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ABSTRACT 

Objective. This retrospective study evaluated tolvaptan’s efficacy, safety, and predictive indicators in managing volume 
overload in chronic kidney disease ( CKD) patients. 
Methods. CKD patients with volume overload, treated with loop diuretics alone or with tolvaptan at Zhongda Hospital, 
Southeast University, from 1 March 2022 to 31 December 2023, were included. Patients were divided into loop diuretic 
( Group C) and loop diuretic combined with tolvaptan ( Group T) cohorts. Primary outcomes included volume control, 
changes in weight, urine output, and laboratory parameters within 1 week post-medication. Adverse events such as 
hypernatremia and hyperkalemia, etc., were recorded. We further conducted immunohistochemical staining of renal 
biopsy tissues to investigate the roles of aquaporin-2 ( AQP2) in the collecting duct and plasma albumin in predicting the 
efficacy of tolvaptan. 
Results. Of 174 CKD patients with volume overload, 108 ( 67.07%) were male. Group C and Group T each comprised 87 
patients. At baseline, no significant differences in urine output and weight were noted. By day 3, Group T exhibited a 
greater increase in urine output ( P < .001) and weight reduction ( P < .001) . At day 7, Group T maintained more significant 
diuretic effects ( P < .001) . More Group C patients required ultrafiltration therapy ( P = .040) . Adverse event rates did not 
significantly differ. Notably, AQP2 expression in the collecting duct may predict tolvaptan responsiveness, while plasma 
albumin did not affect efficacy. 
Conclusion. Tolvaptan showed efficacy and safety in managing volume overload in CKD patients. The expression of 
AQP2 in the collecting duct could predict tolvaptan’s efficacy. 

This study protocol was approved by the Ethics Committee of Zhongda Hospital Affiliated to Southeast University 
( Approval No. 2023ZDSYLL180-P01, Clinical Trial Registration No. ChiCTR2300075274, Trial Registration Link: 
https://www.chictr.org.cn/guide.html) . 
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GRAPHICAL ABSTRACT 

Keywords: chronic kidney disease, efficacy, precision medicine, tolvaptan, volume overload 

KEY LEARNING POINTS 

What was known: 

• Loop diuretics may lead to adverse events such as worsening renal function. Hence, there is an urgent need to explore new 

drugs to address the issue of volume overload in kidney disease patients.
• Given the varying diuretic responses to tolvaptan among patients, we explored the role of renal tissue AQP2 in predicting 

tolvaptan responsiveness.

This study adds: 

• The combination therapy of tolvaptan and loop diuretics demonstrated superior diuretic effects.
• It is safe to use tolvaptan in patients with kidney disease.
• AQP2 may be a potential predictor of responsiveness to tolvaptan.

Potential impact: 

• Tolvaptan shows promising clinical application prospects for volume management in patients with kidney disease.
• Also, the abundance of renal AQP2 can be used to predict the efficacy of tolvaptan.
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NTRODUCTION 

olume overload represents a prevalent and urgent clinical con- 
ern across various acute and chronic kidney diseases ( CKDs) .
xcessive volume overload can lead to critical complications 
uch as heart failure, acute pulmonary edema, and, in severe 
ases, life-threatening conditions. Additionally, it poses a risk 
actor for end-stage renal disease, cardiovascular diseases, and 
ll-cause mortality [1 –4 ]. CKD patients, owing to impaired re- 
al function, face additional challenges in maintaining fluid bal- 
nce [4 ], moreover, they are more prone to diuretic resistance 
5 ]. Therefore, reducing volume overload constitutes a focal and 
hallenging aspect of managing such patients. 

Loop diuretics are the most commonly used medica- 
ions for treating fluid retention in kidney disease patients.
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owever, these drugs may exacerbate worsening renal function 
 WRF) by activating the sympathetic nervous system and the 
enin-angiotensin system [2 ]. The DOSE trial demonstrated 
n association between high-dose loop diuretics and WRF 
6 ], Nakano et al.’s research further identified high-dose loop
iuretics as an independent predictor of WRF, additionally, in 
eart failure patients with concomitant renal impairment, there 
xisted a dose-dependent relationship between loop diuretic 
se and mortality rates [7 ]. Hence, exploring novel interven-
ions for volume management in kidney disease patients is 
rucial. 

Tolvaptan, a selective vasopressin V2 receptor antagonist,
as been shown to improve fluid retention without affect- 
ng renal function and may even reduce the incidence of
RF [2 , 8 ]. Currently, in the USA, European Union, Japan,

nd China, indications for tolvaptan primarily include hyper- 
olemic and euvolemic hyponatremia, syndrome of inappro- 
riate antidiuretic hormone secretion, congestive heart fail- 
re, and heart failure patients with inadequate response to 
ther diuretics for volume overload[9 –11 ]. While approval for
olume overload without congestive heart failure is pending,
linical studies have partially confirmed its safety and efficacy 
12 –14 ]. What is more, patients with concomitant renal im-
airment have been largely excluded from most clinical stud- 
es involving tolvaptan, [12 ] resulting in limited evidence in
vidence-based medicine for drug therapy [15 , 16 ]. Therefore,
his study focuses on patients with CKD presenting fluid reten-
ion to investigate the efficacy and safety of tolvaptan in this
opulation. 
It is worth noting that the diuretic and antiedematous ef-

ects of tolvaptan vary significantly among different patients.
esponders to tolvaptan may experience effective improvement 
n volume overload while reducing proteinuria and enhanc- 
ng myocardial injury markers [17 , 18 ]. Currently, several po-
ential biomarkers have been reported to predict the efficacy 
f tolvaptan, including aquaporin-2 ( AQP2) [19 ], serum albumin 
18 ], urine sodium/potassium ratio [20 ], urine osmolality [21 ],
rine AQP2/plasma arginine vasopressin [22 ], urine AQP2 [23 ],
rine sodium excretion [24 ], and urine urea nitrogen/plasma 
rea nitrogen ratio [25 ], among others. However, consensus on
dentifying clinical markers for tolvaptan responsiveness re- 
ains elusive. Therefore, further research is warranted to iden- 

ify patients who respond effectively to tolvaptan at an early
tage. 

ATERIALS AND METHODS 

tudy participants 

his study constituted a single-center, retrospective, observa- 
ional investigation that compiled data from 929 patients admit- 
ed to our nephrology department for non-dialysis CKD with as-
ociated fluid retention. The patients received treatment with 
ither tolvaptan or loop diuretics during the period spanning 
rom 1 June 2022 to 31 December 2023. Inclusion criteria were as
ollows: ( i) diagnosed with CKD with fluid retention ( orthopnea,
dema, jugular venous distension, pulmonary rales, chest X- 
ay or chest CT indicating signs of pulmonary congestion) and 
reated with loop diuretics and/or tolvaptan, ( ii) aged between 
8 and 85 years. Exclusion criteria were: ( i) volume overload due 
o non-renal causes, ( ii) patients undergoing renal replacement 
herapy simultaneously, ( iii) concomitant use of spironolactone,
 iv) serum sodium > 147 mmol/l, and ( v) incomplete data record-
ng. Patients were divided into two groups based on their estab-
ished diuretic treatment regimen: the loop diuretic treatment
roup ( Group C) and the tolvaptan combined with loop diuretics
reatment group ( Group T) . The flowchart of patient selection is
epicted in Fig. 1 . 

linical data collection 

or patients who met the inclusion and exclusion crite-
ia, demographic data ( age, sex, weight, height) , concomi- 
ant medication use [sodium-glucose cotransporter 2 inhibitors
 SGLT-2i) , sacubitril/valsartan], baseline laboratory test results 
 serum sodium, serum potassium, serum creatinine, estimated 
lomerular filtration rate [eGFR, which was calculated us-
ng the 2021 version of the Chronic Kidney Disease Epidemi-
logy Collaboration ( CKD-EPI) equation [26 ]: eGFR = 142 ×
 serum creatinine/A) B × 0.9938age × C) , plasma albumin, ala- 
ine aminotransferase, aspartate aminotransferase], and char- 
cteristics of volume overload ( including grading of edema 
 Supplementary Methods) , dyspnea, orthopnea, and pulmonary 
ales) were collected. The dose range of tolvaptan was 7.5 to
0 mg once daily, and the pharmacological equivalence between
urosemide injection ( 40 mg) , torasemide injection ( 20 mg) ,
nd bumetanide injection ( 1 mg) was considered. The doses 
f furosemide and torasemide were converted to bumetanide,
hich was used as a standardized loop diuretic and expressed as
he total daily intravenous dose. If administered orally, the dose
as converted to half of the intravenous dose [27 ]. The patients’
eights and urine output were recorded before and during treat-
ent, and the characteristics of volume overload were evalu-
ted. Laboratory test results were collected during the treatment
eriod. 

ethods for measurement of weight and urine output, 
nd specific procedures for immunohistochemical 
taining of renal biopsy specimens 

easurement methods for weight and urine output 

aseline measurements of patient weight and urine out-
ut were taken the day before initiation of either tolvap-
an or loop diuretics. Throughout the treatment period, daily
eight and urine output were measured by nurses in stan-
ardized hospital attire, each morning after emptying the
ladder. 

mmunohistochemical staining 

enal biopsy specimens underwent immunohistochemical 
taining for AQP2 in kidney tissues. The specific procedures
or immunohistochemistry on renal biopsy specimens were 
s follows: kidney tissues were fixed in 20% neutral-buffered
ormalin, followed by embedding in paraffin to prepare 2–3- μm
hick sections. Each section was incubated with primary anti-
ody at room temperature for 2 hours, followed by three washes
ith PBS for 5 minutes each. Subsequently, polymer double
taining reagents were applied sequentially to the sections
ccording to the manufacturer’s instructions, followed by PBS
ashing. Freshly prepared DAB solution was then added to
ach section for color development, and the reagents on the
lides were rinsed off with distilled water. Finally, the samples
ere observed under a microscope after hematoxylin and eosin
taining. 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae303#supplementary-data
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Patients treated with tolvaptan and/or loop diuretics at the 
Department of Nephrology, Zhongda Hospital, Southeast University

June 1, 2022, to December 31, 2023
(n=929)

T group
(n=400)

C group
(n=529)

Excluding volume overload caused
by non-renal factors

(n=6)

Excluding patients undergoing
renal replacement therapy

(n=102)

Excluding patients concurrently
treated with spironolactone

(n=12)

Excluding patients with blood
sodium levels > 147mmol/L

(n=11)

Excluding patients with incomplete
data records

(n=138)

Excluding volume overload caused 
by non-renal factors
(n=6)

Excluding patients undergoing 
renal replacement therapy
(n=219)

Excluding patients concurrently 
treated with spironolactone
(n=2)

Excluding patients with blood 
sodium levels > 147mmol/L
(n=4)

Excluding patients with incomplete 
data records
(n=122)

T group
(n=131)

C group
(n=176)

PSM

T group
(n=87)

C group
(n=87)

Statistical analysis

Figure 1: Flowchart of patients. 
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valuation of drug efficacy and safety 

rimary endpoints 

he primary objectives encompass comparing changes in urine 
utput, weight during treatment between the T and C groups,
nd the incidence of patients requiring ultrafiltration due to in-
dequate diuretic response. 

econdary endpoints 

hese involve comparing alterations in volume overload char- 
cteristics after medication between the two groups. Addition- 
lly, the study aims to investigate the value of renal tissue AQP2
ontent and plasma albumin in identifying patients responsive 
o tolvaptan. Safety assessment indicators include monitoring 
nd documenting changes in serum sodium, serum potassium,
erum creatinine, and eGFR before and within one week after
edication. Adverse drug reactions post-medication, such as 
ypernatremia, hyperkalemia, WRF, and liver function impair- 
ent, are also recorded. WRF is defined as either an increase in
erum creatinine of ≥26.5 μmol/l or a decrease in eGFR of ≥20%
rom baseline [28 ]. 

tatistical analysis 

umerical variables were described using either mean ± stan- 
ard deviation ( ̄x ± s ) or median ( P25 , P75 ) , depending on whether 
hey followed a normal distribution. Categorical variables 
ere presented as frequencies ( percentages) . The comparison 
f numerical variables used t -tests or rank-sum tests, while
ategorical variables were compared using chi-square tests,
isher’s exact tests, or rank-sum tests. To mitigate potential 
onfounding factors between the tolvaptan combined with 
oop diuretic group and the loop diuretic group, we rigorously
djusted patients’ baseline characteristics using the follow- 
ng algorithm: 1:1 optimal matching with a tolerance of 0.02.
otential confounding factors were selected based on clini- 
al knowledge and relevant literature, and propensity score 
atching ( PSM) was assessed using logistic regression models 

29 ]. A P value < .05 was considered statistically significant.
inear regression analysis was conducted to evaluate the 
orrelation between changes in urine output post-medication 
nd serum albumin levels. The Pearson correlation coefficient 
r Spearman correlation coefficient ( r) was used to assess 
his correlation. Statistical analysis and graph plotting were 
erformed using SPSS v.26.0 software and GraphPad Prism 

.9.5.0. 

ESULTS 

he baseline characteristics of the participants 

uring the period from 1 June 2022, to 31 December 2023,
 total of 307 eligible patients were retrospectively enrolled 
 Fig. 1 ) . Baseline characteristics of 176 patients in the C group
nd 131 patients in the T group were compared before PSM
 Supplementary Table S1) . 

aseline characteristics of patients after PSM 

fter PSM, 87 patients from each group were further analyzed
 Fig. 1 ) . Prior to matching, patients in the T group exhibited
oorer renal function and heavier volume overload compared to 
he C group. As shown in Table 1 , after matching, there were no
ignificant differences in baseline characteristics between the C
nd T groups. 

omparison of volume overload characteristics in 

atients of C and T groups post-medication 

e compared the volume overload characteristics between the
wo groups of patients post-medication ( C group vs T group) .
ollowing medication, patients in both groups showed improve-
ents in dyspnea ( P = 1.000) , orthopnea, and pulmonary rales

 P = 1.000) . We observed that, after 3 days of treatment, the
ean urine output of patients in the T group was significantly
igher than that of patients in the C group ( P < .001) , and the
ncrease in urine output was more significant ( P < .001) . By con-
rast, there was no statistically significant difference in the mean
eight between the two groups ( P = .593) , but patients in the
 group showed a greater reduction in weight ( P < .001) . Fur-
hermore, we examined the urine output and weight changes in
1 patients of the C group and 53 patients of the T group after
 days of medication. Similarly, the mean urine output of pa-
ients in the T group was significantly higher than that of pa-
ients in the C group ( P = .002) , and the increase in urine output
as more significant ( P < .001) . After 7 days of treatment, there
as no statistically significant difference in the mean weight
etween the two groups ( P = .242) , but patients in the T group
howed a greater reduction in weight loss ( P = .002) ( Table 2 ) .
n addition, as shown in Fig. 2 , we compared the daily urine
utput and weight changes within the first 3 days of medica-
ion between the two groups. We observed that the mean urine
utput of patients in the T group was significantly higher than
hat of patients in the C group on the second and third day
f treatment ( P = .006, P = .001) . Interestingly, we found sim-
lar results in patients who were treated for 7 days, with the
ean urine output of patients in the T group remaining signif-

cantly higher than that of patients in the C group on days 5–
( P = .002, P = .002, P < .001) , indicating that the T group was
ore effective in maintaining a steady increase in urine output

ollowing medication and reducing the occurrence of diuretic
esistance. 

Furthermore, we conducted subgroup analyses on patients 
oncurrently taking SGLT-2i ( Supplementary Table S2) . Ther e 
ere 14 patients in the C group and 11 patients in the T
roup who were using SGLT-2i. We further analyzed changes
n body weight and urine volume post-medication among
hese patients and found that the T group exhibited supe-
ior diuretic and edema-reducing effects compared to the C
roup. Additionally, based on the stage of CKD, we performed
ubgroup analyses ( Table 3 ) . The results showed that across
ll stage of CKD, including stage 4–5, the T group achieved
etter diuretic and edema-reducing effects compared to the
 group. 
We subsequently analyzed the number of patients in each

roup who required catheter-directed ultrafiltration treatment 
ue to poor diuretic effects post-medication, as shown in
upplementary Figure S1 We found that ther e wer e mor e pa-
ients in the C group who required ultrafiltration treatment due
o poor diuretic effects ( P = .040) . 

afety analysis of medication 

atients in the T group exhibited higher post-medication serum
odium levels compared to those in the C group ( P = .023) .
urthermore, to minimize the influence of hyperglycemia on
erum sodium levels, we corrected the patients’ serum sodium

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae303#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae303#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae303#supplementary-data
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Table 1: Comparison of baseline characteristics between the C and T groups after PSM. 

Variables 
C group 
( n = 87) 

T group 
( n = 87) P value 

Demographic parameters 
Gender, n ( %) .755 
Male 53 ( 60.92) 55 ( 63.22) 
Female 34 ( 39.08) 32 ( 36.78) 
Age, years 67.00 ( 59.00, 73.00) 69.00 ( 54.00, 77.00) .465 
BMI, kg/m2 25.94 ± 4.02 26.15 ± 4.37 .738 

CKD stage, n ( %) .465 
CKD Stage 1 13 ( 14.94) 11 ( 12.64) 
CKD Stage 2 15 ( 17.24) 18 ( 20.69) 
CKD Stage 3 18 ( 20.69) 10 ( 11.49) 
CKD Stage 4 17 ( 19.54) 19 ( 21.84) 
CKD Stage 5 24 ( 27.59) 29 ( 33.33) 

Concomitant medication, n ( %) 
Standardized loop diuretic dose, mg .786 
1 46 ( 52.87) 48 ( 55.17) 
2 36 ( 41.38) 34 ( 39.08) 
4 5 ( 5.75) 4 ( 4.60) 
8 0 ( 0.00) 0 ( 0.00) 
10 0 ( 0.00) 1 ( 1.15) 
SGLT2i 14 ( 16.09) 11 ( 12.64) .517 
SV 15 ( 17.24) 11 ( 12.64) .395 

NYHA classification .595 
Ⅰ 11 ( 12.64) 15 ( 17.24) 
Ⅱ 46 ( 52.87) 34 ( 39.08) 
Ⅲ 27 ( 31.03) 36 ( 41.38) 
Ⅳ 3 ( 3.45) 2 ( 2.30) 

Volume overload characteristics 
Dyspnea 19 ( 21.84) 17 ( 19.54) .708 
Orthopnea 2 ( 2.30) 3 ( 3.45) 1.000 
Pulmonary rales 5 ( 5.75) 4 ( 4.60) 1.000 
Edema grading .990 

Mild 25 ( 28.74) 27 ( 31.03) 
Moderate 41 ( 47.13) 37 ( 42.53) 
Severe 21 ( 24.14) 23 ( 26.44) 

Weight, kg 71.60 ± 14.34 71.36 ± 13.89 .910 
Urine output, ml/day 1500.00 ( 1000.00, 1800.00) 1500.00 ( 920.00, 1800.00) .511 
Laboratory parameters 
Serum sodium, mmol/l 140.40 ( 138.30, 143.40) 141.50 ( 138.30, 143.30) .539 
Serum potassium, mmol/l 3.95 ( 3.54, 4.49) 3.95 ( 3.57, 4.47) .920 
Serum creatinine, μmol/l 161.00 ( 92.00, 405.00) 211.00 ( 100.00, 424.00) .645 
eGFR,ml·min−1 ·( 1.73 m2 ) −1 40.98 ( 13.25, 74.73) 25.23 ( 12.20, 70.53) .646 
Plasma albumin, g/l 29.10 ± 7.12 28.71 ± 7.71 .730 
ALT, U/L 13.00 ( 10.00, 19.00) 13.00 ( 9.00, 21.00) .854 
AST, U/L 16.00 ( 13.00, 23.00) 18.00 ( 15.00, 26.00) .095 

Note: SV: sacubitril/valsartan, ALT: alanine aminotransferase, AST: aspartate aminotransferase. 
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evels based on their blood glucose levels ( glucose-corrected 
erum sodium, sNa) [30 ]. The results indicated that there was no 
tatistically significant difference in baseline sNa levels between 
he T group and the C group ( P = .574) . However, after medi- 
ation, the T group showed higher sNa levels compared to the 
 group ( P = .029) . There was no statistically significant dif- 
erence between the two groups in terms of the increase of 
Na levels after medication ( P = .200) ( Supplementary Table S3) .
oreover, we selected patients with baseline sNa levels in- 
icative of hyponatremia ( serum sodium < 135 mmol/l) be- 
ore treatment: nine patients in the C group and four pa- 
ients in the T group. The results showed no statistically sig- 
ificant differences between the two groups in terms of base- 
ine sNa levels, post-medication sNa levels, and the increase 
f sNa levels after medication ( P = .165, P = .821, P = .413) 
 Supplementary Table S4) . Howev er, no statisticall y significant 
ifferences were observed in serum potassium ( P = .483) , serum 

reatinine ( P = .709) , and eGFR ( P = .621) between the two groups 
 Table 4 ) . Regarding adverse events, there were no statistically 
ignificant differences between the two groups in terms of hy- 
ernatremia ( P = .231) , hyperkalemia ( P > .050) , hypokalemia 
 P = .095) , and occurrence of WRF ( P = .708) ( Supplementary
igure S2) . 

he functions of aquaporin-2 ( AQP2) in the collecting 
uct and plasma albumin in forecasting the 
ffectiveness of tolvaptan 

e conducted a study on the expression of AQP2 in renal 
iopsies from five patients in the T group. By comparing the 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae303#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae303#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae303#supplementary-data
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Table 2: Comparison of volume overload characteristics in patients of C and T groups post-medication. 

Variables 
C group 
( n = 87) 

T group 
( n = 87) P value 

Dyspnea 1 ( 1.15) 1 ( 1.15) 1.000 
Orthopnea 0 ( 0.00) 0 ( 0.00) 
Pulmonary rales 1 ( 1.15) 0 ( 0.00) 1.000 
Edema grading .787 

None 63 ( 72.41) 60 ( 68.97) 
Mild 18 ( 20.69) 25 ( 28.74) 
Moderate 4 ( 4.60) 2 ( 2.30) 
Severe 2 ( 2.30) 0 ( 0.00) 

Average weight after 3 days of medication, kg 70.84 ± 14.33 69.70 ± 13.74 .593 
Average weight after 7 days of medication, kg 71.76 ( 63.14, 81.11) 67.24 ( 60.55, 79.44) .242 
Weight loss after 3 days of medication, kg 0.90 ( 0.20, 2.00) 2.30 ( 1.00, 3.60) < .001 
Weight loss after 7 days of medication, kg 1.87 ± 2.75 3.69 ± 3.11 .002 
Average urine output after 3 days of medication, ml/day 1800.00 ( 1500.00,2350.00) 2166.67 ( 1733.33, 3100.00) < .001 
Average urine output after 7 days of medication, ml/day 1750.00 ( 1457.14, 2171.43) 2214.29 ( 1757.14, 2678.57) .002 
Increase in average urine output after 3 days of medication, ml/day 383.33 ( 100.00 866.67) 933.33 ( 366.67, 1666.67) < .001 
Increase in average urine output after 7 days of medication, ml/day 214.29 ( 71.43, 714.29) 921.43 ( 492.86, 1525.00) < .001 
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Figure 2: Weight and urine output in patients of C and T groups during medication. ( a) Comparison of urine output changes in the two groups after 3 days of medication. 

( b) Comparison of weight changes in the two groups after 3 days of medication. ( c) Comparison of urine output changes in the two groups after 7 days of medication. 
( d) Comparison of urine output changes in the two groups after 7 days of medication. 
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xpression levels of AQP2 in these patients and the changes in
rine volume and weight during medication, we found that the
xpression of AQP2 was localized to the apical membrane of
ollecting duct epithelial cells. Furthermore, we observed that 
igher expression of AQP2 was associated with increased urine 
olume in patients ( Fig. 3 ) . 
Additionally, we analyzed the correlation between baseline 
erum albumin levels and 24-hour urine volume during medica-
ion in both groups of patients. As shown in Fig. 4 , there was no
orrelation between baseline serum albumin levels and 24-hour
rine volume in either group ( r = −.122, P = .262 vs r = −.039,
 = .717) . 
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Table 3: Changes in body weight and urine volume during medication period in Groups C and T of patients in each stage of CKD. 

CKD stage 1–2 

C group T group 
Variables ( n = 28) ( n = 29) P value 

Average weight after 3 days of medication, kg 72.83 ± 12.92 68.56 ± 11.76 .197 
Average weight after 7 days of medication, kg 71.26 ± 12.93 69.06 ± 11.55 .645 
Weight loss after 3 days of medication, kg 0.90 ( 0.33, 2.75) 2.90 ( 1.50, 4.60) .002 
Weight loss after 7 days of medication, kg 2.59 ± 3.76 4.26 ± 3.87 .269 
Average urine output after 3 days of medication, ml/day 2058.33 ± 723.28 2556.32 ± 996.31 .036 
Average urine output after 7 days of medication, ml/day 2025.00 ( 1489.28, 2199.29) 2214.29 ( 1728.57, 2864.29) .242 
Increase in average urine output after 3 days of medication, ml/day 433.33 ± 705.55 1133.91 ± 915.57 .002 
Increase in average urine output after 7 days of medication, ml/day 243.57 ± 675.14 1124.29 ± 1098.58 .023 

CKD stage 3 

Variables C Group T Group P value 
( n = 18) ( n = 10) 

Average weight after 3 days of medication, kg 69.36 ± 15.61 69.12 ± 18.53 .971 
Average weight after 7 days of medication, kg 75.74 ± 14.93 67.62 ± 12.35 .275 
Weight loss after 3 days of medication, kg 1.00 ( 0.30, 2.40) 2.55 ( 1.03, 5.23) .061 
Weight loss after 7 days of medication, kg 1.82 ± 2.44 3.98 ± 2.67 .111 
Average urine output after 3 days of medication, ml/day 2000.00 ( 1666.67, 2391.67) 3416.67 ( 1808.33, 4100.00) .037 
Average urine output after 7 days of medication, ml/day 1923.06 ± 603.29 2588.10 ± 1020.53 .109 
Increase in average urine output after 3 days of medication, ml/day 391.67 ( 54.17, 870.84) 1583.33 ( 816.67, 2650.00) .002 
Increase in average urine output after 7 days of medication, ml/day 423.06 ± 468.35 1288.10 ± 764.23 .011 

CKD stage 4–5 

Variables C Group T Group P value 
( n = 41) ( n = 48) 

Average weight after 3 days of medication, kg 70.13 ± 14.86 70.51 ± 13.99 .902 
Average weight after 7 days of medication, kg 73.39 ( 60.73, 81.67) 71.45 ( 58.71, 79.54) .534 
Weight loss after 3 days of medication, kg 0.90 ± 1.34 1.92 ± 1.76 .003 
Weight loss after 7 days of medication, kg 1.57 ± 2.39 3.37 ± 2.83 .011 
Average urine output after 3 days of medication, ml/day 1762.60 ± 642.51 2138.61 ± 839.05 .021 
Average urine output after 7 days of medication, ml/day 1729.34 ± 559.07 2130.40 ± 677.77 .016 
Increase in average urine output after 3 days of medication, ml/day 433.33 ( 208.34, 900.00) 766.67 ( 179.17, 1233.33) .088 
Increase in average urine output after 7 days of medication, ml/day 432.91 ± 564.42 882.90 ± 649.76 .006 

Note: CKD stage 1–2: Group C had 28 patients observed for 3 days, with 12 patients observed for 7 days. Group T had 29 patients observed for 3 days, with 15 patients 

observed for 7 days. CKD stage 3: Group C had 18 patients observed for 3 days, with 11 patients observed for 7 days. Group T had 10 patients observed for 3 days, with 
six patients observed for 7 days. CKD stage 4–5: Group C had 41 patients observed for 3 days, with 28 patients observed for 7 days. Group T had 48 patients observed 
for 3 days, with 32 patients observed for 7 days. 

Table 4: Comparison of laboratory parameters in patients of C and T groups post-medication. 

Laboratory parameters 
C group 
( n = 87) 

T group 
( n = 87) P value 

Serum sodium, mmol/l 141.50 ( 139.60 144.10) 143.00 ( 140.70, 145.30) .023 
Serum potassium, mmol/l 3.89 ± 0.65 3.95 ± 0.49 .483 
Serum creatinine, μmol/l 160.00 ( 91.00 337.00) 178.00 ( 105.00, 382.00) .709 
eGFR, ml·min−1 ·( 1.73 m2 ) −1 33.55 ( 13.56,73.80) 27.69 ( 13.51, 65.93) .621 
Plasma albumin, g/l 29.67 ± 6.52 28.71 ± 7.10 .352 
ALT, U/l 12.00 ( 10.00, 18.00) 14.00 ( 10.00, 19.00) .609 
AST, U/l 17.00 ( 12.00, 24.00) 18.00 ( 14.00, 21.00) .528 

Note: ALT: alanine aminotransferase, AST: aspartate aminotransferase 
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ISCUSSION 

his study aimed to investigate the effectiveness, safety, and po- 
ential clinical indicators for predicting the responsiveness to 
olvaptan in volume management of CKD patients when used 
n combination with loop diuretics. The main findings of this 
tudy are as follows: ( i) the combination therapy of tolvaptan 
i  
nd loop diuretics demonstrated superior diuretic effects com- 
ared to the loop diuretic group, and more effectively reduced 
he need for ultrafiltration treatment due to diuretic resistance 
r inadequate diuretic effects leading to excessive volume load.
 ii) Tolvaptan administration led to an increase in serum sodium 

evels, but there was no statistically significant difference in the 
ncidence of hypernatremia compared to the loop diuretic group.
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Figure 3: Immunohistochemical staining of AQP-2 in renal biopsy patients and changes in urine volume and weight during medication. 
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dditionally, the incidence rates of hyperkalemia, hypokalemia,
nd WRF were similar between the two groups. ( iii) AQP2 may 
e a potential predictor of responsiveness to tolvaptan, while 
erum albumin levels may not affect the therapeutic efficacy of
olvaptan. 

Volume overload is a common feature of CKD, clinically man-
fested as hypertension, peripheral edema, pulmonary conges- 
ion, and heart failure [2 , 31 ]. According to reports, in 2017, there
ere 1.1 million hospital admissions in the USA due to vol-
me overload, resulting in staggering hospitalization costs of 
13.6 billion. This indicates that volume overload imposes a sig-
ificant economic burden [31 ]. The kidneys are vital organs for
aintaining water and salt balance in the body. As CKD pro-
resses, there is a reduction in sodium filtration and inhibition
f tubular reabsorption, ultimately leading to volume overload.
ctivation of the renin-angiotensin-aldosterone system in the 
ody restricts sodium excretion, exacerbating this issue. There-
ore, CKD patients typically mitigate fluid and sodium retention
y reducing sodium intake and increasing sodium excretion [31 ,
2 ]. 

Diuretics serve as the cornerstone for managing volume
verload. They are classified based on their sites and mech-
nisms of action into loop diuretics, thiazide diuretics, and
otassium-sparing diuretics, with loop diuretics being the most
ommonly used [33 , 34 ]. However, loop diuretics can lead to elec-
rolyte imbalances and metabolic disruptions, such as hypona-
remia, hypokalemia, metabolic alkalosis, and hyperuricemia [9 ,
4 , 35 ]. In CKD patients, reduced bioavailability of diuretics may
ead to diuretic resistance, necessitating higher doses of loop
iuretics to achieve diuresis. However, high doses of loop diuret-
cs have been associated with increased mortality rates in late-
tage CKD patients with concomitant heart failure [9 ]. Therefore,
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Figure 4: Correlation between baseline plasma albumin levels and 24-hour urine volume during medication in C and T groups. 
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here is a need to explore novel medications that can improve 
olume overload. 

Tolvaptan is a novel oral non-peptide antagonist that selec- 
ively blocks the binding of arginine vasopressin to the V2 re- 
eptors in the collecting ducts. It induces the excretion of free 
ater without affecting electrolyte excretion [36 ]. In a multicen- 
er randomized controlled trial, the tolvaptan group showed sig- 
ificantly higher urine output and greater relief from dyspnea 
ithin 48 hours compared to the conventional diuretic group 

37 ], This study demonstrated that the tolvaptan group exhibited 
igher urine output at days 2–3 and 5–7 compared to the loop di- 
retic group, suggesting that tolvaptan was more effective in re- 
ucing the occurrence of diuretic resistance and achieving sta- 
le diuretic effects. However, there was no statistically signifi- 
ant difference in the relief of dyspnea between the two groups,
hich may have been attributed to the relatively low propor- 
ion of patients experiencing dyspnea symptoms before medica- 
ion in both groups. Additionally, most patients in both groups 
ad NYHA class 1–2, indicating that dyspnea was improved in 
oth groups after reducing volume overload through diuresis.
n the large-sample international multicenter EVEREST study,
eart failure patients who received tolvaptan in addition to stan- 
ard therapy experienced twice the magnitude of weight reduc- 
ion on the first day of treatment compared to the group with- 
ut tolvaptan. The peak weight reduction was achieved by the 
eventh day of treatment, and this advantage was maintained 
hroughout an average follow-up period of nearly 10 months af- 
er discharge [38 ], Similarly, in this study, the tolvaptan group 
xhibited greater reductions in body weight at 3 and 7 days of 
reatment compared to the loop diuretic group. Furthermore,
e conducted subgroup analysis on patients concurrently using 
GLT-2i. Similarly, the tolvaptan group demonstrated greater di- 
retic and edema-reducing effects compared to the loop diuretic 
roup in this subgroup. However, the sample size in this sub- 
roup was limited, and further validation of the diuretic effects 
f tolvaptan in combination with SGLT-2i is needed in larger pop- 
lations. Additionally, we performed subgroup analysis based on 
KD staging, which similarly showed that across all stages of 
KD, tolvaptan exhibited superior diuretic and edema-reducing 
ffects compared to loop diuretics. Tolvaptan is commonly used 
o treat patients with hypovolemic or euvolemic hyponatremia 
ue to its ability to increase serum sodium levels [9 ], therefore,
he serum sodium levels after tolvaptan administration were 
losely monitored in this study. The tolvaptan group exhibited 
igher serum sodium levels compared to the loop diuretic group,
ut there was no statistically significant difference in the occur- 
ence of hypernatremia between the two groups, The EVEREST 
tudy also suggested a trend of increased serum sodium lev- 
ls after tolvaptan administration [38 ]. Hence, it is important to 
onitor patients’ serum sodium levels and adjust the dosage of 

olvaptan accordingly. Several studies have reported that tolvap- 
an, compared to loop diuretics, can reduce the incidence of WRF 
n patients [7 , 39 ]. However, in the EVEREST study, tolvaptan did
ot improve the elevation of serum creatinine [38 ]. In this study,
here was also no statistically significant difference in the inci- 
ence of WRF between the two groups. This disparity may be 
ttributed to variations in patient inclusion criteria, timing of 
olvaptan initiation, dosage of tolvaptan, and underlying condi- 
ions of the patients. 

The diuretic and edema-reducing effects of tolvaptan vary 
onsiderably among different patients. The EVEREST trial has 
emonstrated that tolvaptan can significantly improve patients’ 
olume overload [38 ], However, some small-scale studies have 
ndicated that tolvaptan may not provide adequate diuretic ef- 
ects for certain patients [19 , 25 , 40 ]. Definitions of responders 
o tolvaptan and predictors of tolvaptan responsiveness vary 
mong studies. Further exploration is needed to identify clinical 
iomarkers of tolvaptan responsiveness, facilitating clinicians in 
he rational and scientific use of tolvaptan. A case report indi- 
ated significantly higher renal AQP2 expression in responders 
o tolvaptan among patients with membranous nephropathy 
17 ], Similarly, in another study involving 26 patients with dia- 
etic nephropathy complicated by heart failure, non-responders 
o tolvaptan exhibited no expression of renal AQP-2, whereas re- 
ponders to tolvaptan showed positive expression of renal AQP2 
19 ]. In this study, renal tissue AQP2 staining was conducted on
ve patients who underwent kidney biopsies. We observed that 
he expression of AQP2 localized to the apical membrane of the 
ollecting duct epithelial cells, and there was a positive correla- 
ion between the expression of AQP2 and the urine output of the 
atients. This suggests that the expression status of renal tissue 
QP2 in renal tubular epithelial cells may aid in identifying pa- 
ients who respond to tolvaptan. Additionally, serum albumin 
evels have been shown to be associated with responsiveness 
o tolvaptan, with responders to tolvaptan exhibiting signifi- 
antly lower serum albumin levels compared to non-responders 
18 ]. Similar to this study, there are also literature reports indi-
ating that serum albumin levels do not affect the efficacy of 
olvaptan [41 ], this may be related to the mechanism of action of
olvaptan, as it exerts its diuretic effect without binding to serum 

lbumin [42 ]. In conclusion, further prospective large-scale stud- 
es are needed to delve deeper into clinical biomarkers of tolvap- 
an responsiveness. 

This study has several limitations: ( i) it is retrospective in na- 
ure, with some missing patient data, and despite undergoing 
SM, the sample size remains small, necessitating larger-scale 
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tudies to validate our findings. ( ii) Owing to the retrospective 
esign, there was no uniformity in the timing of patients ini-
iating tolvaptan and/or loop diuretics, nor in the type of loop
iuretics used. ( iii) The limited number of samples undergoing 
enal tissue AQP2 staining may introduce bias into the results.
 iv) As loop diuretics still stand as the first-line treatment recom-
ended by guidelines for volume management in patients with 
idney disease, and the use of tolvaptan for volume manage- 
ent in kidney disease patients currently falls under off-label 
se, the efficacy of tolvaptan used alone cannot be definitively
scertained. 

In conclusion, this study demonstrates that tolvaptan sig- 
ificantly and effectively improves volume overload in patients 
ith kidney disease. Adverse reactions such as hyperkalemia 
nd hepatic or renal impairment were not observed in the study,
ndicating good drug safety. Additionally, renal tissue AQP2 can 
e used to predict the efficacy of tolvaptan. Overall, tolvaptan
hows promising clinical application prospects for volume man- 
gement in patients with kidney disease. 
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