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Left Renal Vein Division during Open
Surgical Repair for Abdominal Aortic
Aneurysm May Cause Long-Term Kidney
Remodeling

Shinichiro Yoshino, Yutaka Matsubara, Shun Kurose, Sho Yamashita, Koichi Morisaki,
Tadashi Furuyama, and Tomoharu Yoshizumi, Fukuoka, Japan

Background: Left renal vein division (LRVD) is a maneuver performed during open surgical
repair for abdominal aortic aneurysms. Even so, the long-term effects of LRVD on renal remod-
eling are unknown. Therefore, we hypothesized that interrupting the venous return of the left
renal vein might cause renal congestion and fibrotic remodeling of the left kidney.

Methods: We used a murine left renal vein ligation model with 8-week-old to 12-week-old wild-
type male mice. Bilateral kidneys and blood samples were harvested postoperatively on days 1,
3, 7, and 14. We assessed the renal function and the pathohistological changes in the left kid-
neys. In addition, we retrospectively analyzed 174 patients with open surgical repairs between
2006 and 2015 to assess the influence of LRVD on clinical data.

Results: Temporary renal decline with left kidney swelling occurred in a murine left renal vein
ligation model. In the pathohistological assessment of the left kidney, macrophage accumula-
tion, necrotic atrophy, and renal fibrosis were observed. In addition, Myofibroblast-like macro-
phage, which is involved in renal fibrosis, was observed in the left kidney. We also noted that
LRVD was associated with temporary renal decline and left kidney swelling. LRVD did not, how-
ever, impair renal function in long-term observation. Additionally, the relative cortical thickness of
the left kidney in the LRVD group was significantly lower than that of the right kidney. These find-
ings indicated that LRVD was associated with left kidney remodeling.

Conclusions: Venous return interruption of the left renal vein is associated with left kidney
remodeling. Furthermore, interruption in the venous return of the left renal vein does not corre-
late with chronic renal failure. Therefore, we suggest careful follow-up of renal function after
LRVD.

INTRODUCTION recommended for younger patients or patients

with anatomical conditions that preclude its use,
3

Surgical treatment for abdominal aortic aneurysms
(AAAs) includes open surgical repair (OSR) and
endovascular aneurysm repair. OSR is
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such as those with para/juxta-renal aneurysms.'
Left renal vein division (LRVD) is a maneuver
used to gain the sufficient exposure of the proximal
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neck of the abdominal aorta. LRVD is performed in
3.0—22.2% of AAAs.” ® The left renal vein has
collateral veins; therefore, renal congestion after
LRVD is considered a rare or temporary occurrence.’
Conversely, several reports have indicated that
LRVD may result in postoperative congestive renal
injury and consequent renal dysfunction.”®'%"!?
Renal venous hypertension reduces the estimated
glomerular filtration rate (eGFR) and causes high
renal interstitial hydrostatic pressure. As such,
they might result in renal fibrosis with macrophage
accumulation.'” '® However, the morphological
and histological effects of LRVD on the kidneys
remain unclear. Therefore, morphological and his-
tological assessments of the kidney after LRVD are
required.

Animal models were used for histological assess-
ments of the kidneys after left renal vein ligation
(LRVL)."*"” Computed tomography (CT) scans clin-
ically assess postoperative kidney morphology,
including kidney volume and renal cortical thick-
ness, which are affected by renal congestion and
remodeling.'® ?' The mechanism by which renal
congestion affects kidney remodeling is unclear.
Even so, macrophages are known to play an impor-
tant role in organ congestion.”” *® We previously
reported that macrophages play an important role
in vascular remodeling.””*®

Therefore, in this study, we hypothesized that
renal congestion caused by the interrupted venous
return of the left renal vein would lead to macro-
phage accumulation and fibrotic remodeling in the
left kidney. We verified the hypothesis using the
murine LRVL model. Furthermore, we confirmed
the consistency of our results through a comparative
analysis of clinical data.

MATERIALS AND METHODS

For detailed methods, see Supplemental Materials.

Study Design and Experimental
Approval

All animal experiments were approved by the Ani-
mal Care and Use Committee of Kyushu University
(Approval no. A20-240-0). All animals were
handled as per the National Research Council’s
Guide for the Care and Use of Laboratory Animals.
This clinical retrospective study was approved by
the Institutional Review Board of Kyushu Univer-
sity (Approval No. 30-538). The study was per-
formed in accordance with the principles of the
Declaration of Helsinki. Although a written
informed consent was waived due to the
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retrospective nature of the study, patients were
informed of their right to opt out of the study.

Murine Left Renal Vein Ligation Model

Wild-type male C57BL6/J mice, aged 8—12 weeks,
were used in this study. Detailed procedures are
documented in the Supplemental Materials. Briefly,
under general anesthesia, the left renal vein (LRV)
was ligated with a 7-0 silk suture under a micro-
scope while preserving the branches of the LRV
(Supplemental Fig. S1), as previously described.'”
Blood samples and bilateral kidneys were collected
from various mice prior to the procedure as a preop-
erative baseline and on days 1, 3, 7, and 14 following
LRVL. After laparotomy under general anesthesia,
blood samples were collected from the inferior
vena cava with a 27-gauge needle puncture before
perfusion fixation; subsequently, bilateral kidneys
were harvested.

Histology

Perfusion fixation with 10% formalin via the left
ventricle under physiological pressure was per-
formed for bilateral kidney extractions. The kidneys
were fixed in 10% formalin for 24 hr, embedded in
paraffin, and cut into 4-um cross-sections. Hema-
toxylin-eosin (HE) and Sirius red staining were per-
formed for histological assessment. Cell countsin 10
random high-power fields (HPFs) around the renal
cortex were performed in each cross-section and
averaged. Cells were identified on HE-stained slides,
and renal fibrosis was assessed on Sirius red-stained
slides. Sirius red-stained areas were manually traced
and measured using the color thresholding of the
ImageJ software (http://imagej.nih.gov/ij/). Ten
random HPFs around the renal cortex were evalu-
ated in each section; the values were averaged.
Additional unstained cross-sections from the same
regions were used for immunohistochemistry and
immunofluorescence microscopy.

Immunohistochemistry

As previously described, immunohistochemical
staining for TNF-a, IL-1f, and TGF-B1 was performed
on 4-um formalin-fixed and paraffin-embedded sec-
tions.”” Detailed methods and all primary and sec-
ondary antibodies are listed in the Supplemental
Materials.

Immunofluorescence

Immunofluorescence for CD68, TNF-a, iNOS,
Arginase-1, mannose receptor, and «SMA was per-
formed on the 4-um formalin-fixed and paraffin-
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embedded sections, as previously described.’’
Detailed methods and all primary and secondary an-
tibodies are listed in the Supplemental Materials.
The sections were observed under a fluorescence
microscope (Biorevo BZ-90000; Keyence, Osaka,
Japan).

RNA Extraction and Real-Time
Quantitative Polymerase Chain Reaction

Total RNA was isolated from kidney samples and
converted into cDNA for real-time polymerase chain
reaction analysis using a TagMan Gene Expression
Assay probe and primer mix, as previously
described.”’ Relative mRNA expressions of TNF-a,
IL-1B, TGFB1, and GAPDH were determined by the
AACt method, based on the relative expression of
the target gene compared to a reference gene
(GAPDH) and normalized to the control samples.
The detailed methods and primers are listed in the
Supplemental Materials.

Patients

We conducted a retrospective study of patients who
underwent elective OSR for AAA between January
2006 and December 2016 at the Department of Sur-
gery and Science, Kyushu University Hospital,
Fukuoka, Japan. Clinical characteristics, anatomical
information for the AAAs, and operative records
were retrieved from medical records. Patients” eGFRs
were calculated as per the Japanese equation:
eGFR = 194 x serum creatinine %% x
age %287 x 0.739 [if female].””

Surgical Procedures and Outcomes

An individual surgeon decided to perform LRVD to
expose the perirenal aorta intraoperatively. The
LRV was divided close to the inferior vena cava to
preserve the collateral venous drainage of the LRV.

Changes in relative eGFR, relative kidney volume,
and relative cortical thickness were assessed and
compared to the preoperative values after OSR.
Acute kidney injury was defined as a > 2.0-fold
increase in serum creatinine concentration or a
> 50% decrease in eGFR compared to baseline, as
previously described.’'*” Kidney length, lateral and
anterior-posterior diameters, and cortical thickness
were measured using CT scan. Kidney volume was
calculated using the ellipsoid formula
(volume = length x lateral diameter x anterior-pos-
terior diameter x 1/6) as previously described.'® The
time points for evaluating the eGFR and left kidney
volume were preoperative, in the acute postopera-
tive phase (approximately 7 days after surgery),
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and in the chronic phase (1 year or more after sur-
gery). In addition, cortical thickness was assessed as
a surrogate marker of kidney remodeling.'” *' The
cortical thickness was measured perpendicular to
the capsule in a sagittal cross-sectional view of a
contrast image at 3 different locations in each patient,
modifying a previously described method;'” ' the
average value for 3 points was considered the pa-
tient’s cortical thickness. After surgery, patients
were followed up with blood tests and CT scans.
The relative eGFR, relative kidney volume, and rela-
tive cortical thickness at each time point were calcu-
lated with a preoperative value of 100%.

Statistics

Data are presented as mean + standard deviation.
First, normality was confirmed using the Shapiro—
Wilk test. Then, statistical significance was deter-
mined using the Student’s t-test, Wilcoxon rank
sum test, or analysis of variance (ANOVA), followed
by Dunnett’s or Sidak’s post hoc correction. Finally,
the statistical significance was set at P < 0.05. All
data were analyzed using JMP Pro 15.0.0 software
(SAS Institute Inc., Cary, North Carolina).

RESULTS

The Murine Left Renal Vein Ligation
Model Showed a Temporary Increase in
Blood Urea, Nitrogen, and Creatinine
with Kidney Swelling

We assessed renal function and kidney weight in the
murine LRVL model. Serum blood urea, nitrogen,
and creatinine concentrations peaked 1 day after
LRVL and then decreased (Fig. 1A and B). After
LRVL, the weight of the left kidney significantly
increased on postoperative days 1, 3, and 7 than the
preoperative weights of the left kidney. In contrast,
there was no significant change in the right kidney
weight on day 1. The right kidney became gradually
enlarged on days 3, 7, and 14 (Fig. 1C—E). These re-
sults showed that LRVL might be associated with
renal congestion and a temporary decrease in renal
function in the murine LRVL model.

Mouse Left Renal Vein Ligation Causes
Kidney Congestion, Reduced Numbers
of Renal Tubules and Glomeruli, and an
Accumulation of Inflammatory Cells

The pathological effects of LRVL on the left kidney
were microscopically examined. HE stains showed
blood congestion within the kidney 1 day after
LRVL and washout of red blood cells 3 days after
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Fig. 1. (A) Line graph showing serum blood urea nitro-
gen concentrations before and 1, 3, 7, and 14 days after
left renal vein ligation (LRVL) in 8—10 mice. Plotted
values represent means. Bars indicate the standard devi-
ation (SD) [P = 0.006 (ANOVA). **P < 0.01 (after post
hoc correction)]. (B) Line graph showing serum creati-
nine concentrations before and 1, 3, 7, and 14 days after
LRVL in 8—10 mice. Plotted values represent means. Bars
indicate SD [P < 0.001 (ANOVA); *P < 0.05 and
**P < 0.01 (after post hoc correction)]. (C) Macroscopic

LRVL (Fig. 2A and B). In addition, the number of
living renal tubules and glomeruli progressively
decreased over the first 14 days after LRVL (Fig. 2A,
C, and D). These findings indicate that LRVL may
damage kidney cells associated with remodeling.
Since inflammatory cells such as macrophages play
an important role in kidney remodeling after AKI
and chronic kidney disease,'®** we quantified the
number of mononuclear inflammatory cells in the
left kidney after LRVL. The number of mononuclear
cells progressively increased over the first 14 days af-
ter LRVL, indicating macrophage accumulation in the

images of the right and left kidneys of mice after LRVL.
Scale bar, 10.0 mm. (D) Line graph showing the right
kidney weights before and 1, 3, 7, and 14 days after
LRVL in 10—13 mice. Plotted values represent means.
Bars indicate SD. P < 0.001 (ANOVA). **P < 0.01 (after
post hoc correction). (E) A line graph showing /eft kidney
weights before and 1, 3, 7, and 14 days after LRVL in 10—
13 mice. Plotted values represent means. Bars indicate SD
[P < 0.001 (ANOVA). **P < 0.01 (after post hoc
correction)].

remodeled kidneys (Fig. 2A and E). In summary,
LRVL caused kidney congestion followed by macro-
phage accumulation and a reduction in the number
of tubules and glomeruli. LRVL may, therefore, be
associated with kidney remodeling.

Mouse Left Renal Vein Ligation Caused
Renal Fibrosis with Myofibroblast-Like
Macrophage Accumulation

Renal fibrosis was evaluated to confirm kidney
remodeling after mouse LRVL. This evaluation was



Volume 96, October 2023

Left kidney remodeling after LRVD 159

B Red blood cells (/HPF) c Viable renal tubules (/HPF)
1500 60
*%*
1000 40 * %
**
500 20 sk
*%*
0 { T T } — 0 : : . . —_—
D Pre 1D 3D 7D 14D Pre 1D 3D 7D 14D
Viable glomerulus (/HPF) Mononuclear inflammatory cells (/HPF)
2.5 - 150 - *
*
2 1 * %
15 - * 100 - *
T * % 50 -
0.5 1 sk
0 . . , Y — 0 ! ' . . —
Pre 1D 3D 7D 14D Pre 1D 3D 7D 14D

Fig. 2. (A) Representative microscopic images of hema-
toxylin and eosin-stained right and left mouse kidney cor-
tex tissues following /eft renal vein ligation (LRVL). Scale
bar, 100 pm. (B) Line graph showing the number of red
blood cells per high-power field (HPF). Five mice were
examined before and 1, 3, 7, and 14 days after LRVL.
The plotted values represent the mean values, while
the bars indicate the standard deviation (SD)
[P = 0.001 (ANOVA); **P < 0.01 (after post hoc correc-
tion)]. (C) Line graph showing the number of viable
renal tubules per HPF. Five mice were examined in total.
The plotted values represent the mean values, while the

based on the fact that renal fibrosis plays an impor-
tant role in the decline of renal function and the pro-
gression of chronic kidney disease.’” Areas stained
by Sirius red in the mouse kidney sections indicated
renal fibrosis. Although there was little fibrosis in
the right kidney after LRVL (Fig. 3A and B), fibrosis
was observed in the left kidney on days 7 and 14 af-
ter LRVL (Fig. 3A and C), indicating that LRVL
induced fibrosis only in the left kidney. Since
macrophage accumulation was observed in the

bars indicate the SD [P < 0.001 (ANOVA); **P < 0.01 (af-
ter post hoc correction)]. (D) Line graph showing the
number of viable glomeruli per HPF. Five mice were
examined in total. The plotted values represent the
mean values, while the bars indicate the SD [P < 0.001
(ANOVA). **P < 0.01 (after post hoc correction)]. (E)
Line graph showing the number of mononuclear inflam-
matory cells per HPF. Five mice were examined in total.
The plotted values represent the mean values, while the
bars indicate the SD [P < 0.001 (ANOVA); **P < 0.01 (af-
ter post hoc correction)].

left kidney after LRVL and myofibroblast-like
macrophages are associated with renal fibrosis,°
we performed immunofluorescence staining for
CD68 + a-SMA + cells to confirm myofibroblast-
like macrophages. Myofibroblast-like macrophages
were not confirmed in the right kidney after
LRVL; however, a significant accumulation of
myofibroblast-like macrophages was observed in
the left kidney (Fig. 3D and E). In summary, LRVL
causes renal fibrosis, which is associated with
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Fig. 3. (A) Representative microscopic images of Sirius
red staining of the right and left kidneys after /eft renal
vein ligation (LRVL) in mice. Scale bar, 100 um. (B) A
line graph shows the quantitative area of fibrosis (%)
in the right kidney before and 1, 3, 7, and 14 days after
LRVL. Five mice were examined. Plotted values represent
means. Bars indicate the standard deviation (SD)
[P = 0.55 (ANOVA)]. (C) Line graph showing the quan-
titative area of fibrosis (%) in the left kidney before and 1,
3, 7, and 14 days after LRVL. Five mice were examined.

myofibroblast-like macrophage accumulation in the
left kidney.

M1 and M2 Macrophage Accumulation in
the Left Kidney after Mouse Left Renal
Vein Ligation is Concomitant with the
Expression of TNF-a, IL-18, and TGF-§1

Although myofibroblast-like macrophage accumu-
lation increased in the left kidney after mouse

Right
Plotted values represent means. Bars indicate SD
[P < 0.001 (ANOVA). **P < 0.01 (after post hoc correc-
tion)]. (D) Representative microscopic images of immu-
nofluorescent staining for CD68 (green) and o-SMA
(red) in the right and left kidneys 14 days after LRVL.
Scale bar, 100 um. (E) Bar graphs showing the number
of CD68 + a-SMA + cells per high-power field in the right
and left kidneys after LRVL. Four mice were examined.
Plotted values represent means. Bars indicate SD
[*P < 0.05 (Wilcoxon rank sum test)].

LRVL, which might be associated with renal fibrosis,
macrophage polarization after mouse LRVL was
assessed. Immunofluorescence staining was per-
formed on CD68 + iNOS (inducible nitric oxide syn-
thase) + cells (M1 macrophages), CD68+TNF-a
(tumor necrosis factor alpha) + cells (M1 macro-
phages), CD68 + Arg-1 (arginase-1) + cells (M2
macrophages), and CD68 + MR (mannose receptor)
+ cells (M2 macrophages) (Fig. 4A). The accumula-
tions of both M1 macrophages (Fig. 4A—C) and M2
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Fig. 4. (A) Representative microscopic images of immu-
nofluorescent staining for CD68+ (green) and iNOS+
(red), CD68+ (green) and TNF-o+ (red), CD68+ (green)
and arginase-1 (Arg-1)+ (red), or CD68+ (green) and
mannose receptor (MR)+ (red) cells in the right and left
kidneys 14 days after left renal vein ligation (LRVL) in
mice. Scale bar, 100 um. (B) Bar graphs showing the
number of CD68 + iNOS + cells per high-power field
(HPF) in the right and left kidneys after LRVL. Four
mice were examined. Plotted values represent means.
Bars indicate standard deviation (SD) [*P < 0.05 (Wil-
coxon rank sum test)]. (C) Bar graphs showing the num-
ber of CD68 + TNF-a + cells per HPF in the right and left
kidneys after LRVL. Four mice were examined. Plotted
values represent means. Bars indicate SD [*P < 0.05
(Wilcoxon rank sum test)]. (D) Bar graphs showing the
number of CD68 + Arg-1 + cells per HPF in the right

Left
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and /eft kidneys after LRVL. Four mice were examined.
Plotted values represent means. Bars indicate SD
[*P < 0.05 (Wilcoxon rank sum test)]. (E) Bar graphs
showing the number of CD68 + MR + cells per HPF in
the right and Ileft kidneys after LRVL. Four mice were
examined. Plotted values represent means. Bars indicate
SD [*P < 0.05 (Wilcoxon rank sum test)]. (F) Represen-
tative microscopic images of immunohistochemical stain-
ing for TNF-o+, IL-1B, and TGF-B1 in the right and left
kidneys 14 days after mouse LRVL. Scale bar, 50 pm.
(G) Bar graphs showing the number of TNF-a + cells
per HPF in the right and left kidneys. Five mice were
examined. Plotted values represent means. Bars indicate
SD [**P < 0.01 (Wilcoxon rank sum test)]. (H) Bar
graphs showing the number of IL-18 + cells per HPF in
the right and left kidneys. Five mice were examined.
Plotted values represent means. Bars indicate SD
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macrophages (Fig. 4A, D, and E) were significantly
higher in the left kidney than in the right kidney af-
ter LRVL. TNF-«a, IL-18, and TGF-f play important
roles in renal fibrosis and are produced by both
M1 and M2 macrophages;”®””*® therefore, immu-
nohistochemical staining was performed for identi-
fying these cytokines after LRVL. All of these
cytokines increased in the left kidney after LRVL
(Fig. 4F—I). Quantitative polymerase chain reaction
was also performed to assess the mRNA expression
of these cytokines. As expected, the mRNA expres-
sion for all 3 genes was increased in the left kidney
after LRVL (Fig. 4J—L). These findings indicate
that M1 and M2 macrophages are associated with
increased TNF-o, IL-1B, and TGF-f production,
which may cause renal fibrosis after LRVL.

Patients Who Underwent Left Renal
Vein Division Experienced a Temporary
Renal Decline with Kidney Swelling,
Followed by a Reduction in the Cortex
Thickness of the Left Kidney

One hundred and seventy four patients were
included in the study. LRVD was performed on 26
patients. Table I shows the patient characteristics
and postoperative clinical outcomes. The non-
LRVD and LRVD groups significantly differed in
operation times (286 vs. 380 min, P < 0.01), the pro-
portion of patients with cerebrovascular disease
(15.5% vs. 46.2%, P < 0.01), and the proportion
of patients who had suprarenal or inter-renal artery
clamps (11.5% vs. 65.4%, P < 0.01). Acute kidney
injury (AKI) occurred in 13 patients in all cohorts,
and all instances of AKI occurred within 2 postoper-
ative days. The incidence of AKI was significantly
higher in the LRVD group than in the non-LRVD
group (38.5% vs. 2.0%, P < 0.01). Supplementary
Figure S2A shows the relative eGFR for each group
before and after surgery. The postoperative relative
eGFR in the acute phase was significantly lower in
the LRVD group. However, the differences in rela-
tive eGFR at 1, 3, and 5 years between the groups
were insignificant. Morphologically, the relative

Annals of Vascular Surgery

left kidney volume significantly increased in the
acute phase after surgery (Supplementary
Fig. S2B) and gradually decreased over time. These
findings were consistent with the mouse LRVD
model.

We also assessed the renal cortical thickness,
which was affected by renal remodeling. The rela-
tive reduction in renal cortical thickness was more
significant in the left kidney than in the right kidney
(83.8% vs. 93.3%, P < 0.05; Supplementary
Fig. S2C). In summary, these findings indicate that
LRVD is associated with temporary reductions in
eGFR, temporary left kidney swelling, and
decreased cortical thickness in the left kidney.
Therefore, LRVD does not cause chronic renal
decline but may cause renal remodeling.

DISCUSSION

This study showed that murine LRVL caused tempo-
rary renal dysfunction accompanied by renal
swelling (Fig. 1A—E). In addition, histopathological
assessment of the left kidney after LRVL demon-
strated significant renal congestion (Fig. 2A—B), fol-
lowed by macrophage accumulation (Fig. 4A—E),
increased inflammatory cytokines (Fig. 4F—L),
renal atrophy (Fig. 1C and E), and renal fibrosis
(Fig. 3A—C). These findings indicate that an inter-
ruption of the venous return caused by LRVL may
lead to temporary congestive renal decline followed
by left kidney remodeling. In addition, patients with
LRVD showed temporary renal dysfunction, left kid-
ney swelling, and reduced left kidney cortex thick-
ness. These findings indicate that LRVD is
associated with temporary congestive renal decline
followed by left kidney remodeling, similar to the
mouse LRVL model.

Renal venous hypertension reduces the GFR
and increases the renal interstitial pressure associ-
ated with fibrotic remodeling."” In this study, we
showed renal congestion and renal fibrosis after
LRVL (Fig. 1A—C, 2A—E, and 3A—C). These findings
indicate that venous hypertension after a venous re-
turn interruption of the LRV increases the renal

15,39

[**P < 0.01 (Wilcoxon rank sum test)]. (I) Bar graphs
showing the number of TGF-B1 + cells per HPF in the
right and left kidneys. Five mice were examined. Plotted
values represent means. Bars indicate SD [*P < 0.05
(Wilcoxon rank sum test)]. (J) Line graph showing the
relative mRNA expression levels of TNF-o. Values were
normalized to those prior to LRVL. Five mice were exam-
ined. Plotted values represent means. Bars indicate SD
[P < 0.001 (ANOVA) **P < 0.01 (after post hoc correc-
tion)]. (K) Line graph showing the relative mRNA

expression levels of IL-1B. Values were normalized to
those prior to LRVL. Five mice were examined. Plotted
values represent means. Bars indicate SD [P < 0.001
(ANOVA). **P < 0.01 (after post hoc correction)]. (L)
Line graph showing the relative mRNA expression levels
of TGF-B1. Values were normalized to those prior to
LRVL. Five mice were examined. Plotted values represent
means. Bars indicate SD [P < 0.001 (ANOVA). **P < 0.01
(after post hoc correction)].
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Table 1. Patient characteristics with or without LRVD
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Variables Non-LRVD N = 148 LRVD N = 26 P value
Age, years 72.1 + 8.8 74.3 £ 9.0 0.22°
Male 127 (85.8) 22 (84.6) 0.77"
Hypertension 123 (83.1) 21 (80.8) 0.78"
Diabetes mellitus 7 (11.5) 3 (11.5) 1.00"
Dyslipidemia 4 (36.5) 9 (34.6) 1.00"
Chronic kidney disease 1 (48.0) 14 (53.9) 0.67"
Preoperative creatinine level, mg/dL 1.01 + 0.40 1.03 + 0.41 0.81°
Preoperative eGFR, mL/min/1.73 m2 61.0 £ 20.3 59.7 £ 20.3 0.75°
Aneurysm diameter, mm 53.3 £ 12.2 54.8 £ 9.3 0.55%
Juxta-/Pararenal aneurysm 14 (9.5) 15 (57.7) <0.01°
Supra- or inter-renal artery clamp 17 (11.5) 17 (65.4) <0.01°
Operation time, min 286 = 106 380 = 92 <0.01°
Blood loss, mL 1,692 = 1,677 2,161 = 1,263 0.18°
Renal ischemic time, min 56.9 = 19.8 63.5 + 37.9 0.45°
Reconstruction of renal artery 2 (1.4) 1(3.9) 0.39"
Cold lactated ringer’s solution 2 (1.4) 1(3.9) 0.39°
AKI 3 (2.0) 10 (38.5) <0.01°
Day of AKI occurrence 0.03"
1 POD 0 (0.0) 7 (70.0
2 POD 3 (100.0) 3 (30.0)

Data are presented as means + standard deviation or numbers (%).

eGFR, estimated glomerular filtration rate; AKI, acute kidney injury; POD, postoperative day.

IStudent’s t-test.
PFisher’s exact test.

interstitial pressure, causing tubular necrosis,
glomerular necrosis, and renal fibrosis. In conges-
tive organ damage, such as pulmonary or hepatic
congestion, macrophages are considered an impor-
tant factor.?? 2° For this reason, we focused on mac-
rophages as a mechanism of fibrotic renal
remodeling after LRVL.

Fibrosis is a repair process that occurs after tissue
inflammation. However, fibrosis that occurs progres-
sively or excessively causes organ dysfunction.’””®
Macrophages are cells of the innate immune system
and are classically divided into M1 and M2 pheno-
types. M1 macrophages have proinflammatory prop-
erties and secrete inflammatory cytokines, which can
cause tissue injury. On the other hand, M2 macro-
phages have anti-inflammatory properties and
secrete anti-inflammatory cytokines that remodel
the repair process.”>**>” In relation to macrophages,
myofibroblasts also have an important role in the
fibrotic repair process. A previous study showed
that CD68 + aSMA + myofibroblast-like macrophages
play an important role in renal fibrosis.”® In this
study, we also showed that renal fibrosis after LRVL
is accompanied by an accumulation of M1, M2, and
CD68 + aSMA + macrophages (Fig. 3D—E). Further-
more, we showed that M1 and M2 macrophages
accumulate with TNF-a, IL-18, and TGF-$1 in mouse
kidneys after LRVL (Fig. 4F—L). These results indicate

that macrophages and their cytokines are associated
with renal fibrosis after LRVL.

In clinical practice, LRVD is associated with a
higher incidence of postoperative AKI (Table I and
Supplementary Fig. S2A) and temporary left kidney
swelling (Supplementary Fig. S2B); however, long-
term kidney function was similar between the
patients with and without LRVD. These findings
support previous reports that have shown that
LRVD can be safely performed.’

We also assessed the renal cortical thickness after
LRVD because a reduction in renal cortical thickness
is associated with chronic kidney disease and is
affected by renal remodeling.'”?' We found a
reduction in renal cortical thickness in patients
with LRVD (Supplementary Fig. S2C). This finding
indicates that LRVD may cause left kidney remodel-
ing. These findings were similar to those of the
mouse LRVL model. Although pathological analysis
of the left kidney was not performed in human pa-
tients, left kidney fibrosis might occur after LRVD.
Therefore, left kidney remodeling should be care-
fully followed up in patients with LRVD.

Limitations

Our study had a few limitations. First, the clinical
portion of the study was retrospective in design;
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thus, biases in the renal outcome data were
observed. Second, the number of patients who un-
derwent LRVD or developed postoperative AKI
was small. This may have introduced a type II error.
Third, the following limitations of the murine LRVL
model should be considered: (1) We used wild-type
C57BL/6 mice that do not reflect an “AAA” model;
(2) Some differences were evident in the venous
anatomy between C57BL/6 mice and humans;*’
and (3) We only used 8—12-week-old wild-type
male mice in the LRVL model, which may not
completely represent the human anatomy.

CONCLUSION

Interruption of the venous return of the left renal
vein (LRVL and LRVD) is associated with a tempo-
rary decline in renal function accompanied by renal
congestion in the left kidney. In addition, LRVD may
cause left kidney remodeling, characterized by renal
fibrosis accompanied by macrophage accumulation.
Further research on the risk of AKI and left kidney
remodeling after LRVD is warranted to identify the
potential risks of LRVD on kidney remodeling.

We would like to thank Editage (www.editage.com) for English
language editing.

SUPPLEMENTARY DATA

Supplementary data to this article can be found on-
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