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Renal Fibrosis Is Significantly Attenuated 
Following Targeted Disruption of Cd40 in 
Experimental Renal Ischemia
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BACKGROUND: Renal artery stenosis is a common cause of renal ischemia, contributing to the development of chronic kidney 
disease. To investigate the role of local CD40 expression in renal artery stenosis, Goldblatt 2-kidney 1-clip surgery was per-
formed on hypertensive Dahl salt-sensitive rats (S rats) and genetically modified S rats in which CD40 function is abolished 
(Cd40mutant).

METHODS AND RESULTS: Four weeks following the 2-kidney 1-clip procedure, Cd40mutant rats demonstrated significantly 
reduced blood pressure and renal fibrosis in the ischemic kidneys compared with S rat controls. Similarly, disruption 
of Cd40 resulted in reduced 24-hour urinary protein excretion in Cd40mutant rats versus S rat controls (46.2±1.9  versus 
118.4±5.3 mg/24 h; P<0.01), as well as protection from oxidative stress, as indicated by increased paraoxonase activity in 
Cd40mutant rats versus S rat controls (P<0.01). Ischemic kidneys from Cd40mutant rats demonstrated a significant decrease in 
gene expression of the profibrotic mediator, plasminogen activator inhibitor-1 (P<0.05), and the proinflammatory mediators, 
C-C motif chemokine ligand 19 (P<0.01), C-X-C Motif Chemokine Ligand 9 (P<0.01), and interleukin-6 receptor (P<0.001), 
compared with S rat ischemic kidneys, as assessed by quantitative PCR assay. Reciprocal renal transplantation docu-
mented that CD40 exclusively expressed in the kidney contributes to ischemia-induced renal fibrosis. Furthermore, human 
CD40-knockout proximal tubule epithelial cells suggested that suppression of CD40 signaling significantly inhibited expres-
sion of proinflammatory and -fibrotic genes.

CONCLUSIONS: Taken together, our data suggest that activation of CD40 induces a significant proinflammatory and -fibrotic 
response and represents an attractive therapeutic target for treatment of ischemic renal disease.
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Renal artery stenosis (RAS) is common in patients 
with peripheral and coronary artery disease, 
which significantly contributes to uncontrolled hy-

pertension in up to 3  million patients in the United 
States.1–4 More than 50% of patients with RAS have 
complications with concomitant renal dysfunction.5 

Although clinical evidence and experimental models of 
RAS indicate that multifactorial elements, including in-
filtration of inflammatory cells and release of cytokines 
and growth factors, are involved in the disease 
process,6–8 the exact mechanisms leading to renal 
dysfunction and renal fibrosis remain to be elucidated.
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The type-1 transmembrane receptor, CD40, is a 
member of the TNF (tumor necrosis factor) receptor 
superfamily. CD40 receptors are expressed in various 
cell types, including renal proximal tubule epithelial 
cells, wherein their activation by soluble CD40 ligand 
(sCD40L) stimulates proinflammatory and -fibrotic sig-
naling.9–12 Although CD40/CD40L signaling has been 
investigated extensively for its integral role in adaptive 
immunity and inflammation,10 our work suggests that 
local kidney CD40 expression is an important medi-
ator of both chronic and ischemic renal disease.13–16 

We also previously reported that higher baseline levels 
of circulating CD40 (sCD40) were associated with an 
improved renal function, as measured by an estimated 
glomerular filtration rate (GFR) at 1 year follow-up in pa-
tients with RAS.14,15 In contrast, high circulating levels 
of CD40L (sCD40L) with low levels of sCD40 receptor 
predicted a significant decline of estimated GFR at 1-
year follow-up in a chronic kidney disease (CKD) co-
hort.16 The association of sCD40 and sCD40L levels 
with renal function suggests an antagonistic effect of 
sCD40 against sCD40L. In this setting, the local kid-
ney CD40 signaling regulated by sCD40L levels may 
represent a novel mechanism, contributing to the de-
velopment of renal injury. Based on both experimental 
and clinical evidence implicating kidney CD40 in the 
development of renal disease, we have recently cre-
ated a novel Cd40 mutant rat model (Cd40mutant) on 
the background of the Dahl salt-sensitive (S/Jr or S) rat 
prone to development of hypertensive renal disease in 
which Cd40 receptor function is absent.13 Cd40mutant 
rats demonstrate a significant improvement in renal 
function and significantly reduced renal fibrosis com-
pared with hypertensive S rats on both low- and high-
salt diet.13

We subjected Cd40mutant rats and S rats to the 
Goldblatt 2-kidney 1-clip (2K1C) model of renal isch-
emia to test the hypothesis that CD40 significantly 
contributes to the development of renal fibrosis in 
ischemic renal disease. Furthermore, we created a 
CD40-knockout cell line in human proximal tubular 
epithelial cells to investigate proximal tubule-specific 
CD40 proinflammatory and -fibrotic signaling. Our re-
sults suggest that local CD40 signaling is responsible 
for fibrosis in kidneys and therefore represents an at-
tractive therapeutic target for treatment of RAS.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Animals
Male Cd40mutant rats were generated on the back-
ground of the Dahl salt-sensitive (S/Jr or S) rat strain as 
described.13 Age-matched male S rats (n=8 type 2K1C, 
n=8 sham) and Cd40mutant rats (n=8 type 2K1C, n=8 
sham) were subject to 2K1C (2-kidney 1-clip) surgery at 
8 weeks of age and investigated for 4 weeks. The 2K1C 
surgery was performed under isoflurane anesthesia as 
described.17 Briefly, a small incision was made in the 
left flank, through which the left kidney was exposed. 
A U-shaped stainless-steel surgical clip with an internal 
diameter of 0.2 mm was placed around the left renal 
artery. The kidney was placed back into the abdominal 

CLINICAL PERSPECTIVE

What Is New?
•	 Activation of CD40 receptor significantly con-

tributes to development of renal fibrosis in ex-
perimental renal ischemia, and disruption of 
CD40 attenuates renal injury and oxidant stress 
in this setting.

•	 Activation of CD40 induces gene expression in-
volved in inflammation and fibrosis in renal prox-
imal tubule epithelial cells, and CD40 activation 
contributes to proinflammatory and -fibrotic 
responses.

What Are the Clinical Implications?
•	 Although CD40 has been shown to be a prom-

inent immune-response mediator, the current 
study demonstrates that disruption of CD40 
attenuates renal fibrosis induced by renal 
ischemia.

•	 Kidney-specific expression of CD40 contributes 
to development of renal fibrosis and impaired 
renal function.

•	 CD40 expressed within the kidney may be an 
important therapeutic target for reducing in-
flammation and alleviating fibrotic responses, 
which contribute to development and progres-
sion of ischemic renal disease.

Nonstandard Acronyms and Abbreviations

2K1C	 2-kidney 1-clip
BP	 blood pressure
CKD	 chronic kidney disease
GFR	 glomerular filtration rate
PCR	 polymerase chain reaction
RAS	 renal artery stenosis
sCD40L	 soluble CD40 ligand
TBARS	 thiobarbituric acid reactive substances
UPE	 urinary protein excretion
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cavity, and the surgical wound was closed with nylon 
sutures. Sham surgery was performed identically with-
out placement of the clip. All animal experimentation 
described in this article was conducted in accordance 
with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals under protocols ap-
proved by the University of Toledo Institutional Animal 
Care and Use Committee.

Urinary Protein Excretion
During the fourth week post-2K1C surgery, 24-hour 
urinary protein excretion (UPE) was performed as pre-
viously described.13,18

Glomerular Filtration Rate
Estimation of GFR was performed after UPE collec-
tion as described as follows19: FITC-sinistrin (Fresenius 
Kabi Austria GmbH, Graz, Austria) was injected intra-
venously at the dose of 5 mg per 100 g of body weight 
by the tail vein, and a transdermal probe was fixed on 
the back of the rat using a sticky tape to record the 
transcutaneous signal of FITC for 2 hours, followed by 
analysis of the excretion kinetic curve using the follow-
ing equation:

Blood Pressure Measurements
Systolic blood pressure (BP) and diastolic BP 
measurements were obtained on rats at the end of 
4 weeks post-2K1C surgery (following urine collection 
for UPE) by radiotelemetry as previously reported.20 
Both S rats and Cd40mutant rats were surgically im-
planted with C40 radiotelemetry transmitters, such 
that the body of the transmitter was placed into the 
left flanks and the probe was inserted into the femo-
ral arteries all the way into the lower abdominal aor-
tae.13,20 Rats were allowed to recover from surgery 
for 3  days and BP was monitored continuously for 
72 hours, and pulse pressure was calculated by the 
differences between systolic BP and diastolic BP at 
each time point, after which animals were euthanized 
after measuring BP and total body weights and organ 
weights were collected.

Histology
Kidney sections were immediately fixed in 4% for-
malin buffer solution (pH 7.2) for 18  hours, de-
hydrated in 70% ethanol, embedded in paraffin, 
and then cut into 5-micron sections. CD3 anti-
body was purchased from Abcam (1:150 dilution; 
ab16669; Abcam Biotechnology, Cambridge, UK), 

and the Vestastain Elite-ABC kit (PK-6101; Vector 
Laboratories, Burlingame, CA) was used accord-
ing to the manufacturer’s protocol. Severity of CD3 
staining was examined by giving a score from 0 to 3 
based on appearance. Masson’s trichrome staining 
was performed on kidney tissues for evaluation of fi-
brosis. Images (10×) were obtained using an Olympus 
VS120 virtual slide scanning microscope (Olympus, 
Tokyo, Japan). Quantitative morphometric analysis 
was performed on images, and collagen volume was 
determined using automated and customized algo-
rithms for batch analysis (ImageIQ Inc., Cleveland, 
OH), written for Image Pro Plus 7.0, as we have de-
scribed.21 Hematoxylin and eosin staining was uti-
lized for semiquantitative morphometric analysis of 
renal injury. Lesion scoring strategies were adapted 
from the Banff Classification of Allograft Pathology.22 
Specifically, percent inflammation and hyaline cast 
severity was determined by dividing the whole kidney 
into equal-sized grid sections. Each grid section was 
then checked for inflammation, and those positive for 
inflammation would be given a score of 1 whereas 
grids without inflammation were given a 0. Total score 
of all grid sections for a kidney was divided by the 
number of total grid sections analyzed, and this was 
reported as a percentage representative of the whole-
kidney image. Hyaline cast severity was examined by 
giving each grid section a score from 0 to 3 based 
on the appearance and number of casts. Glomerular 
proliferation was scored as the number of glomerular 
halves with ≥3 instances of ≥3 overlapping nuclei. By 
this method, 20 glomeruli were scored from each kid-
ney section and averaged. All images of whole-kidney 
sections were generated at 20× magnification on a 
VS120 virtual slide microscope (Olympus).

Real-Time Quantitative Polymerase Chain 
Reaction
Total RNA was purified from frozen renal cortex 
tissue or cell line samples using the RNeasy plus 
mini kit (Qiagen, Hilden, Germany). RNA quantifi-
cation was performed using spectrophotometry 
(NanoDrop Technologies, Wilmington, DE). Five 
hundred nanograms of total RNA was reversed 
transcribed into cDNA using the RT2 First Strand 
kit (Qiagen), and gene expression was quantified 
by performing real-time polymerase chain reaction 
(PCR) amplification reactions on a Rotor gene Q 
PCR cycler (Qiagen). Primers for genes of rat CD40 
(Rn01423583_m1), rat SERPINE1 (PAI-1 [plasmino-
gen activator inhibitor 1]; Rn01481341_m1), rat TBP 
(TATA-box binding protein; Rn01455646_m1), rat 
PON1 (paraoxonase 1; Rn01455909_m1), rat PON2 
(paraoxonase 2; Rn01456019_m1), rat PON3 (par-
aoxonase 3; Rn01500926_m1), human SERPINE1 

GFR(mL/min∕100g b. w.)=
31.26(mL∕100g b. w.)

t1∕2(FITC−sinistrin)(min)
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(Hs00167155_m1), human CCL2 (C-C motif chemo
kine ligand 2; MCP-1 [monocyte chemoattractant  
protein 1]; Hs00234140_m1), human CD40 (Hs0037 
4176_m1), and eukaryotic 18s rRNA endogenous 
control (Hs99999901_s1) were purchased from 
ThermoFisherScientific company (Waltham, MA). 
Gene expression of animals subjected to the 2K1C 
procedure was normalized to their respective sham 
group, and gene expression of the CD40 knockout 
cell line was normalized to the HK2 control.

Tissue Plasminogen Activator Activity 
Assay
The tPA (tissue plasminogen activator) activity assay 
kit was purchased from BioVision (Cat. # K178-100; 
BioVision Incorporated, San Francisco, CA). To per-
form the assay, 100 mg of renal cortex tissue was cut 
from sham and 2K1C animals (both contralateral and 
ischemic kidney) and homogenized using tPA assay 
buffer. Samples was then centrifuged at 12 000g for 
10 minutes at 4°C, and supernatant was collected and 
assayed for tPA activity according to the manufactur-
er’s protocol.

Creation of Human CD40-Knockout 
Proximal Tubule Epithelial Cell Line and 
sCD40L Treatment
Human proximal tubule epithelial cells (HK2; CRL-2190; 
ATCC, Manassas, VA) were transfected with a CRISPR 
(clusters of regularly interspaced short palindromic re-
peat)/Cas9 (CRISPR-associated protein-9) vector (sc-
40024; Santa Cruz Biotechnology, Santa Cruz, CA) to 
knock out the human Cd40 gene. Vector-expression 
cells were sorted by monitoring GFP (green fluorescent 
protein) signaling using flow cytometry. Up to 3000 
GFP-positive cells were cultured and expanded to cer-
tain confluency, and CD40 expression was examined 
with western blot and reverse-transcription PCR. Both 
wild-type HK2 cells and CD40-knockout cells (HK2-
CD40KO) were treated with/without sCD40L (100 ng/
mL; Cat. # ALX-522-110-C010; Enzo Life Sciences Inc, 
Ann Arbor, MI) for 24 hours at a concentration we have 
previously shown to stimulate CD40 signaling.23 In ad-
dition, cells were treated with TNF-α (tumor necrosis 
factor alpha; 10  ng/mL; Cat. # 300-01A; PeproTech 
Inc, Rocky Hill, NJ) for 24 hours as a positive control for 
triggering inflammatory responses.24 After 24  hours, 
cells were washed with 2 mL of PBS twice, and cell 
lysate was collected for testing gene expression.

Western Blot Analysis
For cultured cell lines, cells were lysed using ice-cold 
radioimmunoprecipitation assay lysis buffer (pH 7.0; 
sc-24948; Santa Cruz Biotechnology), followed by 30 

seconds of vertexing and 20  minutes of shaking at 
4°C. The cell homogenate was centrifuged at 14 000g 
for 15 minutes at 4°C. The supernatant was separated 
for protein quantification, and a total of 45 ug of pro-
tein was used for detection of CD40 (1:1000 dilution; 
ab13545; Abcam). Glyceraldehyde 3-phosphate dehy-
drogenase (1:2000 dilution; antibody sc-25778; Santa 
Cruz Biotechnology) was used as a loading control. 
Proteins were resolved by SDS-PAGE. Following gel 
electrophoresis, proteins were electrotransferred from 
the gel onto nitrocellulose membranes (0.45  μm of 
PVDF transfer membrane; ThermoFisherScientific). 
Then, the membrane was blocked with 5% nonfat dry 
milk in TBST (1× Tris buffer saline and 0.1% Tween-20). 
Images were obtained using the Syngene Western Blot 
Imager G: BOX (Syngene, Cambridge, UK) and ana-
lyzed by ImageJ software (NIH, Bethesda, MD).

Inflammatory Response and 
Autoimmunity Array and Fibrosis Array
Inflammatory response, autoimmunity, and fibrosis 
arrays for both rat (PARN-077ZR and PARN-120ZR) 
and human (PAHS-077ZR and PAHS-120ZR) samples 
were purchased from Qiagen. To perform the gene 
array, kidney samples from sham and 2K1C animals 
(ischemic kidney) were homogenized for RNA extrac-
tion and used for quantitative PCR analysis as we 
mentioned above. To reduce interindividual biological 
variability, samples were pooled from 8 samples per 
group as reported.25 For the human arrays, HK2 and 
HK2-CD40KO cell lines treated with/without sCD40L 
(100  ng/mL) were homogenized for RNA extraction 
and subsequently used for quantitative PCR analysis.

Kidney Transplantation
A proof-of-concept kidney transplant study (n=3 per 
group) was performed in 10-week-old male Cd40mutant 
rats and S rats as described as follows26: The donor 
operation is a nonsurvival surgery. An anesthetized 
donor is injected with heparin (20 units), and abdomi-
nal walls are cleaned with iodine 3 times and opened 
by a midline incision. The left kidney artery with a 
portion of the aorta and renal vein are isolated from 
surrounding tissues; the remaining blood vessels are 
tied off. The aorta is tied off above the kidney ar-
tery, and the kidney is perfused by injecting saline 
below the artery. The distal aorta with renal artery 
and renal vein are cut; the kidney ureter is separated 
from surrounding tissue and cut along with a por-
tion of connected bladder. The freed kidney is kept 
in saline on ice. The anesthetized recipient is opened 
by a midline incision, and the left kidney with kidney 
artery and kidney vein are freed from surrounding 
tissues. The artery is tied off while a miniclamp is 
in place on the kidney vein; 2 major blood vessels 
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(aorta and vena cava) are cleaned off from tissues. 
Incisions are made in the recipient aorta and kidney 
vein to perform anastomosis with the donor kidney 
aorta (end-to-side) and the donor kidney vein (end-
to-end), respectively. The fragment of bladder with 
kidney ureter is connected to the recipient’s bladder 
using a 10-0 suture. Anastomoses are made by 10-0 
sutures run continuously. The abdomen is closed by 
4-0 sutures (nylon) in 2 layers. After a 4-week recov-
ery period, kidney transplant recipients were subject 
to the 2K1C procedure for 4  weeks as described 
above.

Paraoxonase Activity Measurement
Circulating paraoxonase lactonase activity was 
measured in plasma samples based on a fluoromet-
ric assay (Cat. # K999-100; BioVision Incorporated). 
Paraoxonase lactonase activity was calculated as the 
hydrolytic activity of enzyme toward the fluorescent 
7-hydroxycoumarin substrate, according to the manu-
facturer’s protocol.

Superoxide Dismutase Activity Assay
A superoxide dismutase activity assay kit was pur-
chased from BioVision (Cat. # K335-100; BioVision 
Incorporated). Plasma samples for sham and 2K1C 
animals were measured for superoxide dismutase 
activity based on the inhibition rate of production of 
water-soluble tetrazolium-1 formazan dye, and super-
oxide dismutase activity was calculated according to 
the manufacturer’s protocol.

Thiobarbituric Acid Reactive Substances 
Assay
Thiobarbituric acid reactive substances (TBARS) 
were measured using a colorimetric TBARS mi-
croplate assay kit (SKU: FR40; Oxford Biomedical 
Research, Rochester Hills, MI). Twenty-four-hour 
urine after 2K1C surgery and proteins (50 ug) from 
renal cortex tissue of sham and 2K1C animal kid-
neys were analyzed according to the manufacturer’s 
protocol.

Statistical Analysis
Data are presented as the mean±SEM. Data were 
analyzed by unpaired 2-tailed Student t test to de-
tect differences between 2 groups. For >2 groups, 
ANOVA and post hoc Tukey/Dunn’s multiple compar-
isons tests were used and 2-way ANOVA was used 
to test interactions. Repeated-measures ANOVA 
were performed to test BP, heart rate, and pulse 
pressure. Normality was determined by perform-
ing the Shapiro–Wilk test. A P<0.05 was statistically 
significant. Statistical analysis was performed using 

GraphPad Prism software (version 7; GraphPad 
Software Inc., San Diego, CA).

RESULTS
Disruption of Cd40 Demonstrates a 
Significant Decrease of Systolic BP 
Following 2K1C
There were no significant differences in body weight 
among S sham (391.2±7.7 g), S 2K1C (379.0±12.5 g), 
Cd40mutant Sham (401.7±6.7  g), and Cd40mutant 2K1C 
(402.4±9.1 g) rats 4 weeks post-2K1C surgery (Table). 
Cd40mutant sham rats also showed significantly lower 
kidney weight/body weight ratio (both kidneys; Table). 
There were no significant differences in ischemic kid-
ney weight among S 2K1C rats and Cd40mutant 2K1C 
rats. Cd40mutant 2K1C rats demonstrated significantly 
lower contralateral kidney weight compared with S 
2K1C rats (Table). Heart weight/body weight ratio was 
significantly lower in Cd40mutant 2K1C rats compared 
with S 2K1C rats (Table). Three days of continuous BP 
monitoring indicated a significant reduction in systolic 
BP of Cd40mutant rats compared with S rats (Figure 1A). 
There were no differences in diastolic BP as well as 
heart rate (Figure 1B). However, Cd40mutant rats dem-
onstrated significantly lower pulse pressure, compared 
with S rats, after surgery (Figure 1C).

Disruption of Cd40 Significantly Improves 
UPE and Reduces Ischemia-Induced 
Renal Fibrosis 4 Weeks Following 2K1C 
Surgery
Renal function was evaluated by GFR and 24-
hour UPE. Cd40mutant rats demonstrated signifi-
cantly lower levels of baseline UPE (58.0±7.2 versus 
102.4±7.1 mg/24 h; P<0.0001) and postsurgery UPE 
levels (46.2±1.9 versus 118.4±5.3  mg/h; P<0.0001; 
Figure 2) compared with S rats. Additionally, Cd40mutant 
rats demonstrated no significant differences in 
GFR compared with S rats following 2K1C surgery 
(S sham, 1.04±0.11; S 2K1C, 0.77±0.06; Cd40mutant 
sham, 1.22±0.06; Cd40mutant 2K1C, 0.86±0.04; n=8; 
unit, mL/min/100 g of body weight; all P=not signifi-
cant, data not shown). Renal fibrosis, as measured 
by Masson’s trichrome staining, demonstrated that 
clipped ischemic kidney of Cd40mutant rats following 
2K1C surgery had significantly decreased levels of 
whole-kidney fibrosis (Figure S1) and renal cortex fi-
brosis compared with clipped ischemic kidneys in S 
rats (Figure 3A and 3B; P<0.001). In contrast to S rats, 
which developed significant fibrosis in their ischemic 
kidneys compared with sham kidneys (P<0.001), 
Cd40mutant rats were protected from fibrosis. In ad-
dition, hematoxylin and eosin staining demonstrated 
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that renal ischemia led to increased inflammatory cell 
infiltration in ischemic kidney of S rats compared with 
sham, whereas ischemic kidneys from Cd40mutant 
rats demonstrated no differences (Figure  4A and 
4C). Cd40mutant rats also demonstrated significantly 
lower levels of glomerular proliferation (P<0.0001; 
Figure 4A, 4B, and 4D) as well as hyaline cast sever-
ity (P<0.01; Figure 4A and 4E) in ischemic kidney. We 
further evaluated whether inflammation in the 2K1C 
model was driven by T-cell infiltration by performing 
immunostaining for CD3+ T cells, and there were no 

differences observed regarding kidney T-cell infiltra-
tion (Figure S2A through S2C).

Experimental Renal Ischemia Induces 
Gene Expression of CD40 and Disruption 
of Cd40 Significantly Reduces Gene 
Expression of the Profibrotic Factor, PAI-1
Gene expression of CD40 was measured by reverse-
transcription PCR, and both contralateral and ischemic 
kidney demonstrated significantly increased CD40 

Table.  Animal Weight and Organ Weight Following 2K1C Surgery

Body Weight, g HW/BW, g/kg KW(I)/BW, g/kg KW(C)/BW, g/kg

S sham 391.2±7.7 3.42±0.03 4.16±0.03 4.19±0.06

Cd40mutant sham 401.7±6.7 3.40±0.03 3.69±0.04* 3.73±0.04†

S 2K1C 379.0±12.5 3.66±0.14 0.81±0.09 6.28±0.15

Cd40mutant 2K1C 402.4±9.1 3.28±0.07‡ 1.01±0.05 5.38±0.15§

Body weight (g; 2-way ANOVA; genotype×2K1C: P=NS), heart weight/body weight ratio (HW/BW [g/kg]; 2-way ANOVA; genotype×2K1C: P<0.05), kidney 
(ischemic) weight/body weight ratio (KW(I)/BW [g/kg]; 2-way ANOVA; genotype×2K1C: P<0.0001), and kidney (contralateral) weight/body weight ratio (KW(C)/
BW [g/kg]; 2-way ANOVA; genotype×2K1C: P=NS). Data presented as mean±SEM, n=8 per group. 2K1C indicates 2-kidney 1-clip; and NS, not significant.

*P<0.0001 vs S sham; †P<0.01; ‡P<0.01; §P<0.0001 vs S 2K1C.

Figure 1.  Blood pressure and heart rate of animals after 2K1C (2-kidney 1-clip) surgery.
A, Systolic blood pressure (SBP) and diastolic blood pressure (DBP), (B) heart rate (HR), and (C) pulse pressure (PP) measurements 
of S rats and Cd40mutant rats 4 weeks after 2K1C surgery. Data plotted are the recordings obtained every 5 minutes continuously for 
24 hours and averaged for 4-hour intervals over 3 days. Data presented as mean±SEM, n=8. *P<0.05; **P<0.01.
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expression in S rats, and Cd40mutant rats showed sig-
nificantly lower levels of CD40 compared with S rats 
(Figure  5A). The profibrotic factor, PAI-1, has been 
shown to be regulated by CD40 signaling in proximal 
tubules in a process mediated by phosphorylation of 
Lyn kinase.12,13 We measured gene expression of PAI-1, 
which was significantly increased in both ischemic and 
contralateral kidneys of S rats, but not in Cd40mutant 
rats (Figure  5B). In addition, we examined tPA activ-
ity in renal cortex tissue given that tPA is suppressed 
by PAI-1 and tPA is the major plasminogen activator 
that alleviates renal fibrosis.27 We noted a significant in-
crease in tPA activity in both contralateral and ischemic 
kidneys of Cd40mutant rats compared with contralateral 
and ischemic kidneys of S rats (Figure S3).

Disruption of Cd40 Significantly 
Reduces Inflammatory Oxidant Stress in 
Experimental Renal Ischemia
To further detect alterations of genes involved in renal 
function and renal fibrosis in 2K1C rats, RNA was 
extracted from the ischemic renal cortex and gene 
profiler arrays were performed to compare inflamma-
tory genes in ischemic kidneys versus sham kidneys. 
Gene array results indicated that 13 genes were sig-
nificantly altered in ischemic kidneys of Cd40mutant 
compared with S rats (Table S1, >2-fold change). 
Among them, MMP8 (matrix metalloproteinase 8), 
Ccl19 (C-C motif chemokine 19), Cxcl9 (C-X-C motif 
chemokine ligand 9), Il6r (interleukin-6 receptor), and 
Cd40lg (CD40 ligand) were all significantly decreased 
in ischemic kidneys of Cd40mutant rats compared 
with ischemic kidneys of S rats (Figure 6); all these 
genes have been previously reported to contribute 
to development of renal injury in several experimental 
models.28–32

Given that diminished activity of the antioxidant para-
oxonase enzyme is reported to be associated with 
development of CKD33,34 and paraoxonase lactonase 
activity is shown to be inversely correlated with ele-
vated CD40 levels in settings of vascular dysfunction,35 
we evaluated the effect of Cd40 disruption on paraox-
onase’s antioxidant lactonase activity following 2K1C 
surgery. Here, we found that whereas 2K1C resulted in 
decreased circulating plasma paraoxonase’s lactonase 
activity in S rats, this decrease was significantly atten-
uated by disruption of Cd40 after 2K1C (Figure 7A). In 
addition, we evaluated paraoxonase-1, -2, and -3 gene 
expression in renal cortex, and we found that in both 
S and Cd40mutant rat kidneys (sham), the predominant 
paraoxonase isoform was PON-2 (≈96%), followed by 
PON-3 (≈3%) and PON-1 (≈1%; Figure S4A and S4B). 
Furthermore, we measured expression of each para-
oxonase isoform in the renal cortex of sham and 2K1C 
surgery animals. There was a significant increase in 
PON-2 expression in both contralateral and ischemic 
kidneys of Cd40mutant rats (versus sham), whereas 
there was no increase in PON-2 and PON-3 in S rat 
kidneys (Figure S4C through S4E). We also evaluated 
superoxide dismutase36 activity and noted that it was 
nonspecifically decreased after 2K1C surgery in both S 
and Cd40mutant rats (Figure S5).

In addition, in order to assess lipid peroxidation, 
we also measured 24-hour urine excretion levels of 
TBARS after 2K1C and found that Cd40mutant rats had 
significantly reduced levels compared with Dahl-S 
(84.0±16.1 versus 130.9±5.5  nmol/24  h; P<0.05; 
Figure  7B). Similarly, we assessed TBARS in renal 
cortical tissue and found that in Dahl-S animals, renal 
cortical TBARS was increased in ischemic kidneys 
compared with sham-operated kidneys (0.05±0.004 
versus 0.08±0.013 uM/ug; P=0.02; n=6–7 per group), 
whereas there was no increase in ischemic versus 
sham-operated kidneys in Cd40mutant rats (0.06±0.007 
versus 0.05±0.012  μmol/L/μg; P=0.35; n=5–7 per 
group).

Disruption of Cd40 in the Kidney 
Specifically Attenuated Renal Fibrosis 
After Reciprocal Kidney Transplantation
To directly show that renal CD40 signaling contrib-
utes to development of renal fibrosis, we performed 
reciprocal renal transplantation as a proof-of-concept 
study using the following models: S rats as kidney 
donors were transplanted into Cd40mutant rats as re-
cipients (fully functional CD40 only in transplanted 
kidneys) versus Cd40mutant rat kidney donors trans-
planted into S rat recipients (fully functional CD40 
in all compartments except transplanted kidneys). 
Following a 4-week recovery after surgery, the 2K1C 
procedure was performed on the transplanted kidney. 

Figure 2.  Renal function. Twenty-four-hour urinary protein 
excretion (UPE; 2-way ANOVA; genotype×2K1C: P<0.05).
Data presented as mean±SEM, n=8 per group. ****P<0.0001. 
2K1C indicates 2-kidney 1-clip.

U
PE

 (m
g/

24
h)

****

****

mahSmahS C1K2C1K2

S rat Cd40mutant rat



J Am Heart Assoc. 2020;9:e014072. DOI: 10.1161/JAHA.119.014072� 8

Zhang et al� Targeted Disruption of Cd40 in Renal Ischemia

Following an additional 4  weeks after 2K1C, renal  
fibrosis of ischemic kidneys and contralateral native 
kidneys was assessed. There were no differences in 
whole-kidney fibrosis (Figure S6A), whereas S-rat re-
cipients of Cd40mutant kidneys demonstrated a signifi-
cant reduction in renal cortical fibrosis compared with 

Cd40mutant recipients of S-rat kidneys in their ischemic 
kidneys (Figure 8A and 8B, renal cortex region). In ad-
dition, hematoxylin and eosin staining demonstrated 
no differences in inflammation (Figure S6B) as well as 
hyaline cast severity (Figure S6C). These data con-
firmed that CD40 expressed in kidneys contributes to 

Figure 3.  Renal fibrosis analysis.
A, Representative trichrome staining figures for kidney tissue of surgery and sham S rats and Cd40mutant rats (images 
at ×20 magnification) and (B) quantitative analysis of fibrosis in the kidney cortex (2-way ANOVA; genotype×surgery: 
P<0.01). Data presented as mean±SEM, n=8 per group. *P<0.05; ***P<0.001.
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Figure 4.  Renal inflammation and lesion scores.
A, Representative histology of H&E-stained kidney tissue (Images at ×20 
magnification). (B) Close-up images indicating glomerular proliferation (×40 
magnification). Solid arrows, hyaline casts; broken arrows, inflammation; 
hollowed line arrows, glomerular proliferation. C, Renal inflammation 
(2-way ANOVA; genotype×surgery: P<0.05); (D) glomerular proliferation 
scores (2-way ANOVA; genotype×surgery: P<0.0001); and (E) hyaline 
casts scores (2-way ANOVA; genotype×surgery: P=NS). Data presented 
as mean±SEM, n=8 per group. *P<0.05; **P<0.01; ****P<0.0001. H&E 
indicates hematoxylin and eosin; and NS, not significant.
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development of renal fibrosis in 2K1C ischemic renal 
injury.

Knockout of Cd40 in Human Proximal 
Tubule Epithelial Cells Significantly 
Reduces Expression of Genes Involved in 
Inflammation and Fibrosis
To study the role of CD40 in regulating renal fibro-
sis, we created a Cd40-knockout cell line of human 
proximal tubule epithelial cells (HK2-CD40KO). 

We confirmed Cd40 gene knockout by monitor-
ing gene expression (Figure  9A) and CD40 protein 
expression (Figure  9B). Given that CD40 signaling 
induces MCP-1 and PAI-1 in proximal tubule epithe-
lial cells,12 we evaluated MCP-1 and PAI-1 expres-
sion induced by sCD40L (100  ng/mL) and TNFα 
(10  ng/mL). The CD40-deficient HK2-CD40KO 
cell line showed a significant decrease in sCD40L-
stimulated MCP-1 (>70%; Figure  9C) and PAI-1 
(50%; Figure  9D) gene expression compared with 
HK2 control cells. RNA samples from HK2 wild-
type and HK2-CD40KO cells treated with sCD40L 
were further analyzed by using targeted inflamma-
tory and fibrosis gene expression. Here, we found 
that expression of 18 genes were significantly dif-
ferent (>2-fold change) in HK2 versus HK2-CD40KO 
cells after sCD40L treatment (Table S2). Importantly, 
we noted that whereas key genes known to regu-
late kidney fibrosis were upregulated in HK2 con-
trols cells, including CCL2 (MCP-1), CXCR4 (C-X-C 
chemokine receptor type 4),37 EDN1 (endothelin 1),38  
MMP9 (matrix metalloproteinase 9),39 and VEGFA 
(vascular endothelial growth factor A),40 this response 
was abolished in HK2-CD40KO cells (Figure 10).

DISCUSSION
Our study has demonstrated that disruption of Cd40 
attenuates renal-ischemia–induced renal fibrosis in the 
2K1C model. Animals without CD40 function demon-
strated significantly reduced systolic BP and improved 
antioxidant activity after 2K1C surgery. The CD40/
CD40L signaling cascade has been implicated in the in-
volvement of renal inflammation and fibrosis.12 We have 
previously reported that circulating levels of the CD40 

Figure 5.  Quantitative analysis of gene expression of (A) CD40 and (B) PAI-1 in renal cortex tissue 
of Dahl S and Cd40mutant rats after 2K1C surgery.
Gene expression was normalized to respective sham group (2-way ANOVA; genotype×surgery: CD40: 
P<0.001; PAI-1: P=NS). Data presented as mean±SEM, n=8 per group. *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001. 2K1C indicates 2-kidney 1-clip; ΔΔCT, delta delta threshold cycle; NS, not significant; PAI-1, 
plasminogen activator inhibitor 1; and TBP, TATA-box binding protein.

A B

Figure  6.  Quantitative analysis of gene expression of 
profibrotic and -inflammatory genes.
MMP8 (matrix metalloproteinase 8), Ccl19 (C-C motif chemokine 
19), Cxcl9 (C-X-C motif chemokine ligand 9), Il6r (interleukin 6 
receptor), and Cd40lg (CD40 ligand) in renal cortex tissue of 
Dahl S and Cd40mutant rats with/without 2K1C surgery. Samples 
were pooled from 8 animals from each group; gene expression 
was normalized to the respective sham group. Data presented 
as mean±SEM. *P<0.05; **P<0.01; ***P<0.001. 2K1C indicates 
2-kidney 1-clip; and ΔΔCT, delta delta threshold cycle.
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receptor (sCD40) predict changes in renal function in 
patients with RAS and CKD, and circulating levels of 
sCD40L are significantly elevated in these settings.14,16 

In the 2K1C model of renal ischemia, we observed im-
proved UPE in Cd40mutant rats versus S rats. The fact 
that this was not associated with significant changes in 

Figure  7.  Measurement of paraoxonase activity and urine excretion of TBARS (thiobarbituric 
acid reactive substances).
A, Lactonase activity of paraoxonase was measured in plasma obtained from S rats and Cd40mutant rats 
4 weeks after 2K1C surgery (2-way ANOVA; genotype×2K1C: P<0.01). Data presented as mean±SEM, n=8 
per group. B, Twenty-four-hour urinary excretion of TBARS (2-way ANOVA; genotype×2K1C: P=NS). Data 
presented as mean±SEM, n=5-8 per group. *P<0.05; **P<0.01. 2K1C indicates 2-kidney 1-clip; NS, not 
significant; and PON, paraoxonase.
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Figure 8.  Renal fibrosis analysis in kidney-transplanted animals following 2K1C surgery.
A, Representative trichrome staining figures and (B) quantitative analysis of fibrosis in the renal cortex region of kidney-transplanted 
rats (2-way ANOVA; genotype×2K1C: P<0.05). Data presented as mean±SEM, n=3. *P<0.05 vs S Tx to Cd40mutant native; #P<0.05 vs S 
Tx to Cd40mutant ischemic. 2K1C indicates 2-kidney 1-clip; and Tx, transplant.



J Am Heart Assoc. 2020;9:e014072. DOI: 10.1161/JAHA.119.014072� 12

Zhang et al� Targeted Disruption of Cd40 in Renal Ischemia

GFR is most likely attributed to compensation from the 
contralateral kidney.41

By assessing gene expression of CD40 and PAI-1, 
we demonstrated that CD40 was induced in both con-
tralateral and ischemic kidneys in the model of renal 
ischemia and PAI-1 is a potential mediator of renal  
fibrosis, which we and others have reported to be reg-
ulated by CD40 in the proximal tubule epithelium.12,13 It 
was interesting to note that in S rats, despite the fact 
that both contralateral and ischemic kidneys had ele-
vated levels of PAI-1, only the ischemic kidneys had ap-
preciable differences in fibrosis. Although the reasons 
for elevated PAI-1 in both contralateral and ischemic 
kidneys are not entirely clear, similar results have been 
reported in other settings where both ischemic and 
contralateral kidneys had equivalent levels of proin-
flammatory cytokines and profibrotic mediators, such 
as IL-6, TNF-α, MCP-1, and PAI-1.7 Thus, it is possible 

that whereas the nonischemic contralateral kidney 
has the ability to compensate for these inflammatory 
insults, the ischemic kidney lacks this ability. In fact, 
Eirin et al demonstrated that despite equivalent levels 
of proinflammatory cytokines and profibrotic mediators 
between ischemic and contralateral kidneys, differ-
ences in circulating levels of CD34- and KDR-positive 
progenitor cells may affect the reparative processes 
between ischemic verses nonischemic kidneys within 
the same person.7 The gene expression array results 
demonstrated that there was no difference in Cd40 
immunoglobulin levels between Cd40 mutant shams 
and Cd40 mutant ischemic kidneys. However, Cd40 
immunoglobulin was significantly elevated in the S rat 
ischemic kidney compared with S rat shams (P<0.039) 
and significantly elevated in the S rat ischemic kid-
ney compared with the Cd40 mutant ischemic kidney 
(P<0.039). This supports our hypothesis that CD40 

Figure 9.  Knockout of Cd40 gene and disruption of CD40 signaling.
A, Quantitative analysis of gene expression of Cd40 in HK2-CD40KO and HK2 wild-type cells treated 
with sCD40L (100 ng/mL) or TNFα (10 ng/mL). B, Representative (upper) and quantitative analysis (lower) 
of CD40 protein expression using cell lysate from HK2 wild-type and HK2-CD40KO cells. C and D, 
Quantitative analysis of gene expression of MCP-1(C) and PAI-1(D) in HK2-CD40KO and HK2 wild-type 
cells treated with sCD40L (100 ng/mL) or TNFα (10 ng/mL). 18s rRNA was used as a housekeeping gene, 
and data were normalized to HK2 WT control. Data presented as mean±SEM. *P<0.05, **P<0.01 vs HK2 
control. ΔΔCT indicates delta delta threshold cycle; MCP-1, monocyte chemoattractant protein 1; n.d., not 
detectable; PAI-1, plasminogen activator inhibitor 1; sCD40L, soluble CD40 ligand; TNFα, tumor necrosis 
factor alpha; and WT, wild type.
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signaling is a significant contributor to development 
of renal fibrosis and is in agreement with our clinical 
studies, which show that elevated circulating CD40 
ligand levels correlate with a decrease in renal func-
tion in CKD.16 The gene expression array results also 
demonstrate novel genes regulated by CD40, which 
have been shown to be associated with renal disease: 
MMP8, Ccl19, and Il6r have been reported to contrib-
ute to acute kidney injury,28–30,32 and Cxcl9 is known 
to promote CXCR3 (C-X-C motif chemokine receptor 
3)-dependent immune-mediated kidney disease.31 
Previous studies demonstrated that expression of 
TNFα, MCP-1, and p-NF-κB (phosphorylated nuclear 
factor kappa-light-chain-enhancer of activated B cells) 
were upregulated in the 2K1C model,42 and MCP-1 de-
ficiency was reported to protect the ischemic kidney 
against RAS.8

We included measures of paraoxonase lactonase 
activity because reduced lactonase activity has been 
shown to be associated with increased lipid peroxida-
tion as well as oxidative/nitrative stress and increased 
adverse clinical outcomes in the setting of CKD,33,34 
including CKD attributed to hypertension and renal  
ischemia.43 Furthermore, paraoxonase lactonase activity 
has been shown to be inversely correlated with ele-
vated CD40 levels in settings of vascular dysfunction.35 
We noted that paraoxonase enzyme activity is signifi-
cantly elevated in Cd40mutant rats compared with S rats 
after 2K1C and that urinary lipid peroxidation levels 
were decreased, suggesting that elevated paraox-
onase activity in the absence of CD40 may be renal 
protective in this setting. In addition to PON lactonase 

activity, we evaluated the specific paraoxonase isoform 
expression in renal cortical tissues following the 2K1C 
procedure and noted that PON-2 (≈96% of total iso-
form expression) and, to a lesser extent, PON-3 (≈3% 
of total isoform expression) were the predominate iso-
forms in this model. After the 2K1C procedure, there 
was a significant increase in PON-2 expression in 
Cd40mutant rat kidney renal cortical tissue (sham versus 
both clipped and contralateral) whereas there was no 
increase in PON-2 in Dahl-S kidney renal cortical tissue 
(sham versus either clipped or contralateral). The pre-
dominance of PON-2 in renal cortical tissue suggests 
that this may be a key renal protective enzyme involved 
in the reduced lipid peroxidation noted in Cd40mutant 
rats after 2K1C.

To confirm that attenuation of ischemia-induced 
renal fibrosis in Cd40mutant rats is attributable to kidney-
specific CD40 expression, we performed reciprocal 
kidney transplantation followed by 2K1C surgery on the 
transplanted kidney. After analyzing the renal cortex 
region, we demonstrated that Cd40mutant kidneys in S-
rat recipients had significantly less renal cortical fibro-
sis compared with S kidneys in Cd40mutant recipients. 
This observation strongly suggests that local CD40 ex-
pressed within the cortex is a major driver of renal fibro-
sis in renal ischemia. CD40 signaling in proximal tubular 
epithelial cells has been shown to induce a proinflam-
matory and -fibrotic response.12 To further investigate 
CD40 signaling in proximal tubules, we created a 
CD40-knockout cell line using human proximal tubule 
epithelial cells. The proximal tubule epithelium plays 
an important role in mediating the process of intersti-
tial fibrosis by producing profibrotic and -inflammatory 
cytokines or reacting to cytokine infiltration.44 Tubular 
cells also either interact and activate fibroblasts or 
transform to myofibroblasts by epithelial-mesenchymal 
transition upon activation.45,46 The inflammatory gene 
array and fibrosis array analyses in proximal tubule 
cells demonstrated that MCP-1 and EDN-1 are reg-
ulated by CD40 signaling, given that CD40 knockout 
led to suppression of their expressions. MMP9, which 
can be induced by TNFα in proximal tubule cells,39 was 
dramatically increased by activation of CD40 signaling. 
The other 2 important pro-inflammatory genes, CXCR4 
and VEGFA, which are known to be associated with 
level of kidney fibrosis and renal disease,37,40 were also 
found to be regulated by CD40 signaling. Our current 
study demonstrated that sCD40L, but not TNF-α, sig-
nificantly promoted expression of MCP-1 and PAI-1, in-
dicating the specificity of CD40 signaling on regulating 
the profibrotic process.

Our study supports the significant role of CD40 in 
regulating ischemia-induced renal injury; there are sev-
eral limitations. Whereas in other models we did not 
observe a BP effect, we did observe a modest de-
crease in BP in Cd40mutant rats compared with S rats 

Figure  10.  Quantitative analysis of gene expression of 
profibrotic and -inflammatory genes.
CCL2 (MCP-1), CXCR4 (C-X-C chemokine receptor type 4), 
EDN1 (endothelin 1), MMP9 (matrix metalloproteinase 9), and 
VEGFA (vascular endothelial growth factor A) in HK2-CD40KO 
and HK2 wild-type cells treated with sCD40L (100 ng/mL). Data 
presented as mean±SEM. *P<0.05; **P<0.01; ***P<0.001. CCL2 
indicates C-C motif chemokine ligand 2; and MCP-1, monocyte 
chemoattractant protein 1.
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following 2K1C. Although we do not think that this is 
driving the renoprotective phenotype, we cannot rule 
this out. However, our cell-culture model suggests that 
activation of CD40 in the proximal tubule is a major 
driver of renal injury. Although we noted a significant 
increase in PAI-1 gene expression in ischemic kidneys 
of S rats compared with Cd40mutant rats along with  
elevated tPA activity in Cd40mutant rats, we did not de-
tect a significant difference in PAI-1 protein expression. 
Future work is warranted as to the extent of PAI-1 acti-
vation in the development of renal fibrosis in our 2K1C 
model. We have shown a specific role for the CD40 re-
ceptor, expressed within the kidney, in regulating the 
process of renal injury and in proximal tubule cells. 
Overall, we propose that CD40 signaling plays an im-
portant role in generating local inflammatory and profi-
brotic factors, whereas gene array analysis in proximal 
tubule cells and ischemic kidney tissue from 2K1C an-
imals indicated a different pattern of responses when 
CD40 expression was disrupted. In fact, other types of 
kidney cells, such as podocytes and glomerular epithe-
lial cells,47 may be involved in the CD40-regulated re-
sponse and interactions between proximal tubule cells, 
and those cell types will be important areas to address.
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SUPPLEMENTAL MATERIAL



 Table S1. Fold change of the significant changed genes between S ischemic 

kidney and Cd40mutant ischemic kidney. The table shows the relative expression level 

of the genes in ischemic kidney of S rat (compared to S sham kidney) and in ischemic 

kidney of Cd40mutant rat (compared to Cd40mutant sham kidney) and the p value when 

compare the gene expression in S ischemic kidney and Cd40mutant ischemic kidney. 

Rat fibrosis array and inflammatory array significant changed gene list 

Gene 

name 

S ischemic kidney 
Cd40mutant ischemic 

kidney p value 

Mean±SEM p value Mean±SEM p value 

Cxcr4 3.85±0.09 0.00003 1.76±0.07 0.000483 0.00005 

Mmp8 1.77±0.50 0.21968 0.11±0.03 0.000292 0.02961 

Myc 2.35±0.05 0.00015 1.74±0.04 0.023083 0.00073 

Smad3 4.85±0.29 0.00419 12.44±1.07 0.000507 0.00242 

Thbs1 1.30±0.02 0.01143 2.35±0.08 0.000143 0.00023 

Bcl6 3.23±0.42 0.00626 2.04±0.05 0.004689 0.04658 

Ccl19 6.72±0.62 0.00088 1.90±0.36 0.077166 0.00262 

Ccl22 5.78±0.42 0.00062 4.35±0.13 0.000575 0.03062 

Cd14 2.74±0.15 0.00234 1.71±0.06 0.016001 0.00279 



Cd40lg 2.65±0.40 0.03894 1.38±0.10 0.08363 0.03859 

Cxcl9 3.68±0.07 0.00004 0.59±0.02 0.011413 0.00000 

Il6r 2.42±0.07 0.00072 1.63±0.05 0.000175 0.00065 

Ltb 2.50±0.09 0.00260 3.71±0.02 0.000153 0.00023 



Table S2. Fold change of the significant changed genes between HK2 wild 

type cells treated with sCD40L and HK2-CD40KO cells treated with sCD40L. 

Table shows the relative expression level of the genes in HK2 cells treated with 

sCD40L (100ng/ml), HK2-CD40KO cells without treatment and HK2-CD40KO cells 

treated with sCD40L when compared with HK2 control cells. 

Human fibrosis array and inflammatory array significant changed gene list 

Gene 

name 

HK2 sCD40L HK2-CD40KO control HK2-CD40KO sCD40L 

Mean±SE

M 
p value 

Mean±SE

M 
p value 

Mean±SE

M 
p value 

CCL2 9.95±0.94 0.00514 0.13±0.06 0.00154 0.09±0.01 0.00046 

CXCR4 6.22±0.76 0.01293 0.47±0.06 0.05094 0.51±0.05 0.00167 

EDN1 3.22±0.04 0.00035 0.46±0.08 0.03624 0.54±0.02 0.00000 

INHBE 2.96±0.33 0.01980 1.14±0.11 0.45954 1.05±0.02 0.00435 

LTBP1 0.75±0.09 0.27992 2.89±0.31 0.02195 2.90±0.15 0.00027 

MMP1 3.30±0.05 0.00006 0.92±0.03 0.18101 0.95±0.00 0.00000 

MMP9 47.52±0.76 0.00002 1.18±0.04 0.16377 1.61±0.22 0.00000 

TNF 6.28±1.45 0.06682 0.76±0.26 0.55429 0.52±0.18 0.01684 

VEGFA 2.47±0.14 0.00489 1.29±0.10 0.16485 1.32±0.09 0.00210 

C3 7.77±0.52 0.00021 0.97±0.66 0.96217 0.40±0.03 0.00014 

CSF1 5.74±0.50 0.00373 1.17±0.07 0.79317 1.28±0.09 0.00096 

CXCL2 3.96±0.38 0.01446 0.46±0.04 0.42788 0.47±0.07 0.00080 

CXCL5 10.97±1.94 0.00709 0.66±0.03 0.35350 0.71±0.06 0.00611 

IL15 2.50±1.16 0.32674 13.80±2.40 0.00688 21.18±4.45 0.01536 



IL18 0.42±0.05 0.00065 0.81±0.07 0.06798 0.72±0.03 0.00877 

IL23A 7.67±1.08 0.00373 2.01±0.36 0.07247 2.23±0.21 0.00775 

LTB 12.02±3.51 0.03584 0.25±0.04 0.18451 0.25±0.01 0.02855 

TLR4 0.84±0.16 0.39379 2.04±0.14 0.00212 1.81±0.20 0.01872 



Figure S1. Quantitative analysis of whole kidney fibrosis of surgery and Sham S rats and 
Cd40mutant rats (Images at 20x magnification) (two-way ANOVA; genotype × surgery: 
p<0.01).

 Data presented as mean±SEM, n=8 per group. ***p<0.001.  



Figure S2. (A) Representative CD3+ staining figures for the kidney tissue (Images at 20x 
magnification (Images at 20x magnification).

Solid arrows – CD3 positive staining. (B) Figures of negative controls of ischemic 

kidneys of S rat and Cd40mutant rat. (C) Analysis of severity score CD3 staining in 

the kidney of surgery and Sham S rats and Cd40mutant rat (two-way ANOVA; 

genotype × surgery: p=NS). Severity was examined by giving a score from 0 to 3 based 

on the appearance of CD3+ staining. (Data presented as mean±SEM, n=6 per group).  



Figure S3. Tissue plasminogen activator (tPA) activity in the kidney tissue of Dahl S and 
Cd40mutant rats after 2K1C surgery. n=6~8 per group.

 *p<0.05. 



Figure S4. Analysis of gene expression of PON isoforms in kidney cortex tissue of S and 
Cd40mutant rats after 2K1C surgery.

(A) and (B) Expression percentage of PON isoform in the kidney cortex tissue of (A) Sham S rats 

and (B) Sham Cd40mutant rats. (C)~(E) Quantitative gene expression of (C) PON1 (two-way ANOVA; 

genotype × surgery: p=NS), (D) PON2 (two-way ANOVA; genotype × surgery: p<0.01) and (E) PON3 

(two-way ANOVA; genotype × surgery: p=NS) in kidney cortex tissue of S and Cd40mutant rats after 

2K1C surgery. Gene expression was normalized to respective sham group. PON: paraoxonase; TBP: 

TATA-box binding protein. Data presented as mean±SEM, n=6-8 per group. *p<0.05; **p<0.01; 

***p<0.001; **** p<0.0001. 



Figure S5. Plasma activity of SOD (superoxide dismutase) of surgery and Sham S 

rats and Cd40mutant rats (two-way ANOVA; genotype × 2K1C: p=NS).

 Data presented as mean±SEM, n=8 per group. *p<0.05.  



Figure S6. Analysis of kidney transplanted rats following 2K1C surgery.

(A) Quantitative analysis of whole kidney fibrosis (two-way ANOVA; genotype × 2K1C: 

p=NS). (B) Renal inflammation (two-way ANOVA; genotype × 2K1C: p=NS) and (C) 

Hyaline casts scores (two-way ANOVA; genotype × 2K1C: p<0.05), Data presented as 

mean±SEM, n=3 per group. all p=NS. 
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