD cyst lining (but not
normal human kidney) cells require glutamine for
growth, suggesting that PKD results in glutamine depen-
dence (14,15). Consequently, inhibition of glutamine me-
tabolism with the glutaminase inhibitor BPTES or CB839
slows cystogenesis in the Pkhd1-Cre;Pkd1%%/fx model; how-
ever, treatment with CB839 in the Agp2-Cre;Pkd1fx/fx ig
ineffective (14,15). Additionally, kidney cystogenesis has
also been proposed to be arginine dependent because
arginosuccinate synthase 1 expression is reduced in human
and murine ADPKD, and arginine depletion results in a dose-
dependent increase of arginosuccinate synthase 1 and reduced
cystogenesis ex vivo using metanephric organ culture (16).

Beyond the above-mentioned metabolic pathways,
ADPKD is also associated with defects in two central
players of metabolism—autophagy and mitochondria
function. Autophagy helps maintain energy homeostasis
and is activated when nutrients are lacking. Autophagy
is impaired in PKD cells, nonorthologous murine
models, and Pkd1 mutant zebrafish (5,17-19). The central
defect seems to be fusion of the autophagosome with the
lysosome (i.e., autophagic flux) (18,19). Correlatively, knock-
down of the core autophagy protein Atg5 promotes cysto-
genesis, whereas treatment with the autophagy inducer
Beclin-1 reduces cysts in a Pkdl mutant zebrafish model
(18). However, treatment with trehalose, a natural autophagy
enhancer, is ineffective in ameliorating disease in a Pkdl
mutant model (17). Of note, mMTORC1 is a known inhibitor of
autophagy, and treatment with various rapalogs both en-
hances autophagy and reduces cystogenesis in PKD (5,18).

Finally, several lines of evidence support deregulated
mitochondria, a central metabolic hub, in PKD. Mito-
chondrial dysfunction has been attributed in part to
abnormalities in morphology and biogenesis. Observed
phenotypes in kidney tissue from patients with ADPKD
and murine models include mitochondrial fragmentation,
swelling, nondirectional movement, and reduction in mito-
chondrial DNA copy number (2,20,21). Additionally,
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mitochondrial function is impaired in ADPKD models,
including increased reactive oxygen species production,
increased Ca2* uptake, and decreased respiration (2,3).
Interestingly, multiple studies highlight that both poly-
cystin-1 and -2 may regulate mitochondria function
directly (21,22).

Metabolic Reprogramming, a Concurrent Feature of
Human ADPKD

Limited evidence supports that cellular kidney metabo-
lism is also dysregulated in humans with ADPKD. Non-
targeted metabolomics using plasma samples from patients
with early-stage ADPKD who participated in the Halt
Progression of PKD (HALT-PKD) Study A suggests an
association between two long-chain triglycerides and
height-adjusted total kidney volume (TKV) (23). Similarly,
alterations in fatty acid metabolism, including the lip-
oxygenase pathways, have been observed using targeted
analysis of bioactive lipid mediators in serum samples from
HALT-PKD Study A participants (24). Notably, specific
serum-detectable metabolomic alterations in ADPKD do
appear to be unique compared with other etiologies of
CKD, including glomerular disease (25). Among these
changes are an increase in 16-hydroxyplamatite, consistent
with the hypothesis of impaired fatty acid metabolism and
mitochondrial B-oxidation (25).

Additional indirect evidence of dysregulated metabolism
in humans with ADPKD includes an inverse association
between HDL cholesterol levels and kidney growth, in-
creased urinary acid excretion, and hypocitraturia, partic-
ularly in those with kidney stones (26). Limited evidence
suggests that insulin resistance and/or impaired insulin
secretion may also be a feature of ADPKD, although this
observation is inconsistent (26). Individuals with type 2
diabetes mellitus in addition to ADPKD have significantly
greater kidney volumes compared with nondiabetic indi-
viduals, suggesting that insulin resistance may play a
mechanistic role in disease progression (27). Additionally,
there is a significant association between ADPKD and risk
of new-onset diabetes after kidney transplantation (28).
Together, this literature not only strongly suggests that
metabolic changes are important to the pathogenesis of
PKD but also highlights the potential for multiple thera-
peutic strategies to ameliorate the disease.

Metabolic Pathways Altered in Overweight and
Obesity That Parallel Metabolic Dysfunction in
ADPKD

Similar to the general population, body mass index (BMI)
has been increasing in patients with ADPKD over time (29),
and approximately two thirds of adults with ADPKD are
overweight or obese (30). Obesity is an independent risk
factor for incident CKD and ESKD (31), and weight loss can
prevent further decline in eGFR (32). However, the role of
obesity in progression of ADPKD, surprisingly, had not
been described until recently.

In the HALT-PKD Study A, overweight and particularly,
obesity were strong independent predictors of more rapid
kidney growth (30). Additionally, obesity was independently
associated with greater decline in eGFR compared with
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normal-weight participants. Thus, weight loss in adults
with ADPKD may slow ADPKD progression.

Overnutrition and obesity are known to activate mam-
malian target of rapamycin (mTOR) activity via PI3K/Akt,
IGF-I, and AMPK (33), pathways commonly deregulated
in PKD (Figure 1). Interestingly, mTOR overstimulation has
been proposed to be critical in the development of diabetes
(34). Similarly, AMPK activity is reduced in multiple rodent
models of obesity, suggesting that AMPK activation, as in
PKD, may serve as a therapeutic approach for this disease
(35). Hence, these shared pathways could contribute to the
observation that higher BMI is associated with PKD or
highlight that PKD could drive obesity.

Dietary Strategies to Correct Metabolic Abnormalities

Multiple dietary strategies have the potential to slow
ADPKD progression. These include daily caloric restriction
(a more traditional approach consisting of reducing daily
total caloric intake), intermittent fasting (either fasting
or substantially reducing caloric intake 1-3 days per week),
time-restricted feeding (limiting caloric intake to a narrow
feeding interval), or alterations to nutrient availability (i.e.,
low-fat, low-protein, low-carbohydrate, or soy-based diets).

Dietary Approaches Using Non-PKD Rodent Models

Dietary interventions aimed to alter metabolic pathways
have been extensively evaluated in non-PKD rodent mod-
els. Long-term daily caloric restriction with adequate
nutrition extends lifespan in multiple animal models and
improves most aging-related health aspects, including
metabolic health (weight, lipids, and glucoregulatory func-
tion) (36). Interestingly, daily caloric restriction protects
against kidney ischemic reperfusion injury in rodents
through mechanisms that may include enhanced auto-
phagy and stress resistance/preconditioning (37).

Numerous benefits of intermittent fasting are also ob-
served in non-PKD rodent models, including reduced
fasting glucose and insulin, improved insulin sensitivity,
improved lipid profiles, and decreased BP and heart rate
(38). Additionally, intermittent fasting increases glycogen
and adipose tissue mobilization, promoting ketone body
production and gluconeogenesis (38). Thus, intermittent
fasting can promote metabolic reprogramming from car-
bohydrate to fat metabolism.

In a landmark study in Drosophila (39), time-restricted
feeding slowed cardiac aging, improved sleep, and pre-
vented weight gain, despite a lack of change in caloric
intake or activity level. Benefits of time-restricted feeding
have also been demonstrated in rodents, including pre-
vention of weight gain from a high-fat/high-sucrose diet
(40,41) as well as improved body composition (40). Similar
to intermittent fasting, insulin sensitivity is also improved
with time-restricted feeding (40). Notably, in mice being
fed a high-fat diet, time-restricted feeding improves both
mTOR and AMPK pathway functions compared with ad
libitum feeding mice (41).

Caloric Restriction and Fasting Trials in Humans Free from
ADPKD

To date, most daily caloric restriction clinical trials have
focused on healthy populations with end points, including

adherence, weight loss, and insulin sensitivity, rather than
modifying clinical disease. Daily caloric restriction is the
standard of care approach to weight loss in obesity;
however, the safety and tolerability of 2 years of 25% daily
caloric restriction have also been evaluated in healthy,
nonobese adults in a multicenter, randomized, controlled
trial (RCT; the Comprehensive Assessment of Long-Term
Effects of Reducing Intake of Energy [CALERIE] trial) (42).
Overall, in the CALERIE trial, sustained daily caloric
restriction was feasible, safe, and well tolerated, although
potential risks of bone loss and anemia were noted. Benefits
were observed in cardiometabolic risk factors and inflam-
matory markers.

Trials conducted in healthy overweight and/or obese
adults support that intermittent fasting is also feasible and
safe (43-45). In addition to weight and body fat loss,
intermittent fasting promotes reductions in oxidative
stress, inflammation, and BP, as well as favorable changes
in lipids (43-45).

Time-restricted feeding is a novel fasting regimen that
may be an alternate strategy to promote weight loss or a
more feasible approach than intermittent fasting in indi-
viduals of normal BMI to activate similar evolutionarily
conserved pathways, acknowledging that timing of food
intake can influence the metabolic response (46). RCTs on
time-restricted feeding are far fewer than those for in-
termittent fasting, but a single 16-week pilot trial in
overweight adults suggests feasibility (47). Here, total
daily caloric intake was reduced by 20%, which resulted
in modest weight loss, increased reported energy level, and
better sleep all maintained at 1 year.

Caloric Restriction and Changes in Nutrient Availability in
ADPKD

Mild to moderate daily caloric restriction (10%—40%)
profoundly slows kidney growth and improves kidney
function in multiple rodent models of ADPKD in as little as
2 months (8,48). These improvements are mediated in part
by suppression of mTOR signaling, AMPK activation,
and a reduction in IGF-I (8,48). Additionally, caloric re-
striction reverses the ADPKD-associated increase in hexo-
kinase 2 expression, which is the rate-limiting step in
glycolysis, thus supporting metabolic reprogramming (8).
Improvements are also observed in kidney fibrosis, in-
flammatory markers, and evidence of injury in a dose-
dependent manner (8). Remarkably, 40% daily caloric
restriction initiated at advanced disease stage not only
slows but reverses disease progression (8).

Furthermore, a beneficial effect of time-restricted feeding
on ADPKD progression was recently demonstrated in a
nonorthologous PKD model, the Han:SPRD rat (49). Ad
libitum feeding limited to 8 hours within the rats” wake/dark
cycle significantly reduces kidney cystogenesis and fibrosis,
improves kidney function, and corrects mTORC1 and STAT3
signaling without a reduction in caloric intake or overall
body weight. Similar effects are observed with a ketogenic
diet (low in carbohydrates) or supplementation of a normal
diet with the natural ketone B-hydroxybutyrate. Ketone
bodies may promote metabolic reprogramming by shifting
fuel sources (decreasing glucose availability and increasing
fatty acids). Additionally, protein restriction also amelio-
rates PKD in two nonorthologous PKD models (50), and a
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Strategy Non-PKD PKD
Daily caloric restriction I ml ’ Yes Yes Yes Ongoing
Intermittent fasting .‘.D . Yes Yes No Ongoing
Time restricted feeding m %ﬁ Yes Yes Yes No
AMPK activators  — Yes Yes Yes Ongoing
SGLT2 inhibitors — Yes Yes Yes No
Niacinamide — Yes Yes Yes Ongoing
Thiazolidinediones —— (PPAR Yes Yes Yes Ongoing

Figure 2. | Dietary and pharmacologic-based strategies may target dysregulated metabolism in ADPKD. A summary is provided regarding
whether dietary and pharmacologic-based strategies to potentially target dysregulated metabolism in ADPKD have been evaluated in non-
polycystic kidney disease (non-PKD) models (rodents and humans) and in PKD models (rodents and humans).

soy-based diet halts PKD via changes in lipid metabolism
(51). Finally, lowering lipid intake also affects cyst growth in
murine models (7).

To translate these findings to humans, the RCT NCT03342742
is evaluating the effects of both weight loss and periods of
fasting in overweight/obese individuals with ADPKD.
The trial will compare two weight loss interventions
with the same weekly caloric reduction on the basis of
either daily caloric restriction or intermittent fasting.
The primary end points are feasibility of enrollment and
adherence (weight loss). Safety/tolerability; quality of life;
TKV; and markers of IGF-I, AMPK, and mTOR signaling
will also be assessed.

Pharmacologic-Based Alternatives to Dietary Changes
Modulating Metabolic Dysfunction in ADPKD
Dietary modifications can be challenging to implement
and sustain over a long period, potentially limiting trans-
lation to clinical practice. Thus, pharmacologic agents
targeting metabolic pathways may be attractive alternative
candidates in slowing ADPKD progression (Figure 2).

AMPK Activators

Metformin is a pharmacologic activator of the AMPK
pathway, and it is Food and Drug Administration (FDA)
approved for the treatment of type 2 diabetes mellitus and
polycystic ovarian syndrome. As evaluated in kidney
epithelial cell culture and mouse/zebrafish models of
PKD, metformin treatment inhibits mTOR and the cystic
fibrosis transmembrane conductance regulator, re-
presses subsequent epithelial secretion and prolifera-
tion, and slows cyst growth (52,53). Furthermore, statins
are known to be AMPK activators and can decrease cyst
formation, preserve kidney function, and alleviate

intestinal inflammation/fibrosis in animal models (54).
Two prospective RCTs are currently evaluating whether
metformin may be an effective treatment strategy in adults
with ADPKD. The Trial for Administration of Metformin to
Tame PKD (NCT0256017) is a phase 2, double-blind,
placebo-controlled RCT of 26 months in duration being
conducted in 96 nondiabetic adults 18-60 years old with
ADPKD and eGFR>50 ml/min per 1.73 m?. The primary
outcomes are safety and tolerability. Secondary outcomes
include change in TKV and liver volume, pain, quality of
life, and targeted metabolomic biomarkers of the glycolytic
and AMPK pathways.

A second RCT of 1-year duration is enrolling 50 non-
diabetic adults 30-60 years of age with ADPKD and eGFR
of 50-80 ml/min per 1.73 m? (NCT02903511). Coprimary
end points are (1) percentage of participants prescribed the
full randomized dose according to the protocol at 12 months
and (2) percentage of participants prescribed at least 50% of
the randomized dose according to the protocol at 12 months.
Secondary end points include change in TKV and eGFR. Of
note, an additional RCT directly comparing metformin
with tolvaptan in 150 adults 18-50 years old with eGFR
of =45 ml/min per 1.73 m? and a PKD1 truncating mutation
is planned to begin in 2020 in Italy (NCT03764605).

Statins are another AMPK activator with FDA approval.
Three years of treatment with pravastatin slowed kidney
growth in an RCT conducted in children and young adults
with ADPKD (55). An ongoing RCT is evaluating whether
2 years of treatment with pravastatin has similar benefit
on change in TKV in adults with ADPKD and preserved
kidney function (NCT03273413).

Sodium Glucose Cotransporter-2 Inhibitors
Sodium glucose cotransporter-2 (SGLT2) inhibitors are
relatively new agents that promote glycosuria and thereby,
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lower blood glucose. The SGLT2 inhibitor canagliflozin
was recently shown to reduce the risk of both kidney
failure and cardiovascular events in an RCT of 4401
patients with type 2 diabetes mellitus and albuminuric
CKD (56). Five weeks of treatment with an SGLT1 and
SLGT2 inhibitor phlorizon inhibits cystogenesis in the
Han:SPRD rat model of PKD (57). In contrast, the SGLT2
inhibitor dapaglofozin improves kidney function and
albuminuria in the Han:SPRD rat, but it fails to slow
cyst growth (568) and unexpectedly enhances cyst volume in
the PCK rat model of ADPKD (59). Additionally, canagli-
flozin failed to reduce kidney disease severity in an
orthologous ADPKD model (60). Thus, caution may be
needed in considering SGLT?2 inhibitors for the treatment of
ADPKD.

Niacinamide/Nicotinamide

Niacinamide (also known as nicotinamide) is a deriva-
tive of nicotinic acid (niacin) and can act as an inhibitor of
the NAD-dependent protein deacetylase sirtuin-1 (SIRT-1)
in vitro. Sirtuins can act as metabolic energy sensors in
response to caloric restriction. SIRT-1 expression is in-
creased in the kidney of multiple rodent models of PKD
(61). Niacinamide both slows cyst growth and improves
kidney function in two orthologous mouse models of
ADPKD, and it is suggested to specifically function
through SIRT-1 inhibition (61). Notably, although caloric
restriction is a known activator of SIRT-1 (36), food re-
striction does not seem to alter SIRT-1 expression in the
PKD kidney (8).

A small phase 2 RCT with the dietary supplement
niacinamide (30 mg/kg per day) or placebo administered
to adults with ADPKD for 1 year is currently pending
results (NCT02558595). The primary outcome is change
in acetylated/total p53 (which is mediated by SIRT-1)
in PBMCs. Other end points include change in height-
corrected TKV, eGFR, and monocyte chemoattractant
protein-1 levels.

Thiazolidinediones

Thiazolidinediones are synthetic ligands of PPARYy, a
regulator of fatty acid storage and glucose metabolism, and
they are FDA approved to control high blood glucose in
type 2 diabetes mellitus. They can also inhibit cystic fibrosis
transmembrane conductance regulator activity and sub-
sequent chloride secretion in response to vasopressin (62).
Importantly, the thiazolidinediones pioglitazone and
rosiglitazone have each shown efficacy in halting cysto-
genesis in multiple animal models of PKD (63,64). A
1-year, phase 2, crossover trial to determine the safety and
efficacy of pioglitazone in nondiabetic adults with
ADPKD is ongoing; the primary outcome is safety, and
TKV is a secondary end point (NCT02697617). Of note, the
FDA recently issued a warning that pioglitazone may
increase risk of bladder cancer; thus, caution should be
exercised.

Conclusions, Limitations, and Future Directions

In this review, we discussed recent evidence that a
metabolic defect exists in ADPKD, which likely contributes
to cystic epithelial proliferation and subsequent cyst

growth. We provided evidence of overlapping features
and pathways among metabolism, obesity, and/or ADPKD.
We also discussed both dietary and pharmacologic-based
strategies targeting metabolic abnormalities that are being
considered as therapies to slow ADPKD progression.

Interventions targeting dysregulated metabolism are
attractive, particularly given the slowly progressive nature
of ADPKD. The results from initial trials targeting metab-
olism are upcoming and anxiously awaited within the
scientific and PKD communities. There continues to be a
need for additional mechanistic studies to better under-
stand the role of dysregulated metabolism in ADPKD and
for subsequent translation to clinical trials. It is worth
mentioning that current mechanistic studies have often
not evaluated which specific cell type is displaying the
observed metabolic defect. Although assumptions are
being made that the cystic epithelium is likely the key
culprit, metabolic defects in cells within the kidney
microenvironment may also contribute to pathogenesis.
Furthermore, it is unclear whether current interventions
known to alleviate disease in humans or animal models
(e.g., tolvaptan) may function at least in part via metabolic
savings. Hence, advancing mechanistic research will be
necessary to understand the true potential of targeting
metabolic reprogramming in ADPKD and will likely
provide novel therapeutic targets that warrant further
testing.

Additionally, it is important to note that dietary strat-
egies targeting metabolic abnormalities have inherent
limitations that may impede widespread clinical imple-
mentation. Long-term adherence can be challenging,
weight loss is not desirable in all individuals, and care is
needed to ensure adequate nutrition. Because ongoing
clinical trials that target metabolic reprogramming in
ADPKD either via dietary or pharmacologic interventions
are being conducted later in the course of disease (i.e.,
adults), it is unknown if such strategies would have
adverse consequences during times of growth (i.e., child-
hood) and whether they could be used intermittently
throughout life. Combining metabolic-focused therapeutic
approaches with compounds targeting other signaling
cascades altered in ADPKD, such as tolvaptan, may not
only enhance the overall therapeutic benefit but also,
allow a lower required dose of the pharmaceutical, which
may decrease toxicity. Likewise, combination therapy may
reduce the severity of dietary restriction that is required to
achieve benefit, hence increasing translational feasibility.
Continued research on this important and exciting topic
will undoubtedly provide insight into such questions,
moving toward the ultimate goal of slowing ADPKD
progression.
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