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Abstract: Autosomal dominant polycystic kidney disease constitutes the most prevalent 
hereditary kidney disease, associated with high rates of morbidity leading eventually to end- 
stage renal disease. Tolvaptan is a selective vasopressin antagonist and has emerged as 
a promising therapeutic option for patients with autosomal dominant polycystic kidney 
disease. The present review summarized current evidence regarding the safety profile of 
tolvaptan in patients with the disease. Consistent with its pharmacological action, aquaretic 
adverse events represent the most common side effects of tolvaptan, consisting of polyuria, 
pollakiuria and polydipsia. Gradual dose titration based on urinary osmolality, as well as 
dietary interventions aiming to reduce solute excretion, have been proposed as potential 
strategies to mitigate polyuria. In addition, tolvaptan administration may be complicated by 
liver injury, characterized by alanine aminotransferase and bilirubin elevations. 
Hepatotoxicity has been suggested to be triggered by impaired biliary clearance, activation 
of innate immunity and increased oxidative stress. Frequent monitoring of liver function tests 
has been shown to be effective in preventing Hy’s Law and liver failure cases. Uric acid 
elevation due to reduced renal excretion may lead to hyperuricemia and gout, although no 
drug discontinuations have been linked to these events. Future studies should confirm the 
safety profile of tolvaptan in large-scale real-world studies, clarify the pathogenetic pathways 
leading to hepatotoxicity and define its role in special populations, especially pediatric 
patients. 
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Introduction
Autosomal-dominant polycystic kidney disease (ADPKD) represents the most 
common hereditary renal disease, affecting a total of 12 million people world
wide. It constitutes the fourth leading cause of end-stage renal disease, with 
patients initiating dialysis during the sixth decade of life.1,2 Its etiology is based 
on mutations of PKD1 and PKD2 genes, which encode polycystin 1 and 2, 
respectively. Loss of polycystins from the renal primary cilia is associated with 
altered cell adhesion and dysregulated metabolic signaling, leading to the release 
of chemokines and pro-inflammatory cytokines which promote matrix remodeling 
and interstitial fibrosis.3 The renal phenotype of the disease includes the formation 
of fluid-filled cysts, abdominal or flank pain and concentration defects. In addi
tion, ADPKD is linked to several extrarenal manifestations, especially liver cysts 
and intracranial aneurysms.4 Importantly, the majority of patients develop hyper
tension and endothelial dysfunction,5 leading to high rates of cardiovascular 
morbidity and mortality.6
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Tolvaptan represents a non-peptide selective V2- 
receptor antagonist. It is orally administered and exerts 
its pharmacologic action by inhibiting arginine vasopressin 
(AVP), leading to the downregulation of aquaporin-2 in the 
collecting duct and promoting aquaresis.7 The main indi
cation of tolvaptan therapy is severe or resistant euvolemic 
and hypervolemic hyponatremia, especially in patients 
with syndrome of inappropriate antidiuretic hormone 
secretion (SIADH).8 Tolvaptan has been also proposed as 
a useful treatment option to improve fluid retention in the 
setting of acute heart failure9 or after cardiac surgery,10 

limiting the required dose of loop diuretics. Furthermore, 
its administration has been shown to ameliorate congestive 
symptoms in patients with chronic kidney disease11 or 
refractory ascites,12 without increasing the risk of serious 
adverse effects. However, due to concerns of potential 
idiosyncratic liver toxicity, the US Food and Drug 
Administration (FDA) has issued a “black box warning” 
precluding the use of tolvaptan among patients with cir
rhosis and impaired liver function.13

Increasing research interest exists regarding the role of 
tolvaptan in the management of ADPKD. The Tolvaptan 
Efficacy and Safety in Management of Autosomal 
Dominant Polycystic Kidney Disease and Its Outcomes 
(TEMPO) 3:4 randomized controlled trial14 initially indi
cated that tolvaptan administration in patients with pre
served renal function was able to slow the increase in total 
kidney volume and the decline of renal function. Its open- 
label extension TEMPO 4:4 trial15 confirmed the long- 
term decrease of the slope of glomerular filtration rate 
decline, although no persistent effects on total kidney 
volume were demonstrated. The beneficial effects of tol
vaptan were also highlighted in ADPKD patients with 
impaired renal function since the Replicating Evidence of 
Preserved Renal Function: an Investigation of Tolvaptan 
Safety and Efficacy in ADPKD (REPRISE) trial16 showed 
that tolvaptan treatment was associated with attenuated 
decline of kidney function. As a result, the drug has been 
approved by the US Food and Drug Administration for the 
indication of slowing glomerular filtration rate drop in 
patients with progressive ADPKD.17

Concerns have been raised regarding the safety profile 
of tolvaptan, mainly due the risk of aquaresis-related 
adverse effects and hepatotoxicity. The aim of the present 
review is to summarize current evidence in the field and 
evaluate the frequency and severity of adverse events 
among patients receiving tolvaptan for the management 
of ADPKD.

Materials and Methods
The present study is a narrative review. Literature search 
was conducted by searching MEDLINE from inception 
using the following algorithm: “(‘Polycystic Kidney, 
Autosomal Dominant’[Mesh] OR ADPKD) AND (tolvap
tan OR vaptan OR ((adh OR avp OR vasopressin) AND 
antagonist))”. The date of the last search was 
27 April 2021. Randomized controlled trials, cohort stu
dies (both prospective and retrospective), pharmacovigi
lance studies, as well as case reports/series reporting the 
rate of tolvaptan-related adverse effects among patients 
with ADPKD were evaluated.

Results
Mechanism of Action
The central role of AVP in ADPKD has been suggested by 
animal studies indicating that V2-antagonism was strongly 
related to reduced renal cystogenesis. Specifically, attenu
ated activation of V2-receptors with gene mutations, 
increased water intake or AVP antagonists has been 
shown to lower cyst cell proliferation, limit fluid secretion 
and slow kidney enlargement.18,19 Conversely, the admin
istration of the V2-agonist dDAVP (1-deamino-8-d-argi
nine vasopressin) was able to restore the cystic phenotype, 
increase kidney weight, promote fibrosis and aggravate 
renal function.20 Experimental evidence has proposed 
that inhibition of V2-activation with OPC-31260 leads to 
downregulation of renal cAMP (cyclic adenosine mono
phosphate) signaling, resulting in attenuated ERK- 
mediated cell growth and reduced chloride-rich fluid 
secretion.21 As a result, AVP antagonism has been sug
gested to be sufficient to suppress the MEK/ERK signaling 
pathway and halt the progression of cyst expansion.22 In 
this context, tolvaptan, a derivative of OPC-31260, has 
been chosen as a candidate ADPKD treatment option, 
justifying its testing in human clinical trials. 
Interestingly, tolvaptan administration to ADPKD patients 
has been shown to decreased expression of semaphoring 
7A in T-lymphocytes, potentially reflecting reduced 
inflammation and renal fibrosis.23

Aquaretic Adverse Effects
Consistent with its pharmacodynamic properties, tolvaptan 
is commonly associated with aquaretic adverse effects, 
such as polyuria, pollakiuria, nocturia, thirst and dry 
mouth. Specifically, AVP antagonism in the collecting 
duct leads to decreased urine osmolality increased free 
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water clearance and serum sodium levels.24 The TEMPO 
3:4 trial14 that compared to placebo, tolvaptan administra
tion was linked with significantly higher frequency of 
thirst (55.3% vs 20.5%), polyuria (38.3% vs 17.2%), noc
turia (29.1% vs 13.0%), pollakiuria (23.2% vs 5.4%) and 
polydipsia (10.4% vs 3.5%). Overall, 78% of the partici
pants receiving tolvaptan reported at least one aquaretic 
adverse effect; of them, 10% discontinued the drug due to 
the aquaretic event. Patients that discontinued tolvaptan 
tended to be younger, with higher estimated glomerular 
filtration rate and higher baseline fasting urinary 
osmolality.25 Similarly, the TEMPO 4:4 extension trial15 

results demonstrated that 9% of the patients that crossed- 
over to tolvaptan therapy stopped the drug due to aquar
esis. The REPRISE trial16 indicated that during its 5-week 
single-blind period, polyuria was the most common 
adverse effect (31.7%), while 4.6% of the patients discon
tinued tolvaptan due to aquaretic events. Torres et al26 

reported the outcomes of a long-term open-label safety 
study including the participants of all randomized trials 
and indicated that polyuria and thirst were more prevalent 
among individuals with shorter duration of tolvaptan treat
ment, suggesting that aquaretic adverse effects may attenu
ate over time.

Gradual tolvaptan dose titration from 60 to 90 and 
eventually 120 mg daily may decrease the risk of aqua
retic adverse effects and improve tolerability. To this end, 
serial measurements urinary osmolality changes, aiming 
to achieve a target decrease of ≥300 mOsm/kg, as well as 
to maintain an absolute urine osmolality below 300 
mOsm/kg may facilitate dose optimization. Alternatively, 
a reduction of at least 200 mOsm/kg may be targeted in 
early-stage patients with potentially increased propensity 
to aquaretic adverse effects.25 As in nephrogenic diabetes 
insipidus, solute excretion represents the main determi
nant of urine volume in tolvaptan-treated patients.27 As 
a result, dietary interventions aiming to reduce sodium 
and protein intake may be able to reduce the excretion 
of osmoles and mitigate polyuria.28 The NOCTURNE 
trial,29 which compared the efficacy and safety of 
a tolvaptan once-daily modified-release formulation with 
an immediate-release formulation, found no significant 
difference in daytime and nighttime urine voids between 
the two modalities. It is also important to note that tol
vaptan-induced polyuria was not associated with ureter 
dilatation after 3 years of treatment, proposing its urologic 
safety.30

Hepatotoxicity
Drug-induced idiosyncratic liver injury represents a major 
concern related to tolvaptan therapy and a special warning 
has been added to its summary of product characteristics.17 

In the TEMPO 3:4 trial,14 tolvaptan-treated patients were 
at higher risk of presenting important elevations of alanine 
aminotransferase levels (>3 times the upper normal limit) 
compared to the placebo group (4.4% vs 1.0%). Similar 
rates of liver injury were noted in the extension TEMPO 
4:4 trial15 both in the early and delayed-treated partici
pants (3.8% and 2.5%, respectively). From this patient 
population, 3 cases of hepatotoxicity meeting the Hy’s 
Law criteria (defined as elevation of liver function tests 
>3 times the upper normal limit and of bilirubin >2 the 
upper normal limit without cholestasis) were detected; 
none of them presented acute liver failure and all 3 indi
viduals recovered completely.31 It should be stated that in 
the TEMPO 4:4 trial liver function was evaluated initially 
every 6 months, subsequently every 3 months and even
tually monthly. In contrast, the REPRISE trial16 imple
mented a monthly testing strategy in its entire duration; 
hence, despite a similar rate of liver function tests’ eleva
tion, no severe cases meeting the Hy’s Law criteria were 
detected. To date, one case of acute liver failure necessi
tating liver transplantation after tolvaptan administration in 
an ADPKD patient has been described.32

Time-to-event analysis of the TEMPO trials indicated 
that hepatic adverse effects occurred from 3 to 18 months 
after start of tolvaptan administration, defining thus 
a window of susceptibility.31 This observation was consis
tent with the open-label extension of all clinical trials, 
demonstrating that alanine aminotransferase elevations 
were significantly more common among tolvaptan-naïve 
patients that were initially treated with placebo in the 
REPRISE study.26 During a median follow-up of 651 
days, no Hy’s Law cases were detected, suggesting that 
the effectiveness of the diagnostic strategy of evaluating 
liver function tests monthly during the first 18 months and 
every 3 months afterwards.26 Regarding drug discontinua
tion, the outcomes of a small-scale observational study 
suggested that resumption of tolvaptan was safe in the 
majority of cases with mild hepatic injury.33 It should be 
noted that a case of hepatotoxicity after the concurrent use 
of tolvaptan and amoxycillin-clavulanic acid has been 
recently described, resolving after medication 
withdrawal.34 Interestingly, one of the Hy’s Law cases of 
the TEMPO 3:4 trial occurred after 2 months of an 
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amoxycillin–clavulanic acid overdose.31 Therefore, further 
research is warranted to identify any potential synergistic 
toxicity. Preliminary data regarding the feasibility of tol
vaptan administration after liver transplantation come from 
a report of an ADPKD patient treated with tolvaptan due 
to progressive kidney disease, without presenting evidence 
of liver toxicity.35

Experimental evidence has proposed that tolvaptan and its 
metabolites are able to inhibit multiple bile acid transporters, 
such as MRP2, BSEP and NTCP leading to altered bile 
homeostasis.36 In addition, an ex-situ study in PKC rats, an 
animal model of ADPKD, demonstrated significantly 
decreased tolvaptan biliary clearance compared to wild-type 
rats.37 In this context, a study using quantitative systems 
toxicology modelling indicated that reduced biliary excretion 
of DM-4103, a tolvaptan’s metabolite, may result in bile acid 
accumulation, depletion of hepatic ATP (adenosine tripho
sphate) and promote liver injury.38 Interestingly, MRP2 
expression has been shown to be decreased in PCK rats, 
a fact that may partially explain the increased susceptibility 
of ADPKD patients to tolvaptan’s cytotoxicity.39 Furthermore, 
in vitro evidence has suggested that liver injury may be 
mediated by tolvaptan-induced T-cell activation and the sub
sequent release of specific cytokines, especially interferon-γ, 
interleukin-13 and granzyme-B.40 Transcriptomic analysis 
using Collaborative Cross mice showed that tolvaptan may 
contribute to liver oxidative stress, mitochondrial dysfunction 
and activation of innate immunity. Interestingly, susceptibility 
to liver injury correlated with the mRNA expression and 
plasma levels of secretory leukocyte peptidase inhibitor, indi
cating its potential role as a predictive factor of 
hepatotoxicity.41

Uric Acid Elevation
Tolvaptan has been suggested to increase serum uric acid 
levels by reducing its renal clearance. In the TEMPO 3:4 
trial, tolvaptan administration was linked to significantly 
higher incidence of hyperuricemia (3.9% vs 1.9%) and gout 
(2.9% vs 1.4%) compared to placebo. Nonetheless, no drug 
discontinuation occurred due to uric acid elevation.14 The 
long-term follow-up of patients included in the TEMPO and 
REPRISE trials indicated that hyperuricemia was present 
2.8% of the patients receiving tolvaptan.26 Regarding the 
risk of nephrolithiasis, a prospective cohort study showed 
that tolvaptan was linked to lower supersaturation ratios for 
calcium oxalate, brushite and uric acid, as well as to reduced 
urinary net acid excretion, resulting in an enhanced litho
genic profile.42

Muscle Injury
Two cases of possible tolvaptan-induced elevation of 
serum creatine kinase have been recently described. The 
increase was moderate and creatinine kinase returned to 
normal levels after drug discontinuation.43 However, tol
vaptan was not readministered to test for recurrence and 
therefore any potential causal association cannot be cur
rently established.

Discussion
Tolvaptan has emerged as a promising therapy for patients 
with ADPKD, able to alter the natural history of the 
disease by slowing kidney volume increase and glomerular 
filtration rate decline. Aquaretic events and hepatotoxicity 
represent its main adverse effects (Figure 1). Specifically, 
aquaretic adverse effects consist mainly of polyuria, noc
turia and polydipsia and may be mitigated by dietary 
interventions, as well as with the use of urinary osmolality 
to guide tolvaptan dose titration. On the other hand, drug- 
induced liver injury is typically mild, while severe cases 
can be effectively prevented by frequent monitoring of 
liver function tests, especially during the first 18 months. 
Specifically, the US FDA risk evaluation and mitigation 
strategy includes the evaluation of serum aminotrans
ferases and bilirubin at 2 and 4 weeks after drug initiation, 
subsequently monthly during the first 18 months and then 
every 3 months. The drug is suggested to be promptly 
discontinued in the presence of laboratory abnormalities 
or of clinical signs indicative of liver toxicity, such as 
nausea, anorexia, rash, pruritus, right upper abdominal 
pain and jaundice. It should be noted that tolvaptan is 
contraindicated for individuals with history of liver injury, 
but not in those with uncomplicated polycystic liver 
disease.13 The pathogenetic process of hepatotoxicity is 
multifactorial, as it is based on the interplay of impaired 
biliary clearance, activation of innate immunity and 
increased oxidative stress. Preliminary data about the long- 
term safety of tolvaptan are available, suggesting that its 
administration is mainly complicated by polyuria, fatigue 
and reversible aminotransferase elevations;44 however, 
further real-world research is warranted to draw safe con
clusions about is prolonged administration in different 
clinical settings.

Quality of life has been shown to be significantly 
impaired in non-dialysis ADPKD patients.45 

A prospective study has recently evaluated quality of life 
among ADPKD individuals treated with tolvaptan, 
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indicating that it was not influenced in those tolerating the 
drug for more than 3 months. Importantly, tolvaptan did 
not affect cognitive performance, sleep and social support, 
while it was linked to better patient satisfaction.46 

However, additional evidence is needed since tolvaptan 
recipients currently tend to be present higher baseline 
health status; thus, selection bias cannot be excluded.

Tolvaptan therapy targets to the suppression of vaso
pressin action in a 24-hour basis. To achieve this, it should 
be administered in 2 divided doses, 8 hours apart, starting 
with 45/15 mg and up-titrating as tolerated to the max
imum dosage of 90/30 mg daily. Patients should be 
advised to ensure appropriate hydration and be encouraged 
to replenish fluid losses due to nocturia. It is crucial to 
hold tolvaptan in the setting of acute illness, such as 
diarrhea, in order to limit the risk of dehydration.24 

Urinary osmolality and serum sodium may be also routi
nely monitor aiming to effectively guide tolvaptan dosing. 
Liver function tests should be measured monthly during 
the initial 18 months. In case of increased ALT or bilirubin 
levels, tolvaptan should be temporarily stopped and reini
tiated if improvement is observed in repeated tests.

Apart from tolvaptan, several candidate treatments 
have been suggested for the management of ADPKD 
patients. The ALADIN trials47,48 have proposed that the 

administration of octreotide long-acting release may delay 
the progression of renal failure, while its use was linked 
with non-serious adverse effects, especially diarrhea and 
cholelithiasis. In contrast, the mTOR inhibitor everolimus 
with or without octreotide did not lead to beneficial clin
ical outcomes, but was linked to higher risk of toxicity, 
such as bone marrow suppression and dyslipidemia.49,50 

Lanreotide was also ineffective in the DIPAK-1 trial and 
was associated with gastrointestinal and injection-site side 
effects.51 Regarding the role of metformin, the outcomes 
of the TAME-PKD trial52 are awaited to shed light on its 
efficacy and the frequency of its adverse effects, especially 
gastrointestinal ones. Interestingly, lixivaptan has been 
shown to effectively reduce kidney volume in a rat 
model of the disease,53 while a toxicology modeling 
study has suggested its beneficial safety profile;54 how
ever, its clinical utility remains to be determined.

Future research should confirm the tolvaptan safety 
profile in large scale by exploiting observational and phar
macovigilance data aiming to provide real-world evidence 
about the exact long-term incidence and severity of hepa
totoxicity and aquaretic adverse effects. In addition, the 
feasibility of tolvaptan administration in the pediatric 
population remains to be determined. Specifically, a post- 
hoc analysis of the TEMPO 3:4 trial has proposed the 

Figure 1 Tolvaptan adverse effects in patients with autosomal dominant polycystic kidney disease. Tolvaptan administration is mainly associated with aquaretic adverse 
effects and hepatotoxicity. 
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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efficacy and safety of tolvaptan among young adults55; 
however, data about patients with age <18 years is cur
rently sparse. To this end, the outcomes of the 
NCT02964273 trial are awaited to shed light on tolvaptan 
therapy in the pediatric population. No data are available 
concerning tolvaptan in pregnancy; therefore, adequate 
contraception is suggested for women of childbearing 
potential. A case of effective tolvaptan administration in 
a neonate with severe ADPKD56; hence, further evidence 
is needed to elucidate its role during the neonatal period. 
Further experimental evidence is also necessary to deter
mine genetic and clinical factors able to predict tolvaptan’s 
toxicity, aiming to optimize patient selection and indivi
dualize monitoring, enabling thus a precision medicine 
approach to ADPKD treatment.

Conclusions
Tolvaptan administration in patients with autosomal domi
nant polycystic kidney disease is associated with aquaretic 
adverse effects and hepatotoxicity risk. Optimal manage
ment may promote tolerability and limit drug discontinua
tions. Future research should confirm the safety profile of 
tolvaptan in the large-scale setting, elucidate the pathoge
netic basis of its toxicity and define its role in specific 
populations, especially pediatric patients.
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