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Purpose of review

Patients with Autosomal Dominant Polycystic Kidney Disease (ADPKD) reach kidney failure at a median age
of 58 years. There has been a strong interest in medical interventions to improve prognosis. With
increasing understanding of the underlying pathophysiology, there is also a rationale for non-
pharmaceutical interventions. However, these have received little attention. This review, therefore, focuses
on dietary interventions in ADPKD.

Recent findings

Recent studies regarding salt, protein and water intake, caloric restriction, BMI, caffeine and alcohol are
discussed in this review. In general, these studies suggest that advices do not need to be different from
those in chronic kidney disease (CKD). On the basis of research in the general population and CKD, these
advices will likely decrease cardiovascular morbidity and mortality. With respect to delaying ADPKD
progression, evidence for salt restriction is growing. For increasing water intake and targeting glucose
metabolism by intermittent fasting, preclinical studies are promising. Long-term randomized human
intervention studies are, however, lacking.

Summary

In ADPKD, advices regarding dietary interventions can, in general, be the same as in CKD to decrease
cardiovascular morbidity and mortality. Whether these interventions also delay disease progression needs
further study.
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INTRODUCTION

Autosomal Dominant Polycystic Kidney Disease
(ADPKD) is a hereditary disease characterized by
the formation of numerous cysts in both kidneys
[1] leading to kidney failure at a median age of
58 years [2]. The last two decades, science has gained
more insight into the underlying pathophysiologi-
cal mechanism how gene defects result in cyst for-
mation. We now know that patients with ADPKD
have in the far majority of cases a mutation in the
PKD1 or PKD2 gene [3], resulting in decreased pres-
ence or functionality of polycystin proteins. This in
turn results in a disturbance of cell homeostasis and
signaling pathways [4]. This knowledge has identi-
fied several targets for therapy. With increased intra-
cellular cyclic AMP playing a pivotal role,
pharmacological therapies directed at lowering
cAMP have been tested. So far, vasopressin V2 recep-
tor antagonism is the only therapy that has been
 2021 Wolters Kluwer H
proven renoprotective [5–7]. Disadvantages of this
treatment are the aquaretic adverse effects, high
costs and lack of access for all ADPKD patients. In
recent studies, a glucose dependency of cyst cells has
been shown, opening the possibility of low caloric
and ketogenic diets in ADPKD [8

&&

]. Also for other
dietary interventions, as increased water intake and
restriction of caffeine, a pathophysiological ratio-
nale is present. Recently, various reviews have
ealth, Inc. All rights reserved.
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KEY POINTS

� Dietary advice in ADPKD is in general the same as for
chronic kidney diseases. Main advices are summarized
in Table 2.

� With respect to increasing water intake to decrease
urinary osmolality, the advice should be dependent on
kidney function.

� Research is necessary to investigate whether dietary
interventions also influence disease progression.

� Of interest are especially the preclinical studies on
metabolic reprogramming that open the intriguing
possibility to decrease the rate of disease progression
in ADPKD by a diet that enhances ketosis.

Emerging nonpharmacological interventions Meijer and Gansevoort
focused on medical interventions in ADPDK,
whereas attention for nonmedical interventions
has been limited, This review, therefore, focuses
on recent advances in knowledge on dietary inter-
ventions in ADPKD.
SALT INTAKE

In chronic kidney disease (CKD), there is general
consensus that daily salt intake should be less than
5 g per day in patients with high blood pressure and
CKD [9

&&

], which is approximately equivalent to less
than 2 g/day sodium or less than 90 mmol sodium/
day). Too high intake of salt is thought to cause an
increase in cardiovascular disease and mortality
[10,11], whereas a decrease in salt intake has been
shown to result in a decrease in SBP [12], proteinuria
[13], and renal and cardiovascular events [14,15]. To
gain insight in salt intake, 24 h urine sodium excre-
tion can be measured.

In ADPKD, patients often have hypertension.
Hypertension might be causally related to disease
progression, for an intervention study in which
blood pressure was decreased showed a reduction
of 14% in cyst growth [16]. Salt restriction could be
beneficial in ADPKD for it might enhance the favor-
able effect of renin angiotensin aldosterone system
(RAAS) blockade and decrease deleterious vasopres-
sin levels. Increased vasopressin levels have a dele-
terious role in the process of cyst growth and renal
function decline by activating the vasopressin V2
receptor and increasing intracellular cAMP. High
vasopressin levels are associated with disease pro-
gression [17], thus inducing a vicious circle. To
escape from this vicious circle, vasopressin needs
to be blocked or lowered. Trials have shown that
vasopressin V2 receptor blockade is effective in
delaying disease progression [5].
 Copyright © 2021 Wolters Kluwe
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Thus, a sodium restriction could be beneficial
both by enhancing favorable effects of RAAS block-
ade as reduction of vasopressin levels. In Han:SPRD
rats (a model for polycystic kidney disease), an
increase in salt intake induced an increase in kidney
weight and cyst ratio [18]. Also human studies have
investigated the potential role of salt intake on
outcome in ADPKD, unfortunately mostly observa-
tional. These studies are summarized in Table 1.

In a large, observational study including 553
ADPKD patients with a mean follow-up of 6 years,
an association was found between high salt intake
and disease progression [19]. Mediation analysis
suggested that the effect on disease progression
was primarily a consequence of a salt-induced rise
in vasopressin rather than the result of salt-induced
changes in blood pressure.

Unfortunately, no randomized controlled trials
have been performed that investigated the effect of
salt restriction on disease progression in ADPKD.
The best evidence so far, comes from a post hoc
study of the HALT A and B trials [20,21]. These large
trials investigated the effect of intensive blood pres-
sure control and double vs. single RAAS blockade in
early and later stage ADPKD (studies A and B, respec-
tively) [16,19]. Patients who participated in these
trials, were prescribed a salt-restricted diet contain-
ing less than 6 g salt. At baseline, mean salt intake in
both studies was 10 g. Although significant, the
decrease in salt intake during the trial was modest
(at the end of study 9.6 g salt/day in study A and 8.8 g
salt/day in study B, on average, 6.5 and 14.5%
reductions, respectively, with large variations
between persons, Fig. 1). A post hoc study found
that each decrease of 1 g salt, was associated with less
kidney growth (0.43%/year) in study A, and in study
B with significantly slower rate of estimated glomer-
ular filtration rate (eGFR) decline (�0.09 ml/min/
1.73 m2/year for each gram salt reduction) and a
lower risk for the incidence of the composite renal
endpoint (i.e. a 50% reduction in eGFR, end stage
kidney disease, or death, hazard ratio 1.08; P¼0.01)
[22] Altogether, these data suggest that advice in
ADPKD can be equal to that in CKD and should be
less than 5 g per day.
PROTEIN INTAKE

In CKD in general, the KDIGO guidelines do not
recommend reducing protein intake. The advice is
to avoid a high protein intake (>1.3 g/kg per day) in
all patients with CKD who are at risk of disease
progression. Only when kidney function is reduced
to an eGFR less than 30 ml/min/1.73 m2, protein
intake should be reduced to 0.8 g/kg per day to avoid
uremic complaints [23]. Protein intake can be
r Health, Inc. All rights reserved.
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Table 1. Studies on salt and protein intake and disease progression in human autosomal dominant polycystic kidney disease

Study Nutrition Design Number of
subjects

Inclusion;
ADPKD

Estimated
nutritional
intake

FU Main conclusion

Torres et al.,
cJASN 2011

Salt and
protein

Observational 241 15–46 years
CrCl >70

11.0 g salt/day
72 g protein per

day

6 years Salt at baseline is
associated with increase
in TKV and univariately
with decrease in mGFR.
Protein intake was only
univariately associated
with increase in TKV and
decrease in mGFR

Kramers et al.,
KI, 2020

Salt and
protein

Observational 589 >18 years
eGFR >15

9.1 g salt/day
and 84 g
protein/day

4 years Salt at baseline is
associated with kidney
function decline and this
is mediated by
vasopressin. Protein
intake is not associated
with kidney function
decline

Torres et al., KI
2017

Salt Post hoc
analysis of
RCT

558 and
486

A: 15–49 years
and
hypertension

B: 18–64 years
and eGFR
25-60

10 g salt/day.
Reduction to
9.6g salt
(study A) and
8.8g salt
(study B)

8 years Increase in salt is associated
with increased TKV and
in later ADPKD with
decreased eGFR and
increased risk of reaching
the composite renal
endpoint

Klahr et al,
JASN 1995

Protein RCT 200 (127
in A and
53 in B)

A: GFR 25–
55ml/min

B: GFR 13–
24ml/min

1.1 vs. 0.7g/
kg/day (study
A) and 0.7
vs. 0.4 g/kg/
day (study B)

3 years No difference in GFR
decline in study A. In
study B, a trend (P is
0.06) towards a less
steep GFR decline (4.0
vs. 4.9 ml/min per year),
proportion of patients
reaching renal failure;
however, not different

Choukroun
et al., JASN
1995

Protein Observational A: 109
B: 48

A: CrCl 30-50
B: CrCl 50—60

0.9 g/kg/day A: 6.7�
0.3 years

B: 4 years

No association between
protein intake and eGFR
was found in group A or
in group A and B
combined

cJASN, clinical journal of the american society of nephrology; CrCl, creatinine clearance; FU, follow-up; GFR, glomerular filtration rate; JASN, journal of the
american society of nephrology; KI, kidney international; mGR, measured glomerular filtration rate; RCT, randomized controlled trial; TKV, total kidney volume.

Pharmacology and therapeutics
estimated by measuring urea and total protein
excretion in 24 h urinary volume using the Maroni
or Bergstrom formula. These are, respectively:
15þ (0.18�ureum excretion (mmol/24 h)þprotein
protein excretion (g/24 h) and 13þ (0.204�ureum
(mmol/24 h)þprotein excretion (g/24 h).

The idea is that a high protein diet induces
hyperfiltration, leading to accelerated kidney
function decline [24]. In CKD, a modest effect
[�0.53 (0.08–0.98) ml/min/year] of protein
restriction on disease progression has been shown
in several studies [25], the most prominent one
being the Modification of Diet in Renal Disease
(MDRD) study [26]. This study showed that start of
 Copyright © 2021 Wolters Kluwer H
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a low-protein diet induced a reduction in the
glomerular filtration rate during the first 4 months
and a slower decline thereafter. After 6 years, the
hazard ratio for end-stage kidney disease and mor-
tality were lower in the low protein groups, but
after 12 years, this was not significant anymore
[27], while mortality might even be increased in
the very low protein group [28]. In this study,
patients with various causes of kidney function
decline were included.

In ADPKD, specifically, a high protein intake
could not only be detrimental by inducing hyper-
filtration but may also increase vasopressin level (by
an increase in plasma osmolality) [29]. This
ealth, Inc. All rights reserved.

Volume 30 � Number 5 � September 2021



FIGURE 1. Distribution of baseline sodium excretion and its association with change in estimated glomerular filtration rate in
553 autosomal dominant polycystic kidney disease patients over a median follow-up time of 4.0 years (interquartile range:
2.6–5.0). Reprinted with permission from [32&&].

Emerging nonpharmacological interventions Meijer and Gansevoort
increased vasopressin level might lead to cyst
growth and kidney function decline.

Animal experiments indeed showed that pro-
tein restriction was beneficial in ADPKD [30]. Three
observational studies, however, suggested there is
no major role for protein restriction in ADPKD.
These studies are summarized in Table 1. In an older
study, following 157 ADPKD patients, there was no
association between protein intake and kidney func-
tion decline [31]. In the CRISP study, protein intake
was associated with total kidney function increase
and decline in measured kidney function, but this
association lost significance after adjustment for
important confounders [19]. In a Dutch cohort
 Copyright © 2021 Wolters Kluwe
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study, protein intake was also not associated with
the rate of kidney function decline [32

&&

].
There is only one intervention study that looked

at protein intake in ADPKD. This is a post hoc study
of the above-mentioned MDRD study, investigating
only the ADPKD patients who participated [33]. This
considered two hundred ADPKD patients with an
eGFR between 13 and 55, divided into 2 substudies
(A and B). There were clear differences in protein
intake throughout the study (approximately 1.1 vs.
0.7 g/kg/day in study A and 0.7 vs. 0.4 g/kg/day in
study B) but no beneficial effect was found towards a
renoprotective effect. Studies that investigated the
effect of protein intake on kidney function in
r Health, Inc. All rights reserved.
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Pharmacology and therapeutics
ADPKD are summarized in Table 1.Thus, although
there is a theoretical rationale to restrict protein
intake and beneficial effects are seen in animal
studies, this effect could not be confirmed in human
studies. Advice in ADPKD is, therefore, the same as
in CKD, no protein restriction but avoidance of too
high protein intake.
PHOSPHATE AND NET ACID LOAD
REDUCTION

In CKD, the advice is to lower elevated phosphate
levels towards the normal range because of the
association with accelerated kidney function
decline and cardiovascular mortality and the biolog-
ical plausibility that high phosphate levels are toxic.
In specifically ADPKD, the additional hypothesis is
that a higher phosphate intake induces tubular
injury and cystic dilation of tubules, which may
contribute to disease progression. Experimental
studies with Polycystic kidney disease (PKD) mice
and rats, showed that a low phosphate diet indeed
attenuated disease progression [34

&

,35
&

].
Another food component of interest is net acid

load. In CKD, the advice is to supplement bicarbon-
ate when serum concentrations decrease below
22 mmol/l. PKD has been shown to be exacerbated
by acidosis, and in a rat PKD model, administration
of alkali had a beneficial effect [36]. Correction of
acid–base imbalance could theoretically be achieved
by administration of sodium bicarbonate but also by
increasing fruit and vegetable intake. A pilot study
showed that this was feasible and well tolerated by
ADPKD patients [37]. Whether phosphate restric-
tion and/or decreased net acid load attenuate dis-
ease progression specifically in ADPKD patients is
not known, and therefore, advice beyond that for
CKD in general does not seem warranted.
BMI, CALORIC RESTRICTION,
INTERMITTENT FASTING, AND KETOGENIC
DIET

There is increasing evidence that in ADPKD, a defec-
tive metabolism exists [8

&&

]. This defective metabo-
lism involves a dysregulated lipid and
mitochondrial metabolism but most strikingly also
a defective glucose mechanism, similar to the War-
burg effect in cancer [38]. This is a rewire in metab-
olism of cells to promote growth, survival, and
proliferation. Common feature is aerobic glycolysis,
leading to higher glucose need and increased lactate
production. These metabolic alterations depend on
the extracellular signal-related kinase (ERK) path-
way and inhibit the liver kinase B1 (LKB1)-AMP-
activated protein kinase (AMPK) and activate the
 Copyright © 2021 Wolters Kluwer H

486 www.co-nephrolhypertens.com
mTOR complex 1 (mTORC1)-glycolytic cascade
[8

&&

]. The faster energy production (compared with
oxidative phosphorylation, occurring in healthy
cells) not only leads to a survival advantage for
tumor cells but also to a critical dependence on
extracellular glucose levels. This opens the intrigu-
ing thought that pathways that regulate glycolysis
may be able to modulate cyst growth. Indeed, pre-
clinical studies aimed at ketogenesis, either by food
restriction [39,40], by time-restricted feeding, by a
ketogenic diet (containing high fat but low protein
and low carbohydrate) or by ketone b-hydroxybu-
tyrate as food supplement had beneficial effects on
cyst growth in preclinical PKD [41

&&

] (Fig. 2). Clinical
data that test this intriguing hypothesis are scarce.
Observational studies showed that overnutrition
and obesity were associated with an increased
growth in total kidney volume [42,43

&

] and a more
rapidly decreasing kidney function in one study [42]
but not in another [43

&

]. No intervention studies
have been performed yet. An ongoing study inves-
tigates the feasibility of weight loss and periods of
fasting in overweight individuals with ADPKD
(NCT03342742) and another investigates the
short-term effect of fasting and ketogenic diet on
total kidney volume (RESET-PKD, NCT04472624).

Whether intervening in energy metabolism will
influence ADPKD progression is thus not known.
Until such knowledge is obtained, the recommen-
dation remains to achieve or maintain a healthy
weight (BMI 20–25) to lower blood pressure and
consequently improve long-term cardiovascular
outcome, as suggested in the KDIGO 2012 guideline
on managing CKD [23] and in the KDIGO 2015
controversies report on ADPKD [44]. Of note, it
may be complicated to calculate BMI when organs
(kidneys, liver) in ADPKD are very large. We suggest
replacing total kidney and liver volume by a mean
volume in healthy controls (for kidneys approxi-
mately 200–250 g and for liver 1300–1500 g)
[45,46] and then calculate BMI.
NICOTINE, CAFFEINE, AND ALCOHOL

In CKD, intake of psycho-active substances as nico-
tine, caffeine, and alcohol should be moderated or
stopped. Smoking cessation is advised for this is a
known risk factor for development of CKD [47] and
observational studies have highlighted the harmful
cardiovascular effects associated with smoking [48].
In ADPKD that is characterized by a high incidence
of cardiovascular disease and intracerebral aneur-
ysms, also smoking cessation is advised in the
KDIGO consensus report [49]. In addition, smoking
might influence ADPK disease progression (poten-
tially by raising vasopressin levels). Some studies
ealth, Inc. All rights reserved.
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FIGURE 2. The intriguing possibility to decrease cyst growth by influencing glucose metabolism by dietary interventions.
Reprinted with permission from [41&&].

Emerging nonpharmacological interventions Meijer and Gansevoort
showed this association that was, however, not
significant after adjustment for potential confound-
ers [50,51]. Nonetheless, the advice is to stop smok-
ing also in ADPKD, because of the generally
acknowledged deleterious effects of smoking on
general health.

There is no formal advice on caffeine in CKD. In
ADPKD, caffeine is thought to increase cAMP and
accelerate progression by increasing kidney size in
cultured cell studies [52] and in ADPKD mice [53

&

].
An association between caffeine intake and disease
progression has, however, not been found in human
observational studies [54,55]. No firm recommenda-
tions can, therefore, be given but avoiding high caf-
feine intake seems justified as a general principle [49].

Alcohol restriction is shown to lower blood
pressure in the general population [56], but no data
specific to CKD or ADPKD are known. Therefore,
advice is the same as in the general population and
as in CKD according to the KDIGO guidelines;
 Copyright © 2021 Wolters Kluwe
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moderate alcohol to maximal two standard drinks
per day for men and one for women [57].
WATER AND OSMOLAR INTAKE

In CKD, intravascular depletion should be avoided.
There is, however, no formal advice on what the
optimal level of water intake should be.

In ADPKD, there is a urine concentrating deficit
already early in the disease, leading to compensa-
tory increased vasopressin levels [58] that are detri-
mental in ADPKD [59]. Increasing water intake or
decreasing osmolar intake, therefore, seems an
attractive option in ADPKD to lower vasopressin
concentration and slow disease progression [60].

In animal ADPKD experiments, a high water
intake decreased renal expression of vasopressin
V2 receptors and renal cAMP levels. This high water
intake reduced kidney weight and improved kidney
function in most models [61,62].
r Health, Inc. All rights reserved.
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Pharmacology and therapeutics
Several short-term (2 weeks) human interven-
tion studies showed that change in diet and addi-
tional water intake induced a decrease in urinary
osmolality [37,63] and a decrease in copeptin (the
proven surrogate measure for vasopressin) [64,65].
However, longer term suppression of vasopressin
seems difficult, for another study found a decrease
in copeptin after acute water loading but not any-
more after 7 days of additional water intake [66]. In
another study, 42 ADPKD patients were randomized
to a high water intake, targeting a urinary osmolality
less than 270 mOsm/l or ad libitum water. Home
monitoring of urine-specific gravity was employed
to promote adherence. Despite a difference in urine
volume and – osmolality at week 8, copeptin values
were not different at this time point [67

&

].
The only intervention study investigating an

effect of increased water intake on ADPKD disease
progression so far is the study from Higashihara et al.
[68]. In this study, 36 ADPKD patients were investi-
gated. Patients had a strong preference for level of
water intake, and therefore, a randomized study was
not possible. Patients could, therefore, choose to be
in the high (n¼18) or the free water intake group
(n¼16). Patients in the high water intake group
were encouraged to drink 50 ml/kg per day. During
this 1-year study, 24 h urine volume was higher in
the high water intake group (2.7 vs. 1.5 l) and copep-
tin was lower. Despite the suppression of copeptin,
there was a trend towards enhanced disease progres-
sion in the high water intake group, as shown by
trends towards faster eGFR decline (�5.6 vs.
�1.1 ml/min/1.73 m2, P¼0.06) and total kidney
volume (TKV) growth (9.68 vs. 5.28%/year,
P¼0.08). This could be caused by methodological
issues of this study (as the lack of randomization,
use of historical data, and small sample size) and/or
an increased salt intake in the high water intake
group or inadequate vasopressin suppression at
nonmeasured time points (e.g. at night). These
inconclusive results emphasize the need for ran-
domized controlled trials in ADPKD. Two ongoing
studies investigating water intake on ADPKD pro-
gression are of interest. A smaller study including 32
participants looks at change in total kidney volume
after 1 year (NCT03102632) and a larger study, con-
sisting of 180 ADPKD patients who will be random-
ized to control (usual fluid intake) or intervention
(individualized daily fluid intake to reduce osmo-
lality to �270 mOsmol/kg) during 36 months. End
points will be change in total kidney volume and
estimated GFR [69]. Until results of these studies
become available, the question is what to advise to
ADPKD patients. Because of the strong theoretical
rationale, low costs, and relatively low efforts of
patients, we advise to increase the water intake
 Copyright © 2021 Wolters Kluwer H
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and lower osmolar intake. How much water should
be used is not exactly known. We propose to titrate
water intake upon urinary osmolality, with differ-
ent cut off values, depending on the kidney func-
tion. Importantly, because of a concentrating
deficit, ADPKD patients can have a low urinary
osmolality with high copeptin value especially in
more advanced disease (Fig. 3a). Trying to reach a
urinary osmolality below 270 mOsm/l (the value
that is often mentioned), therefore, does not guar-
antee a suppressed vasopressin. Also the fact that
urinary osmolality can decrease far below
270 mOsl/l with vasopressin V2 receptor antagonist
therapy, shows that not all vasopressin activity is
suppressed at this level. Furthermore, also maximal
diluting capacity is decreased in patients with a
lower kidney function, and thus with a lower num-
ber of functioning nephrons. Figure 3b shows that
the increase in 24 h urinary volume with vasopres-
sin V2 receptor blockade is largely dependent on
kidney function. Patients in the lower GFR range
will, therefore, have problems to excrete sufficient
water in case of overhydration, and more water
intake can easily induce a hyponatremia. It seems,
therefore, well tolerated to differentiate between
high and low kidney function when advising to
increase water intake in ADPKD. For subjects with
an eGFR greater than 60 ml/min 1.73 m2, urinary
osmolality should be decreased as much as possible
in order to obtain a suppressed vasopressin level,
whereas in subjects with an eGFR less than 30 ml/
min 1.73 m2, additional water intake should be lim-
ited to prevent hyponatremia [70].
SPECIAL CONSIDERATIONS

Patients and medical doctors might see dietary advi-
ces as restrictions from the normal situation. How-
ever, throughout the years, our dietary pattern has
changed, adding more salt, protein, calories, caf-
feine, etc. Dietary advices should, therefore, not
be seen as a restriction but as a return to the normal
healthy situation. In fact, the present dietary advice
in ADPKD (and CKD) reflects just healthy nutrition,
as defined by the WHO. We think it might increase
compliance to emphasize this as mind shift
to patients.

To optimize compliance, it is furthermore,
important to involve patients in their treatment
and give them insight into their diet. Feedback will
help enhance compliance and make potential
adjustments. Essential for this feedback is collection
of 24 h urine, to be able to calculate salt and protein
intake from urinary sodium and urea excretion. A
sodium excretion of 90 mmol/24 h equals 5 g of salt
intake, and a urea excretion of 360 mmol/24 h
ealth, Inc. All rights reserved.
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FIGURE 3. (a) A urinary osmolality below 270 mOsm/l does not guarantee a suppressed copeptin, for this is already present
in patients with autosomal dominant polycystic kidney disease who eat and drink at libitum, especially when the measured
glomerular filtration rate (mGFR) is below 60 ml/min. Reprinted with permission from [71]. (b) Response to vasopressin V2
receptor antagonist treatment is dependent on kidney function. Data from [72] and adapted from [73].

Emerging nonpharmacological interventions Meijer and Gansevoort
represents a protein intake of 1 g protein/kg body
weight for a 80 kg weighing male individual who has
no significant proteinuria (Maroni formula). To
achieve treatment targets and to avoid dietary short-
ages, patients should be referred to a specialized
dietician with expertise in renal care.
 Copyright © 2021 Wolters Kluwe

1062-4821 Copyright � 2021 Wolters Kluwer Health, Inc. All rights rese
CONCLUSION
After reviewing the literature, we believe that dietary
advices in ADPKD can in general be equal CKD in
general. These advices are summarized in Table 2
and include a dietary salt intake of 5 g/day or less (or
2 g sodium or 90 mmol sodium) and avoiding a
r Health, Inc. All rights reserved.
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Table 2. Summary of dietary advices in autosomal dominant polycystic kidney disease

Restrict dietary salt intake to �5 g/day (or �2 g sodium or �90 mmol sodium per day)

Avoid a protein intake �1.3g/kg/day (only restriction to �0.8g/kg/day in case eGFR declines <30 ml/min per 1.73 m2

Stop or do not start smoking

Pursue a healthy weight (BMI 20–25 kg/m2).

Moderate caffeine and alcohol intake

Target for a low urinary osmolality, as low as possible when eGFR >60 ml/min per 1.73 m2. When eGFR is <30 ml/min per 1.73 m2

additional water intake should be limited to avoid hyponatremia

eGFR, estimated glomerular filtration rate.

Pharmacology and therapeutics
protein intake at least 1.3 g/kg/day. Patients are
furthermore advised not to smoke, eat a healthy
diet, maintain a BMI between 20 and 25, moderate
caffeine and alcohol intake, and keep hydrated.
Hydration should be dependent on kidney function.
For subjects with an eGFR greater than 60 ml/min
per 1.73 m2, urinary osmolality should be decreased
as much as possible in order to obtain a suppressed
vasopressin level, whereas in subjects with an eGFR
less than 30 ml/min per 1.73 m2, additional water
intake should be limited to prevent hyponatremia.
With the current interest in metabolic reprogram-
ming in ADPKD and the promising therapeutic
potential of related dietary interventions, future
studies are anxiously awaited.

Acknowledgements

None.

Financial support and sponsorship

E.M. has received consultancy fees from Sanofi and
Otsuka and received a grant from the Dutch kidney
foundation (CP15.01, 18 OKG04). R.T.G. has received
consultancy fees and/or grants from Abbvie, Astra-
Zeneca, Bayer, Galapagos, Ipsen, Otsuka, Sanofi-Gen-
zyme, Galapagos, the Dutch Kidney Foundation
(CP15.01) and ZonMW. All money was paid to the
employing institution.

Conflicts of interest

There are no conflicts of interest.
REFERENCES AND RECOMMENDED
READING
Papers of particular interest, published within the annual period of review, have
been highlighted as:

& of special interest
&& of outstanding interest
1. Chebib FT, Torres VE. Autosomal dominant polycystic kidney disease: core
curriculum. Am J Kidney Dis 2016; 67:792–810.
 Copyright © 2021 Wolters Kluwer H

490 www.co-nephrolhypertens.com
2. Spithoven EM, Kramer A, Meijer E, et al., ERA-EDTA Registry, EuroCYST
Consortium, WGIKD, EuroCYST Consortium, WGIKD. Analysis of data from
the ERA-EDTA Registry indicates that conventional treatments for chronic
kidney disease do not reduce the need for renal replacement therapy in
autosomal dominant polycystic kidney disease. Kidney Int 2014;
86:1244–1252.

3. Torres VE, Harris PC, Pirson Y. Autosomal dominant polycystic kidney
disease. Lancet 2007; 369:1287–1301.

4. Bergmann C, Guay-Woodford LM, Harris PC, et al. Polycystic kidney disease.
Nat Rev Dis Prim 2018; 4:50.

5. Torres VE, Chapman AB, Devuyst O, et al., TEMPO 3:4 Trial Investigators.
Tolvaptan in patients with autosomal dominant polycystic kidney disease. N
Engl J Med 2012; 367:2407–2418.

6. Torres VE, Chapman AB, Devuyst O, et al. Tolvaptan in later-stage autosomal
dominant polycystic kidney disease. N Engl J Med 2017; 377:1930–1942.

7. Edwards ME, Chebib FT, Irazabal MV, et al. Long-term administration of
tolvaptan in autosomal dominant polycystic kidney disease. Clin J Am Soc
Nephrol 2018; 13:1153–1161.

8.
&&

Nowak KL, Hopp K. Metabolic reprogramming in autosomal dominant poly-
cystic kidney disease: evidence and therapeutic potential. Clin J Am Soc
Nephrol 2020; 15:577–584.

This review describes study that show that overnutrition and obesity activate
pathways that induce cyst growth and cyst fluid secretion as mechanistic target of
rapamycin (mTOR), S6 kinase, insulin-like growth factor and AMP-activated
protein kinase (AMPK) in ADPKD.
9.

&&

Cheung AK, Chang TI, Cushman WC, et al. Executive summary of the KDIGO
2021 Clinical Practice Guideline for the Management of Blood Pressure in
Chronic Kidney Disease. Kidney Int 2021; 99:559–569.

Guideline for hypertension in CKD.
10. Graudal N, Jurgens G, Baslund B. Alderman MH Compared with usual

sodium intake, low- and excessive-sodium diets are associated with increased
mortality: a meta-analysis. Am J Hypertens 2014; 27:1129–1137.

11. Cogswell ME, Mugavero K, Bowman BA, et al. Cardiovascular disease risk —

measurement matters. N Engl J Med 2016; 375:580–586.
12. Sacks FM, Svetkey LP, Vollmer WM, et al. Effects on blood pressure of

reduced dietary sodium and the Dietary Approaches to Stop Hypertension
(DASH) diet. N Engl J Med 2001; 344:3–10.

13. McMahon EJ, Campbell KL, Bauer JD, Mudge DW. Altered dietary salt intake
for people with chronic kidney disease. Cochrane database Syst Rev [Inter-
net] )2015; (2). CD010070.

14. Vegter S, Pena A, Postma MJ, et al. Sodium intake, ACE inhibition, and
progression to ESRD. J Am Soc Nephrol 2012; 23:165–173.

15. Lambers Heerspink HJ, Holtkamp FA, Parving HH, et al. Moderation of dietary
sodium potentiates the renal and cardiovascular protective effects of angio-
tensin receptor blockers. Kidney Int 2012; 82:330–337.

16. Schrier RW, Abebe KZ, Perrone RD, et al., HALT-PKD Trial Investigators.
Blood pressure in early autosomal dominant polycystic kidney disease. N Engl
J Med 2014; 371:2255–2266.

17. Boertien WE, Meijer E, Li J, et al., Consortium for Radiologic Imaging Studies
of Polycystic Kidney Disease CRISP. Relationship of copeptin, a surrogate
marker for arginine vasopressin, with change in total kidney volume and gfr
decline in autosomal dominant polycystic kidney disease: Results from the
crisp cohort. Am J Kidney Dis 2013; 61:420–429.

18. Keith DS, Torres VE, Johnson CM, Holley KE. Effect of sodium chloride,
enalapril, and losartan on the development of polycystic kidney disease in
Han:SPRD rats. Am J Kidney Dis 1994; 24:491–498.

19. Torres VE, Grantham JJ, Chapman AB, et al., Consortium for Radiologic
Imaging Studies of Polycystic Kidney Disease (CRISP). Potentially modifiable
factors affecting the progression of autosomal dominant polycystic kidney
disease. Clin J Am Soc Nephrol 2011; 6:640–647.
ealth, Inc. All rights reserved.

Volume 30 � Number 5 � September 2021



Emerging nonpharmacological interventions Meijer and Gansevoort
20. Torres VE, Abebe KZ, Schrier RW, et al. Dietary salt restriction is beneficial to
the management of autosomal dominant polycystic kidney disease. Kidney Int
[Internet] 2017; 91:493–500.

21. Torres VE, Abebe KZ, Chapman AB, et al., HALT-PKD Trial Investigators.
Angiotensin blockade in late autosomal dominant polycystic kidney disease. N
Engl J Med 2014; 371:2267–2276.

22. Torres VE, Abebe KZ, Schrier RW, et al. Dietary salt restriction is beneficial to
the management of autosomal dominant polycystic kidney disease. Kidney Int
2017; 91:493–500.

23. Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group.
CKD evaluation and management. Kidney Int Suppl 2013; 3: 1–150.

24. Kalantar-Zadeh K, Fouque D. Nutritional management of chronic kidney
disease. N Engl J Med 2017; 377:1765–1776.

25. Kasiske BL, Lakatua JD, Ma JZ, Louis TA. A meta-analysis of the effects of
dietary protein restriction on the rate of decline in renal function. Am J Kidney
Dis 1998; 31:954–961.

26. Klahr S, Levey AS, Beck GJ, et al. The effects of dietary protein restriction and
blood-pressure control on the progression of chronic renal disease. Modifica-
tion of Diet in Renal Disease Study Group. N Engl J Med 1994; 330:877–884.

27. Levey AS, Greene T, Sarnak MJ, et al. Effect of dietary protein restriction on
the progression of kidney disease: long-term follow-up of the Modification of
Diet in Renal Disease (MDRD) Study. Am J Kidney Dis 2006; 48:879–888.

28. Menon V, Kopple JD, Wang X, et al. Effect of a very low-protein diet on
outcomes: long-term follow-up of the Modification of Diet in Renal Disease
(MDRD) Study. Am J Kidney Dis [Internet] 2009; 53:208–217.

29. van Gastel MDA, Meijer E, Scheven LE, et al. Modifiable factors associated
with copeptin concentration: a general population cohort. Am J Kidney Dis
2015; 65:719–727.

30. Tomobe K, Philbrick D, Aukema HM, et al. Early dietary protein restriction
slows disease progression and lengthens survival in mice with polycystic
kidney disease. J Am Soc Nephrol 1994; 5:1355–1360.

31. Choukroun G, Itakura Y, Albouze G, et al. Factors influencing progression of
renal failure in autosomal dominant polycystic kidney disease. J Am Soc
Nephrol 1995; 6:1634–1642.

32.
&&

Kramers BJ, Koorevaar IW, Drenth JPH, et al. Salt, but not protein intake, is
associated with accelerated disease progression in autosomal dominant
polycystic kidney disease. Kidney Int 2020; 98:989–998.

This study shows the association between sodium (and not protein) intake and
ADPK disease progression and its mediation by vasopressin, see Table 1 and
Fig. 1.
33. Klahr S, Breyer JA, Beck GJ, et al. Dietary protein restriction, blood pressure

control, and the progression of polycystic kidney disease. Modification of Diet
in Renal Disease Study Group [published erratum appears in J Am Soc
Nephrol 1995 Oct; 6 (4): 1318]. J Am Soc Nephrol 1995; 5:2037–2047.

34.
&

Omede F, Zhang S, Johnson C, et al. Dietary phosphate restriction attenuates
polycystic kidney disease in mice. Am J Physiol Renal Physiol 2020;
318:F35–F42.

This study shows that phosphate restriction is beneficial in a mouse model for
ADPKD.
35.
&

Torres JA, Rezaei M, Broderick C, et al. Crystal deposition triggers tubule
dilation that accelerates cystogenesis in polycystic kidney disease. J Clin
Invest 2019; 129:4506–4522.

This study suggests that renal crystal deposition could accelerate ADPKD pro-
gression. The authors studied this phenomenon both in vitro and in vivo. In vitro,
they found that calcium oxalate crystal deposition activates PKDassociated
signaling pathways. In PKD rat models, calcium (phosphate) deposition, acceler-
ated cystogenesis. Finally, in a cohort ADPKD patients, urinary citrate excretion
correlated with disease severity.
36. Tanner GA. Potassium citrate/citric acid intake improves renal function in rats

with polycystic kidney disease. J Am Soc Nephrol 1998; 9:1242–1248.
37. Taylor JM, Hamilton-Reeves JM, Sullivan DK, et al. Diet and polycystic kidney

disease: a pilot intervention study. Clin Nutr 2017; 36:458–466.
38. Rowe I, Chiaravalli M, Mannella V, et al. Defective glucose metabolism in

polycystic kidney disease identifies a new therapeutic strategy. Nat Med
2013; 19:488–493.

39. Kipp KR, Rezaei M, Lin L, et al. A mild reduction of food intake slows disease
progression in an orthologous mouse model of polycystic kidney disease. Am
J Physiol Renal Physiol 2016; 310:F726–F731.

40. Warner G, Hein KZ, Nin V, et al. Food restriction ameliorates the development of
polycystic kidney disease. J Am Soc Nephrol [Internet] 2016; 27:1437–1447.

41.
&&

Torres JA, Kruger SL, Broderick C, et al. Ketosis ameliorates renal cyst growth
in polycystic kidney disease. Cell Metab 2019; 30:1007.e5–1023.e5.

This study shows that different forms of ketogenic diet are beneficial in different
animal models of ADPKD.
42. Nowak KL, You Z, Gitomer B, et al. Overweight and obesity are predictors of

progression in early autosomal dominant polycystic kidney disease. J Am Soc
Nephrol 2018; 29:571–578.

43.
&

Nowak K, SteeleF C. Gitomer B, et al. Overweight and obesity and progres-
sion of ADPKD. Clin J Am Soc Nephrol 2021; 16:908–915.

This article shows that BMI is associated with increase in kidney size in ADPKD.
44. Chapman AB, Devuyst O, Eckardt K-U, et al., Conference Participants.

Autosomal-dominant polycystic kidney disease (ADPKD): executive summary
from a Kidney Disease: Improving Global Outcomes (KDIGO) Controversies
Conference. Kidney Int 2015; 88:17–27.
 Copyright © 2021 Wolters Kluwe

1062-4821 Copyright � 2021 Wolters Kluwer Health, Inc. All rights rese
45. Molina DK, DiMaio VJ. Normal organ weights in men: part II-the brain, lungs,
liver, spleen, and kidneys. Am J Forensic Med Pathol 2012; 33:368–372.

46. Molina DK, DiMaio VJ. Normal organ weights in women: part II-the brain, lungs,
liver, spleen, and kidneys. Am J Forensic Med Pathol 2015; 36:182–187.

47. Xia J, Wang L, Ma Z, et al. Cigarette smoking and chronic kidney disease in the
general population: a systematic review and meta-analysis of prospective
cohort studies. Nephrol Dial Transplant 2017; 32:475–487.

48. Staplin N, Haynes R, Herrington WG, et al., SHARP Collaborative Group.
Smoking and adverse outcomes in patients with CKD: the Study of Heart and
Renal Protection (SHARP). Am J Kidney Dis 2016; 68:371–380.

49. Chapman AB, Devuyst O, Eckardt K-U, et al. Autosomal dominant polycystic
kidney disease (ADPKD): Executive Summary from a Kidney Disease: Im-
proving Global Outcomes (KDIGO) Controversies Conference. Kidney Int
[Internet] 2015; 88:17.

50. Ozkok A, Akpinar TS, Tufan F, et al. Clinical characteristics and predictors of
progression of chronic kidney disease in autosomal dominant polycystic
kidney disease: a single center experience. Clin Exp Nephrol 2013;
17:345–351.
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