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Abstract 
Robot-assisted laparoscopic partial nephrectomy (RAPN) is a safe and effective option 

for renal cell carcinoma (RCC). However, clamping of renal artery during RAPN some-

times causes ischemic reperfusion (IR) injury (IRI), which affects renal function at some 

later time. In the present study, we inserted catheters into the bilateral ureters from before 

RAPN until 24 hours after and analyzed urine biomarkers of renal injury excreted from 

both resected and contralateral kidneys to determine and investigated which biomarkers 

predict the future decline in renal function in patients with RCC and rodent IR model. 

Twenty-three patients diagnosed with RCC (66.4 ± 10.8 years old, eGFR: 73.6 ± 15.3 mL/

min/1.73m2) were enrolled and ureteral catheters were inserted in both ureters. Urinary 

neutrophil gelatinase-associated lipocalin (NGAL), beta-2-microglobulin (β₂MG),  

N-acetyl-β-D-glucosaminidase were measured at several time points. Gene expression 

of injury markers in contralateral kidneys were analyzed in unilateral IR rodents. All the 

urinary markers were elevated 30 minutes after the clamping and sustained high until 24 

hours in resected kidneys. Meanwhile, urinary NGAL and β2MG excreted from contralateral 

kidneys increased at 6 and 24 hours after the clamping. Warm ischemic time, estimated 

blood loss, and excised kidney weight were not associated with renal dysfunction; how-

ever, only contralateral urinary β2MG at 6 hours was correlated. Ngal and Il-6 mRNA in 

contralateral kidneys were upregulated in unilateral IR rodents. RAPN-related IRI induces 

contralateral kidney injury. Contralateral urinary β2MG can become a potent biomarker to 

predict the onset of kidney injury after RAPN.

Introduction
The incidence of renal cell carcinoma (RCC) has increased in recent years. Although nephrec-
tomy has been considered one of the standard surgical treatment for RCC regardless of tumor 
size, EORTC-30904 trial recently reported that partial nephrectomy for small-diameter RCC 
showed no significant difference in overall survival compared to radical nephrectomy [1,2]. 
Further, partial nephrectomy was shown to reduce the future incidence of chronic kidney 
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disease (CKD) and cardiovascular events reported by the National Comprehensive Cancer 
Network, the European Association of Urology, and the American Association of Urology 
guidelines. Thus, partial nephrectomy has drawn the attention as the first-line surgical option 
for small-diameter RCC [3–6]. Also, robot-assisted laparoscopic partial nephrectomy (RAPN) 
can save the time to perform hemoperfusion when compared to laparoscopic partial nephrec-
tomy (LPN) [3–7], suggesting that RAPN can be considered a safe and effective therapeutic 
option for patients with RCC. However, RAPN sometimes causes transient kidney injury due 
to ischemia-reperfusion (IR) in resected kidneys because RAPN requires warm occlusion by 
renal artery clamping during removing RCC. Therefore, evaluation of biomarkers and mech-
anisms regarding IR-associated kidney injury may be necessary to improve the postoperative 
renal outcome.

Urinary injury biomarkers such as β2-microglobin (β2MG), N-acetyl-β-D-glucosaminidase 
(NAG), and neutrophil gelatinase-associated lipocalin (NGAL) has been widely used for the 
early diagnosis of acute kidney injury (AKI) [8]. Indeed, Akpinal et al. have reported that 
ischemic AKI after nephron-sparing surgery can be detected early by urinary NGAL measure-
ment [8]. However, postoperative renal prognosis and predictive markers by the IR injury 
(IRI) during RAPN and its effect on the contralateral kidney remain unknown. In the present 
study, we inserted ureteral catheters in both resected and contralateral ureter and collected 
urine at several time points to determine the effect of IR by the renal artery clamping on renal 
dysfunction, and investigated which urinary biomarkers can predict postoperative decline in 
kidney function in patients receiving RAPN. To confirm whether contralateral kidneys would 
be impaired when another kidney undergoes IRI, the gene expression of renal injury markers 
in the contralateral kidneys were analyzed in rodent unilateral IR model.

Materials and methods

Operation methods
Twenty-three patients with clinically diagnosed RCC between 1st August 2019 and 31th March 
2020 were prospectively enrolled in this study. All patients were placed ureteral catheters in 
the ureter on the resected and contralateral sides before the start of RAPN and confirmed 
urethral patency during tumor resection. In standard RAPN procedures, a ureteral catheter is 
inserted transurethrally in all cases. In this study, after providing patients with explanations 
regarding potential side effects, such as bleeding, ureteral catheters were inserted into the 
resected and contralateral kidneys. All catheters on both sides were removed 24 hours after 
IR. No significant disadvantages or adverse effects from this procedure were observed in the 
patients. Tumor resection was performed with total renal artery clamping, and after tumor 
dissection, an inner suture was performed on the resected surface including the open ureter, 
and renal parenchymal suture (renorrhaphy) was performed after removal of the occlusion. 
All ureteral catheters were removed after the final specimen collection on the following 
day.Urine was collected from bilateral catheters before occlusion and at 30, 60 minutes, 6 and 
24 hours after IR. Serum was also collected at the same time. Urinary NGAL (chemilumines-
cent immunoassay), NAG (colorimetric method), and β2MG (latex agglutination immunoas-
say) were measured to evaluate renal impairment, and all were corrected by urinary creatinine 
(Cr). Serum blood urea nitrogen (BUN), Cr, and cystatin C (CysC) were also measured as 
markers of renal function. These parameters were analyzed by commercially available labora-
tories. Data on the clinical characteristics of the participants, including age, body weight, body 
mass index, mean systolic blood pressure, and R.E.N.A.L Nephrometry Score (RNS) were 
obtained from the electronic medical records of Kurume University Hospital. eGFR was cal-
culated using a previously described [9]. The same hydration protocol procedure before and 
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after the RAPN was performed. In all patients, written preoperative consent for ureteral cathe-
terization and the use of data was obtained. The study was approved by the Ethics Committee 
of the Kurume University School of Medicine for human research (Ethical No. 19093) and 
animal research (2023–163) and was performed in accordance with the Declaration of Hel-
sinki. The data for this study obtained from the patients’ medical records were anonymized so 
that the patients could not be identified. Human rights are well-protected.

Animal experiments
10-week-old C57BL/6J mice (The Jackson Laboratory Japan, Yokohama, Japan) were anes-
thetized by the injection with Medetomidine hydrochloride (0.3 mg/kg; Cat No. SMB01393, 
Sigma-Aldrich), midazolam (4 mg/kg; Cat No. 10385, Fuji Film-Wako), and butorphanol 
tartrate (5 mg/kg, Cat No. B9156, Sigma-Aldrich). After cutting the ventral median line skin 
and muscle layer, the upper and lower poles of the kidney was dissected free from surround-
ing tissue. After liberating the kidney from surrounding tissue, the left kidney pedicle was 
clamped for 30 minutes using a clamp holder. After removal of the vascular clamp, the muscle 
layer was closed by using absorbable suture and then skin was closed by using monofilament 
nylon non-absorbable suture. For creating sham mice, we cut the ventral median line skin 
and muscle layer, and then close the skin and muscle layer in a same way as IRI mice. We 
closely monitored the mice of both groups and administrated with 150 μL of Buprenorphine 
(0.15mg/kg, Nissin Pharmaceutical Co., Ltd) every 12 hours until day 2 for pain and dis-
comfort. For sacrifice, the mice were anesthetized after the exposure to isoflurane and both 
kidneys were removed 24 hours and seven days after the induction of IR.

Real-time PCR
Mice were sacrificed on days 1 and 7 after the IR surgery. The collected right kidney (con-
tralateral side) was homogenized after removing the capsule. Total RNA extracted from each 
kidney cortex was used to synthesize cDNA with iScript™ cDNA Synthesis Kit (Bio-Rad, 
170891). Real-time PCR was performed with iTaq Universal SYBR Green (Bio-Rad, 1725121). 
Glyceraldehyde-3-phosphate dehydrogenase was used as an internal control. The relative 
mRNA expression of each gene was calculated using the ΔΔCt method. Primers for targeted 
genes were purchased from Applied Biosystems (MA, USA).

Statistical analysis
To compare the urinary renal injury markers before and after the IR, one-way analysis of 
variance followed by post hoc multiple comparison analysis (Steel-Dwass test) was used to 
assess the differences among the groups. To determine the correlation with the changes in 
eGFR at a month, univariate regression analysis was performed. Human data are presented as 
mean ± standard deviation. Animal data are presented as mean ± standard error of the mean. 
A p-value < 0.05 was considered statistically significant. All statistical analyses were performed 
using JMP Pro ver. 16 Software (SAS Institute Inc.).

Results and discussion
Clinical background of the enrolled patients is shown in Table 1. The mean age was 66.4 ± 
10.8 years and the mean body mass index was 25.6 ± 3.5. The tumor was detected in right 
kidneys in 8 patients and in left kidneys in 15 patients. The mean tumor diameter was 26.4 
± 6.2 mm, and the mean R.E.N.A.L Nephrometry Score was 7.2 ± 1.1 points. Preoperative 
renal function was BUN: 15.5 ± 5.9 mg/dL, Cr: 0.78 ± 0.18 mg/dL, eGFR: 73.4 ± 15.2 mL/
min/1.73m2.
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There were no differences in NGAL, β2MG, and NAG in urine collected from both resected 
and contralateral kidneys before renal artery clamping (Table 2).

The results of surgical procedure were as follows: total operative time: 191 ± 37.8 minutes; 
console time: 101.3 ± 31.5 minutes; warm ischemic time: 15.4 ± 3.6 minutes; total blood loss: 
21.6 ± 29.4 ml. Postoperative complications were postoperative hemorrhage and hydrone-
phrosis in one patient each (4.3%), and no inter-allogeneic blood transfusion or laparot-
omy surgery was performed. Histopathological results showed clear cell RCC in 20 patients 
(87.0%), chromophobe RCC in 2 patients (8.7%), and angiomyolipoma in 1 patient (4.3%) 
with no positive margins (Table 3).

All of the renal injury markers in urine from the resected kidneys were significantly ele-
vated from 30 minutes to 24 hours after renal artery clamping. The increase in urine con-
centration of NGAL and β2MG continued until 24 hours (NGAL: 30 min; p=0.0001 vs pre, 
60 min; p<0.001 vs pre, 6 hrs; p<0.01 vs pre, 24 hrs; p<0.001 vs pre, β2MG: 30 min; p<0.0001 vs 
pre, 60 min; p<0.05 vs pre, 6 hrs; p<0.01 vs pre, 24 hrs; p<0.0001 vs pre) (Table 4, Fig 1). NAG 
was elevated only 30 minutes after IR (NAG: 30 min; p=0.0003 vs pre, 60 min; p=0.129 vs pre, 
6 hrs; p=0.999 vs pre, 24 hrs; p=0.165 vs pre) (Table 4, Fig 1). Urine NAG was lower at 24 
hours than before IR (Table 4, Fig 1).

With respect to the urine from the contralateral kidney, NGAL was elevated only 24 hours 
after renal artery clamping (NGAL: 30 min; p=0.333 vs pre, 60 min; p=0.412 vs pre, 6 hrs; 
p=0.075 vs pre, 24 hrs; p<0.05 vs pre). Further, urine β2MG was markedly elevated at 6 and 24 
hours (β2MG: 30 min; p=0.998 vs pre, 60 min; p=0.373 vs pre, 6 hrs; p<0.0001 vs pre, 24 hrs; 
p<0.001 vs pre) (Table 4, Fig 2). The increase in NAG was not observed in the contralateral 
urine. Transient kidney injury assessed by serum Cr was found at 30 and 60 minutes after 
renal artery clamping (p<0.05 vs pre, respectively), whereas BUN and CysC were not. While 
serum BUN and Cr returned to the baseline at 6 hours; CysC was slightly lower at 6 and 24 
hours than before IR (Table 4).

Table 1.  Clinical characteristics of the patients before RAPN.

Variables Mean ± SD (IQR)
No. of patients 23
Age (years old) 66.4 ± 10.8 (43-82)
Sex (No.) (male/female) 16/7
Side with the cancer (No.) (right/left) 8/15
Body weight (kg) 65.9 ± 12.7 (42.8-100.6)
Body mass index (kg/m2) 25.6 ± 3.5 (19.0-37.0)
Tumor diameter (mm) 26.4 ± 6.2 (15-36)
RENAL Nephrometry Score (points) 7.2 ± 1.1 (5-9)
Mean systolic blood pressure (mmHg) 129.1 ± 12.5 (105-150)
Hemoglobin (g/dl) 14.2 ± 1.6 (10.3-16.5)
Serum albumin (g/dl) 4.32 ± 0.25 (4.0-4.8)
Blood urea nitrogen (mg/dl) 15.5 ± 5.9 (9.0-37.0)
Serum creatinine (mg/dl) 0.78 ± 0.18 (0.54-1.42)
eGFR (ml/min/1.73m2) 73.4 ± 15.2 (30.4-99.6)
Uric acid (mg/dl) 5.98 ± 1.12 (3.7-8.4)
Total cholesterol (mg/dl) 202 ± 40.0 (85-276)

Values are shown as mean ± SD and range. RAPN= robot-assisted laparoscopic partial nephrectomy, SD=standard 
deviation, IQR=interquartile range, No.=number, eGFR=estimated glomerular filtration rate

https://doi.org/10.1371/journal.pone.0321769.t001

https://doi.org/10.1371/journal.pone.0321769.t001
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Among the urinary injury biomarkers, the contralateral urine β2MG at 6 hours after 
renal artery clamping is associated with the decline in renal function at 1 month (r=−0.458, 
p<0.05) (Fig 3). Meanwhile, none of the injury markers in urine excreted from the resected 
kidney, blood loss, and kidney excised weight were not associated with postoperative renal 
dysfunction.

In unilateral IR rodents, we identified an increase in NGAL gene levels in the contralateral 
kidneys on day 1 when compared to the sham mice, which continued until day 7 (Fig 4a). 
IL-6, an inflammatory cytokine, showed a similar trend as NGAL mRNA expression (Fig 4b) 
in spite of no difference in renal function before and after the IRI (Fig 4c).

Interception of renal blood flow is a prerequisite process for RAPN; but, kidney injury is 
likely to occur immediately after interception of renal blood flow [10]. There have been no 
reports investigating whether contralateral kidney would be impaired when another kidney 
undergoes IR injury. Thus, we collected urine from resected and contralateral kidney separately 
during surgery of RAPN. We identified that renal artery clamping-induced IR injury cause con-
tralateral kidney injury, which may be associated with the new onset of chronic injury.

NGAL, a 25 kDa protein secreted from secretory granules of human neutrophils, was known 
to be secreted from distal tubular epithelial cells in very early stages of AKI [11]. In an investiga-
tion of urinary biomarkers for kidney injury associated with RAPN, urinary NGAL concentra-
tion in the resected kidney can predict postoperative renal dysfunction in the patients receiving 

Table 2.  Results of urinary renal injury markers before RAPN.

Preoperative urine markers Mean ± SD (IQR) P value
Urinary NGAL (μg/ g Cr)
Resected kidney 0.10 ± 0.24 (0-1.15)
Contralateral kidney 0.07 ± 0.14 (0-0.61) n.s.
Urinary β2MG (μg/ mg Cr)
Resected kidney 1.23 ± 4.77 (0.74-231)
Contralateral kidney 1.17 ± 4.22 (0.81-205) n.s.
Urinary NAG (IU/ g Cr)
Resected kidney 0.12 ± 0.10 (0.01-0.45)
Contralateral kidney 0.12 ± 0.11 (0.01-0.43) n.s.

Values are shown as mean ± SD and range. SD=standard deviation, IQR=interquartile range, NGAL=Neutrophil 
gelatinase-associated lipocalin, Cr=creatinine, β2MG=β2 microglobulin, NAG=N-acetyl-β-D-glucosaminidase

https://doi.org/10.1371/journal.pone.0321769.t002

Table 3.  Data of RAPN.

Results of RAPN Mean ± SD (IQR)
Total operative time (min) 191.3 ± 37.8 (134-251)
Laparoscopic time (min) 141.7 ± 30.1 (102-213)
Console time (min) 101.3 ± 31.5 (53-181)
Warm ischemic time (min) 15.4 ± 3.6 (11-23)
Estimated bleeding loss (ml) 21.6 ± 29.4 (5-115)
Resected weight (g) 13.1 ± 10.1 (2-47)
Postoperative complications (cases) Bleeding Hydronephrosis 1 (4.3%) 1 (transient) (4.3%)
Pathological results (cases) ccRCC Chromophobe AML 20 (87.0%) 2 (8.7%) 1 (4.3%)

Values are shown as mean ± SD and range. SD=standard deviation, IQR=interquartile range, RAPN=Robot-assisted 
laparoscopic partial nephrectomy, ccRCC=clear cell renal cell carcinoma, AML=angiomyolipoma

https://doi.org/10.1371/journal.pone.0321769.t003

https://doi.org/10.1371/journal.pone.0321769.t002
https://doi.org/10.1371/journal.pone.0321769.t003
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RAPN [12]. In our study, while urine NGAL was elevated in the resected kidney, tubular injury 
markers including NAG and β2MG were also increased in the urine from the contralateral 
kidney. Recently, Rooij et al. reported that kidney function significantly decreased and urinary 
β2MG levels increased 24 hours after unilateral nephrectomy in healthy kidney donors [13]. 
The unilateral nephrectomy-induced reduction in kidney mass increases blood pressure in the 
contralateral kidney, leading to elevated urinary β2MG levels. Considering that kidney function 
returned to baseline 24 hours postoperatively in our cases, the continuous increase in contralat-
eral tubular injury markers is possibly attributable to IRI of the resected kidney rather than the 
reduction in kidney mass due to tumor removal. Akpinal et al. demonstrated that urinary NGAL 
levels increased significantly 3 hours after intraoperative total or renal artery clamping [8]. In 
contrast, in our cases, urinary NGAL and NAG levels were elevated 30 min after IR, but only from 
the resected kidney, indicating that IR-induced tubular injury due to renal artery clamping might 
occur immediately after IR rather than after 3 hours in the resected kidney. There was a time 
lag regarding the elevation of injury markers between resected kidney and contralateral kidney, 
suggesting that some humoral or neurogenic factors may extend renal damage to the contra-
lateral kidney. Recently, multiple organ crosstalk has been reported. For instance, IR-induced 
AKI causes lung injury through increased infiltration, vascular permeability, and inflammatory 
cytokines and chemokines [14]. Our unilateral IR mice demonstrated that gene expression of 
renal NGAL and IL-6 in the contralateral kidney was upregulated in spite of no change in renal 
function. Thus, IRI-induced inflammatory cytokines and chemokines from the resected kidney 
(IRI kidney) cause tubular damage in the contralateral kidney as an organ crosstalk. Further, only 
acute elevation of contralateral urinary β2MG after clamping renal artery, but not the resected 
kidney-related injury markers and RAPN-related clinical parameters including blood loss, was 
correlated to chronic changes in renal function at 1 month after RAPN. Our finding indicates that 
renal prognosis after RAPN might depend on contralateral kidney’s tubular damage. Focusing on 
contralateral kidneys should be required to prevent chronic kidney injury after RAPN.

Regarding surgical treatment for small-diameter renal cancer, the only RCT by EORTC-
30904 in 2011 showed that partial nephrectomy did not significantly differ from radical 

Table 4.  Renal function and urinary injury markers corrected by creatinine before and after RAPN.

Serum markers of renal function
Pre Post 30 minutes Post 60 minutes Post 6 hours Post 24 hours

BUN (mg/ dL) 14.97 ± 5.69 15.44 ± 5.70 15.54 ± 5.90 13.81 ± 2.94 11.48 ± 4.76
Cr (mg/ dL) 0.820 ± 4.216 1.015 ± 0.244 1.020 ± 0.232 0.877 ± 0.174 0.836 ± 0.212
CysC (mg/ L) 0.917 ± 0.301 1.074 ± 0.336 1.014 ± 0.293 0.793 ± 0.131 0.809 ± 0.219
Resected kidney of urinary renal injury markers

Pre Post 30 minutes Post 60 minutes Post 6 hours Post 24 hours
NGAL (μg/ g Cr) 0.098 ± 0.242 6.036 ± 12.23 0.760 ± 1.499 0.271 ± 0.536 0.454 ± 0.791
β2MG (μg/ mg Cr) 1.227 ± 4.769 3.777 ± 5.035 0.910 ± 2.295 3.314 ± 7.454 4.306 ± 11.14
NAG (IU/ g Cr) 0.119 ± 0.102 0.800 ± 1.075 0.210 ± 0.039 0.094 ± 0.020 0.068 ± 0.060
Contralateral kidney of urinary renal injury markers

Pre Post 30 minutes Post 60 minutes Post 6 hours Post 24 hours
NGAL (μg/ g Cr) 0.069 ± 0.137 0.248 ± 0.536 0.101 ± 0.135 0.134 ± 0.185 0.150 ± 0.217
β2MG (μg/ mg Cr) 1.168 ± 4.216 0.891 ± 2.075 1.143 ± 2.935 7.100 ± 9.454 4.755 ± 9.129
NAG (IU/ g Cr) 0.124 ± 0.111 0.140 ± 0.167 0.183 ± 0.480 0.076 ± 0.077 0.051 ± 0.052

Values are shown as mean ± SD. SD=standard deviation, NGAL=Neutrophil gelatinase-associated lipocalin, β2MG=β2 microglobulin, NAG=N-acetyl-β-D-glucosaminidase, 
BUN=blood urea nitrogen, Cr=creatinine, CysC=cystatin C

https://doi.org/10.1371/journal.pone.0321769.t004

https://doi.org/10.1371/journal.pone.0321769.t004
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nephrectomy in overall survival in terms of cancer control [1]. Also, 26% of patients with 
small-diameter renal cancer are reported to have CKD even if their preoperative serum creat-
inine levels are within normal range; thus, there have been concerns regarding nephrectomy-
induce additional renal damage [15]. However, partial nephrectomy has been shown to 
reduce the risk of CKD [16], all-cause and non-cancer related mortality[17], the prevalence 

Fig 1.  Urinary renal injury markers before and after IR by RAPN in the resected kidney. NGAL/Cr ratio (a), β2MG/Cr ratio (b), and NAG/Cr ratio (C). 
*** p<0.001, ** p<0.01 vs pre, ### p<0.001, # p<0.05 vs post 30 min. IR, ischemic reperfusion; RAPN, robot-assisted partial nephrectomy; NGAL, Neutrophil 
gelatinase-associated lipocalin; Cr, creatinine; β2MG, β2-microglobulin; NAG, N-acetyl-β-D-glucosaminidase.

https://doi.org/10.1371/journal.pone.0321769.g001

https://doi.org/10.1371/journal.pone.0321769.g001
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of cardiovascular events [18], and other factors associated with mortality when compared to 
nephrectomy[3]. In addition, RAPN is a surgical assist device that can compensate for the 
weakness of manual manipulation in LPN, including tumor removal and parenchymal suture, 
and is comparable to LPN in terms of radical cure, shorter WIT, and lower complication rate 
[19]. The perioperative results of our study showed no conversion to laparotomy or grade 3 
or higher complications, all of which were comparable to the previous report [20]. As demand 
of RAPN will continue to rise, further investigation will be necessary to create the precautions 
and therapeutic interventions to halt RAPN-related chronic kidney injury.

There are several limitations to this study. First, the number of patients is small, and fur-
ther study is needed to accumulate more cases. Second, the mechanism of the effect of IRI on 
the contralateral kidney and the long-term effect of RAPN on renal function are unknown. 

Fig 2.  Urinary renal injury markers before and after IR by RAPN in the contralateral kidney. NGAL/Cr ratio (a), β2MG/Cr 
ratio (b), and NAG/Cr ratio (C). *** p<0.001, * p<0.05 vs pre, ### p<0.001, ## p<0.01 vs post 30 min. IR, ischemic reperfusion; RAPN, 
robot-assisted partial nephrectomy; NGAL, Neutrophil gelatinase-associated lipocalin; Cr, creatinine; β2MG, β2-microglobulin; NAG, 
N-acetyl-β-D-glucosaminidase.

https://doi.org/10.1371/journal.pone.0321769.g002

https://doi.org/10.1371/journal.pone.0321769.g002
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Fig 3.  Univariate regression analysis for the correlation between eGFR changes at 1 month and Urinaryβ2MG/Cr 
ratio. β2MG, β2-microglobulin; Cr, creatinine; eGFR, estimated glomerular filtration ratio.

https://doi.org/10.1371/journal.pone.0321769.g003

Fig 4.  Contralateral renal NGAL (a) and IL-6 (b) gene expressions and BUN (c) levels in IRI C57BL/6j mice. *** p<0.001 vs sham, * p<0.05 vs Day 7. NGAL, 
Neutrophil gelatinase-associated lipocalin; lcn2, lipocalin 2; IL-6, interleukin-6; BUN, blood urea nitrogen; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; UIRI, 
unilateral ischemic reperfusion injury.

https://doi.org/10.1371/journal.pone.0321769.g004

https://doi.org/10.1371/journal.pone.0321769.g003
https://doi.org/10.1371/journal.pone.0321769.g004
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Thirdly, it is generally difficult to collect urine from the healthy kidney in standard RAPN. 
However, since no increase in β2MG was observed in the urine collected from the resected 
kidney, measuring β2MG in bladder urine may reflect the urinary β2MG levels of the contra-
lateral kidney. Fourthly, to acquire adequate statistical power (1-β >0.8), our clinical study was 
supposed to include 34 patients by using a sample size calculation tool [21]. However, it was 
difficult to collect the number of patients who received RAPN for RCC in a single center, the 
point of which is one of our limitations. Finally, this study did not include healthy individu-
als as controls, which may introduce potential bias. Therefore, large-scale, longitudinal, and 
prospective placebo-controlled studies should be conducted in the future.

Conclusions
IRI after renal artery clamping during RAPN occurs in the resected kidney, which, in turn, 
extend the kidney damage to the contralateral kidney. Urinary β2MG excreted from the con-
tralateral kidney after clamping renal artery may become a potent biomarker to predict the 
new onset of chronic kidney injury after RAPN.

Supporting information
S1 File.  CONSORT Flow diagram. 
(DOCX)

S2 File.  This is the file including all data underlying the findings described in this 
manuscript. 
(XLSX)

Acknowledgements
We thank all patients for participating in this study.

Author contributions
Data curation: Mitsunori Matsuo, Yunosuke Yokota.
Supervision: Kei Fukami, Tsukasa Igawa.
Writing – original draft: Kensei Taguchi, Kei Fukami.

References
	1.	 Van Poppel H, Da Pozzo L, Albrecht W, Matveev V, Bono A, Borkowski A, et al. A prospective, ran-

domised EORTC intergroup phase 3 study comparing the oncologic outcome of elective nephron-
sparing surgery and radical nephrectomy for low-stage renal cell carcinoma. Eur Urol. 2011;59(4): 
543–52. https://doi.org/10.1016/j.eururo.2010.12.013 PMID: 21186077

	2.	 Abriel H, Loffing J, Rebhun JF, Pratt JH, Schild L, Horisberger JD, et al. Defective regulation of the 
epithelial Na+ channel by Nedd4 in Liddle’s syndrome. J Clin Invest. 1999;103(5):667–73. https://doi.
org/10.1172/JCI5713 PMID: 10074483

	3.	 Huang WC, Elkin EB, Levey AS, Jang TL, Russo P. Partial nephrectomy versus radical nephrectomy 
in patients with small renal tumors--is there a difference in mortality and cardiovascular outcomes?. J 
Urol. 2009;181(1):55–61; discussion 61-2. https://doi.org/10.1016/j.juro.2008.09.017 PMID: 19012918

	4.	 Simmons MN, Weight CJ, Gill IS. Laparoscopic radical versus partial nephrectomy for tumors >4 
cm: intermediate-term oncologic and functional outcomes. Urology. 2009;73(5):1077–82. https://doi.
org/10.1016/j.urology.2008.11.059 PMID: 19394509

	5.	 Thompson RH, Boorjian SA, Lohse CM, Leibovich BC, Kwon ED, Cheville JC, et al. Radical nephrec-
tomy for pT1a renal masses may be associated with decreased overall survival compared with partial 
nephrectomy. J Urol. 2008;179(2):468–71; discussion 472-3. https://doi.org/10.1016/j.juro.2007.09.077 
PMID: 18076931

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321769.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321769.s002
https://doi.org/10.1016/j.eururo.2010.12.013
http://www.ncbi.nlm.nih.gov/pubmed/21186077
https://doi.org/10.1172/JCI5713
https://doi.org/10.1172/JCI5713
http://www.ncbi.nlm.nih.gov/pubmed/10074483
https://doi.org/10.1016/j.juro.2008.09.017
http://www.ncbi.nlm.nih.gov/pubmed/19012918
https://doi.org/10.1016/j.urology.2008.11.059
https://doi.org/10.1016/j.urology.2008.11.059
http://www.ncbi.nlm.nih.gov/pubmed/19394509
https://doi.org/10.1016/j.juro.2007.09.077
http://www.ncbi.nlm.nih.gov/pubmed/18076931


PLOS ONE | https://doi.org/10.1371/journal.pone.0321769  April 15, 2025 11 / 11

PLOS ONE Impact of IRI during robot-assisted partial nephrectomy

	 6.	 Dash A, Vickers AJ, Schachter LR, Bach AM, Snyder ME, Russo P. Comparison of outcomes 
in elective partial vs radical nephrectomy for clear cell renal cell carcinoma of 4-7 cm. BJU Int. 
2006;97(5):939–45. https://doi.org/10.1111/j.1464-410X.2006.06060.x PMID: 16643474

	 7.	 Choi JE, You JH, Kim DK, Rha KH, Lee SH. Comparison of perioperative outcomes between 
robotic and laparoscopic partial nephrectomy: a systematic review and meta-analysis. Eur Urol. 
2015;67(5):891–901. https://doi.org/10.1016/j.eururo.2014.12.028 PMID: 25572825

	 8.	 Akpinar C, Dogan O, Kubilay E, Gokce MI, Suer E, Gulpinar O, et al. The evaluation of acute kidney 
injury due to ischemia by urinary neutrophil gelatinase-induced lipocalin (uNGAL) measurement 
in patients who underwent partial nephrectomy. Int Urol Nephrol. 2021;53(3):393–400. https://doi.
org/10.1007/s11255-020-02660-2 PMID: 32980930

	 9.	 Imai E, Horio M, Iseki K, Yamagata K, Watanabe T, Hara S, et al. Prevalence of chronic kidney 
disease (CKD) in the Japanese general population predicted by the MDRD equation modified by a 
Japanese coefficient. Clin Exp Nephrol. 2007;11(2):156–63. https://doi.org/10.1007/s10157-007-0463-x 
PMID: 17593516

	10.	 Taguchi K, Elias BC, Krystofiak E, Qian S, Sant S, Yang H, et al. Quantitative super-resolution 
microscopy reveals promoting mitochondrial interconnectivity protects against AKI. Kidney360. 
2021;2(12):1892–907. https://doi.org/10.34067/KID.0001602021 PMID: 35342885

	11.	 Zhang J, Han J, Liu J, Liang B, Wang X, Wang C. Clinical significance of novel biomarker NGAL 
in early diagnosis of acute renal injury. Exp Ther Med. 2017;14(5):5017–21. https://doi.org/10.3892/
etm.2017.5150 PMID: 29201207

	12.	 Colamonico O, Cardo G, Ceci E, Scarcia M, Zazzara M, Dassira M, et al. The variation of selective 
uNGAL levels after robot-assisted partial nephrectomy: Early results of a prospective single center 
study. Arch Ital Urol Androl. 2019;91(2):10.4081/aiua.2019.2.74. https://doi.org/10.4081/aiua.2019.2.74 
PMID: 31266271

	13.	 de Rooij ENM, Hoogeveen EK, Romijn FPHTM, van der Kooy SW, Veighey KV, Dekker FW, et al. 
Urinary beta-2 microglobulin increases whereas TIMP-2 and IGFBP7 decline after unilateral nephrec-
tomy in healthy kidney donors. Sci Rep. 2024;14(1):12901. https://doi.org/10.1038/s41598-024-62246-
1 PMID: 38839764

	14.	 Ahuja N, Andres-Hernando A, Altmann C, Bhargava R, Bacalja J, Webb RG, et al. Circulating IL-6 
mediates lung injury via CXCL1 production after acute kidney injury in mice. Am J Physiol Renal 
Physiol. 2012;303(6):F864-72. https://doi.org/10.1152/ajprenal.00025.2012 PMID: 22791336

	15.	 Huang WC, Levey AS, Serio AM, Snyder M, Vickers AJ, Raj GV, et al. Chronic kidney disease after 
nephrectomy in patients with renal cortical tumours: a retrospective cohort study. Lancet Oncol. 
2006;7(9):735–40. https://doi.org/10.1016/S1470-2045(06)70803-8 PMID: 16945768

	16.	 Leppert JT, Lamberts RW, Thomas I-C, Chung BI, Sonn GA, Skinner EC, et al. Incident CKD after 
radical or partial nephrectomy. J Am Soc Nephrol. 2018;29(1):207–16. https://doi.org/10.1681/
ASN.2017020136 PMID: 29018140

	17.	 Zini L, Perrotte P, Capitanio U, Jeldres C, Shariat SF, Antebi E, et al. Radical versus partial nephrec-
tomy: effect on overall and noncancer mortality. Cancer. 2009;115(7):1465–71. https://doi.org/10.1002/
cncr.24035 PMID: 19195042

	18.	 Nasrallah AA, Dakik HA, Abou Heidar NF, Najdi JA, Nasrallah OG, Mansour M, et al. Major adverse 
cardiovascular events following partial nephrectomy: a procedure-specific risk index. Ther Adv Urol. 
2022;14:17562872221084847. https://doi.org/10.1177/17562872221084847 PMID: 35321052

	19.	 Benway BM, Bhayani SB, Rogers CG, Dulabon LM, Patel MN, Lipkin M, et al. Robot assisted partial 
nephrectomy versus laparoscopic partial nephrectomy for renal tumors: a multi-institutional analysis of 
perioperative outcomes. J Urol. 2009;182(3):866–72. https://doi.org/10.1016/j.juro.2009.05.037 PMID: 
19616229

	20.	 Tanagho YS, Kaouk JH, Allaf ME, Rogers CG, Stifelman MD, Kaczmarek BF, et al. Perioperative com-
plications of robot-assisted partial nephrectomy: analysis of 886 patients at 5 United States centers. 
Urology. 2013;81(3):573–9. https://doi.org/10.1016/j.urology.2012.10.067 PMID: 23452807

	21.	 Kang H. Sample size determination and power analysis using the G*Power software. J Educ Eval 
Health Prof. 2021;18:17. https://doi.org/10.3352/jeehp.2021.18.17 PMID: 34325496

https://doi.org/10.1111/j.1464-410X.2006.06060.x
http://www.ncbi.nlm.nih.gov/pubmed/16643474
https://doi.org/10.1016/j.eururo.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25572825
https://doi.org/10.1007/s11255-020-02660-2
https://doi.org/10.1007/s11255-020-02660-2
http://www.ncbi.nlm.nih.gov/pubmed/32980930
https://doi.org/10.1007/s10157-007-0463-x
http://www.ncbi.nlm.nih.gov/pubmed/17593516
https://doi.org/10.34067/KID.0001602021
http://www.ncbi.nlm.nih.gov/pubmed/35342885
https://doi.org/10.3892/etm.2017.5150
https://doi.org/10.3892/etm.2017.5150
http://www.ncbi.nlm.nih.gov/pubmed/29201207
https://doi.org/10.4081/aiua.2019.2.74
http://www.ncbi.nlm.nih.gov/pubmed/31266271
https://doi.org/10.1038/s41598-024-62246-1
https://doi.org/10.1038/s41598-024-62246-1
http://www.ncbi.nlm.nih.gov/pubmed/38839764
https://doi.org/10.1152/ajprenal.00025.2012
http://www.ncbi.nlm.nih.gov/pubmed/22791336
https://doi.org/10.1016/S1470-2045(06)70803-8
http://www.ncbi.nlm.nih.gov/pubmed/16945768
https://doi.org/10.1681/ASN.2017020136
https://doi.org/10.1681/ASN.2017020136
http://www.ncbi.nlm.nih.gov/pubmed/29018140
https://doi.org/10.1002/cncr.24035
https://doi.org/10.1002/cncr.24035
http://www.ncbi.nlm.nih.gov/pubmed/19195042
https://doi.org/10.1177/17562872221084847
http://www.ncbi.nlm.nih.gov/pubmed/35321052
https://doi.org/10.1016/j.juro.2009.05.037
http://www.ncbi.nlm.nih.gov/pubmed/19616229
https://doi.org/10.1016/j.urology.2012.10.067
http://www.ncbi.nlm.nih.gov/pubmed/23452807
https://doi.org/10.3352/jeehp.2021.18.17
http://www.ncbi.nlm.nih.gov/pubmed/34325496

