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CTLA4-Ig protects tacrolimus-induced oxidative stress via inhibiting
the AKT/FOXO3 signaling pathway in rats
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Background/Aims: Although the conversion from tacrolimus (TAC) to cytotoxic T-lymphocyte-associated antigen 4-immu-
noglobulin (CTLA4-Ig) is effective in reducing TAC-induced nephrotoxicity, it remains unclear whether CTLA4-Ig has a direct
effect on TAG-induced renal injury. In this study, we evaluated the effects of CTLA4-Ig on TAC-induced renal injury in terms
of oxidative stress.

Methods: In vitro study was performed to assess the effect of CTLA4-lg on TAC-induced cell death, reactive oxygen species
(ROS), apoptosis, and the protein kinase B (AKT)/forkhead transcription factor (FOXO) 3 pathway in human kidney 2 cells.
In the in vivo study, the effect of CTLA4-lg on TAC-induced renal injury was evaluated using renal function, histopatholo-
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gy, markers of oxidative stress (8-hydroxy-2'-deoxyguanosine) and metabolites (4-hydroxy-2-hexenal, catalase, glutathione
S-transferase, and glutathione reductase), and activation of the AKT/FOXO3 pathway with insulin-like growth factor 1 (IGF-1).
Results: CTLA4-Ig significantly decreased cell death, ROS, and apoptosis caused by TAC. TAC treatment increased apop-
totic cell death and apoptosis-related proteins (increased Bcl-2-associated X protein and caspase-3 and decreased Bcl-2), but
it was reversed by CTLA4-Ig treatment. The activation of p-AKT and p-FOXO3 by TAC decreased with CTLA4-Ig treatment.
TAC-induced renal dysfunction and oxidative marker levels were significantly improved by CTLA4-Ig in vivo. Concomitant IGF-
1 treatment abolished the effects of CTLA4-Ig.

Conclusions: CTLA4-Ig has a direct protective effect on TAC-induced renal injury via the inhibition of AKT/FOXO3 pathway.

Keywords: Renal injury; Tacrolimus; CTLA4-lg; AKT/FOXO3 signaling pathway

INTRODUCTION

Tacrolimus (TAC), a calcineurin inhibitor used as a first-line
drug after renal transplantation, prominently reduces the
incidence of acute rejection following renal transplantation
[1,2]. However, long-term use of TAC can cause chronic
transplant kidney injury, which is one of the reasons for
chronic transplant kidney failure [3-5]. The pathogenesis
of TAC-induced nephrotoxicity is multifactorial; however,
TAC-induced oxidative stress is a common pathway for
TAC-induced renal injury. TAC can directly cause renal bul-
bous artery stenosis and lead to ischemia and hypoxia injury,
which results in the production of reactive oxygen species
(ROS) and reduction of antioxidant enzymes (such as super-
oxide dismutase and glutathione catalase), thus inducing
oxidative stress injury and ultimately leading to renal tubular
cell apoptosis [6,7].

Cytotoxic T-lymphocyte-associated antigen 4-immuno-
globulin (CTLA4-Ig) is a soluble CTLA4 protein formed by
the fusion of the extracellular functional domain of CTLA4
with the crystallizable fragment of Ig, which binds with B7
with high affinity and can effectively block the costimulatory
signal [8-10]. CTLA4-Ig is a novel immunosuppressant that
can replace calcineurin inhibitors for anti-rejection therapy
in patients with kidney transplantation [11], but its effect
on TAC-induced renal injury is still unknown. We previously
reported that conversion to CTLA4-Ig reduced TAC-induced
pancreatic islet injury in diabetic rats and that CTLA4-Ig di-
rectly decreased TAC-induced pancreatic islet cell death and
ROS production in vitro [12].

Forkhead transcription factor (FOXO) 3 is a conserved
transcriptional factor, and the activation of FOXO3 is in-
volved in inflammation, autophagy, oxidative stress, and cell
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death [13]. FOXO3 is modulated by the phosphatidylinositol
3-kinase (PI3K)/protein kinase B (AKT) pathway [14]. Fur-
thermore, inhibition of the PI3K/AKT pathway can inhibit
inflammation, and the inflammatory response of the ob-
structive kidney was reduced by regulating the AKT/FOXO3
pathway [15]. Hence, we speculated that the AKT/FOXO3
pathway may participate in the process of TAC-induced re-
nal injury.

This study aimed to investigate the protective effect of
CTLA4-Ig against TAC-induced renal injury and its related
mechanism in established chronic TAC-induced nephrotox-
icity in vivo and in vitro.

METHODS

Cell culture and treatment

Human kidney 2 (HK-2) cells purchased from the Cell Bank
of the Chinese Academy of Sciences were cultured in ke-
ratinocyte serum-free medium (K-SFM; 17005-042, Invitro-
gen, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS;
10099-141, Gibco, Carlsbad, CA, USA), and gentamicin/
amphotericin solution 500x (R-015-10, Gibco). The cells
were cultured in an incubator at 37°C, with 5% CO, and
95% humidity for 24 hours. HK-2 cells were pretreated with
CTLA4-Ig (5 pg/mL, Bristol-Myers-Squibb, New York, NY,
USA), and then co-treated with TAC (1642802, 0, 20, 40,
80 pg/mL; Sigma, Milpitas, CA, USA) and insulin-like growth
factor 1 (IGF-1; an agonist for PI3K/AKT, 10 nM; Genentech,
Southern San Francisco, CA, USA) [16].

Animals
Seventy male Sprague-Dawley rats (body weight 200-220 g)
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were fed a low-salt diet (0.05% sodium salt) for 1 week,
and were divided into seven groups with 10 rats in each
group, using the random number table method. The exper-
iment lasted for 6 weeks. TAC was administered subcuta-
neously once daily. CTLA4-lg and IGF-1 were administered
once a week through the tail vein of rats. The doses of
drugs and the route of administration were chosen based
on previous studies [12,17]. The timeline of all interventions
is listed in Supplementary Figure 1. The specific groups were
as follows: 1) vehicle group (n=10): subcutaneously injected
with olive oil (1.0 mg/kg/day) for 6 weeks; 2) TAC group:
we first selected the dose of TAC (0, 0.25, 0.5, and 1.0
mg/kg/day subcutaneously) for 6 weeks in 10 rats in each
group based on renal injury indexes. Then 1.0 mg/kg/day
TAC was selected for subsequent experiments; 3) conver-
sion from TAC to olive oil (TV) group (n=10): subcutaneously
injected with TAC (1.0 mg/kg/day) for the first 3 weeks fol-
lowed by subcutaneous injection of olive oil (1.0 mg/kg/day)
for an additional 3 weeks; 4) conversion from TAC to 1 mg/kg
of CTLA4-lg group (n=10): subcutaneously injected with
TAC (1.0 mg/kg/day) for the first 3 weeks followed by tail
vein injection of CTLA4-lg (1.0 mg/kg/week) for an addi-
tional 3 weeks; and 5) conversion from TAC to 1 mg/kg
of CTLA4-lg along with IGF-1 group (n=10): subcuta-
neously injected with TAC (1.0 mg/kg/day) for the first
3 weeks followed by tail vein injection of CTLA4-lg (1.0
mg/kg/week) along with IGF-1 (2.0 mg/kg/day) for an addi-
tional 3 weeks [18,19].

Peripheral blood was collected before the rats were sac-
rificed. After the rats were sacrificed, the intact kidney tis-
sue was fixed using periodate acid-lysine-paraformaldehyde
solution; the sections were 4 pym thick after paraffin embed-
ding for unified detection. This study was approved by the
Animal Ethical and Welfare Committee of The First Affiliated
Hospital of Dalian Medical University (No. MDKN-2021-057).

Cell counting kit-8 (CCK-8)

The viability of HK-2 cells was analyzed using CCK-8 (en-
hanced CCK-8 kit; Beyotime, Shanghai, China). The cells
were digested with 0.25% trypsin (T4549; Sigma), centri-
fuged, and resuspended in 200 pL of cell culture medium.
Cells (1x103) were seeded in a 96-well plate and incubated
overnight at 37°C with 5% CO,,. Cells in each group were in-
cubated with 10 pL of CCK-8 solution for 1.5 hours at 24, 48,
or 72 hours, and the absorbance at 450 nm was then de-
tected using a microplate reader (BioTek, Vinusky, VT, USA).
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Flow cytometry

The HK-2 adherent cells in the good growth state in each
group were digested with trypsin, and the supernatant was
discarded. A dichloro-dihydro-fluorescein diacetate fluores-
cent probe (ROS probe; Solarbio, Beijing, China) was added
and incubated at room temperature for 20 minutes. After
centrifugation, the supernatant was discarded, and phos-
phate buffered saline (Biological Industries, Shanghai, Chi-
na) containing 1% FBS was added for resuspension. For
the evaluation of cell apoptosis, Annexin V and 7-amino-
actinomycin (7-AAD) double-staining was performed using
the Annexin V Apoptosis Detection Kit fluorescein isothio-
cyante and 7-AAD Viability Staining Solution (eBioscience,
San Diego, CA, USA) according to the manufacturer’s in-
structions. The cells were measured using a flow cytometer
(BD bioscience, San Diego, CA, USA) and analyzed using
FlowJo software (Cabit Information Technology Co., Ltd.,
Shanghai, China). Apoptotic cells were considered as An-
nexin V-positive groups.

Western blot

Cell suspension was prepared and the cells were treated
according to the preset drug concentration and time. So-
dium dodecyl sulfate lysis buffer was added, and the cells
were placed on ice for 20 minutes. Then, the protein con-
centration was measured using the bicinchoninic acid as-
say method, the sample was loaded and transferred to the
membrane after electrophoresis, the milk blocking solution
was sealed for approximately 1 hour, the primary antibod-
ies were incubated, and the protein was then placed in a
4°C refrigerator (12-18 hours). The primary antibodies
used were anti-Bcl-2-associated X protein (Bax) (ab32503,
1/1,000), anti-cleaved-caspase-3 (ab32042, 1/500), anti-B-
cell ymphoma-2 (ab32124, 1/1,000), anti-AKT (ab233755,
1/1,000), anti-p-AKT (phospho T308; ab38449, 1/1,000),
anti-FOX03 (ab23683, 1 pg/mL), anti-p-FOXO03 (phospho
$253; ab47285, 1/1,000), and anti-glyceraldehyde 3-phos-
phate dehydrogenase (all from Abcam, Boston MA, USA).
The secondary antibody was added and incubated at room
temperature in a shaker for 1 hour. The i-Bright FL1000 gel
imaging system was then used for development and fixing.

Evaluation for kidney injury

The removed kidney tissues were homogenized and centri-
fuged to obtain the supernatant, which was used for de-
tecting 8-hydroxy-2'-deoxyguanosine (8-OHdG) (AB5830;
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Sigma) and 4-hydroxy-2-hexenal (4-HHE) (IDK-AA1010.1;
AmylJet, Wuhan, Hubei, China) by Enzyme-Linked Immuno-
sorbent Assay (ELISA) methods. Malondialdehyde (MAKO85;
Sigma), glutathione (MAK440; Sigma), catalase (CAT100;
Sigma), glutathione S-transferase (MAK453; Sigma), and
glutathione reductase (Sigma) levels were detected using
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the corresponding kits. Blood urea nitrogen, serum creati-
nine, and glucose levels in peripheral blood samples were
measured using a quantitative enzyme colorimetric method
(Dri-chem 4000i; Fuijifilm, Tokyo, Japan). Hemoglobin Alc
(HbA1¢) levels in the red cell lysates were determined using
high-performance liquid chromatography (Bio-Rad, Rich-

ROS fuorescence intensity (fold change)

Apoptosis rate (%)

30 4

20

** I
20 40 80

0
TAC (ug/mL)

0 20 40 80
TAC (pg/mb)

Figure 1. TAC suppressed (A) cell viability, increased (B) ROS fluorescence intensity, and accelerated (C) cell apoptosis of human kidney 2
cells in a dose-dependent manner. TAC, tacrolimus; ROS, reactive oxygen species; 7-AAD, 7-aminoactinomycin D. *p < 0.05, **p < 0.01 (vs.

0 pg/mL TAC).
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mond, CA, USA).

Histopathological analysis

The kidney tissue was fixed, followed by conventional paraf-
fin-embedded sectioning, dewaxing, and dehydration. His-
topathological evaluation was performed with hematoxylin
and eosin (H&E) staining. According to the percentage of
damaged tubules among the total tubules, the H&E injury
score of renal tubules was as follows: 0 points for no le-
sion, 1 point for 25%, 2 points for 26-50%, 3 points for
51-74%, and 4 points for 75%.

Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL)

The TUNEL in situ detection kit (Roche, Shanghai, China)
was used to detect apoptosis in renal tubular epithelial cells.
The nuclei were observed under an optical microscope ac-
cording to the manufacturer’s instructions. The normal nu-
clei were blue, while the brown stained cells were apoptotic
cells with positive TUNEL staining. Images were analyzed
and processed using ImageJ software (NIH, Bethesda, MA,
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USA), and five non-overlapping fields were randomly select-
ed for each image.

Statistical analysis

Data were analyzed using GraphPad 8.3 and expressed as
mean = standard deviation. Differences were analyzed us-
ing Student’s t-test and one-way analysis of variance fol-
lowed by Tukey's test. Differences were deemed statistically
significant at p < 0.05.

RESULTS

CTLA4-Ig alleviates TAC-induced oxidative
stress and apoptotic cell death in HK-2 cells
First, the effects of TAC on HK-2 cellular functions were
studied. Compared with the 0 ug/mL TAC group, TAC dos-
es > 40 pg/mL significantly suppressed cell viability (Fig. 1A),
increased ROS fluorescence intensity (Fig. 1B), and acceler-
ated apoptosis (Fig. 1C) of HK-2 cells in a dose-dependent
manner. A TAC concentration of 40 pg/mL was selected
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Figure 2. CTLA4-Ig prominently promoted (A) cell viability, decreased (B) ROS fluorescence intensity, and decelerated (C, D) cell apoptosis
of human kidney 2 cells. DMSO, dimethyl sulfoxide; TAC, tacrolimus; CTLA4-lg, cytotoxic T-lymphocyte-associated antigen 4-immuno-
globulin; ROS, reactive oxygen species; Bax, Bcl-2-associated X protein; Bcl-2, B-cell ymphoma-2; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase. **p < 0.01 (vs. DMSO), #p < 0.01 (vs. TAC).
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for subsequent experiments. After eliminating the interfer-
ence of dimethyl sulfoxide, our data revealed that CTLA4-Ig
prominently promoted cell viability (Fig. 2A), decreased ROS
fluorescence intensity (Fig. 2B), and decelerated apoptosis
(Fig. 2C, D) of HK-2 cells, demonstrating the antagonism
of CTLA4-Ig in inhibiting HK-2 cell growth induced by TAC.

CTLA4-1g decreases TAC-induced apoptosis by
activating the AKT/FOX03 pathway

Subsequently, the activation of AKT/FOXO3 pathway was
evaluated, and the results demonstrated that phosphory-
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lated AKT and FOXO3 elevated by TAC were significantly
suppressed by CTLA4-Ig (Fig. 3A), illustrating that CTLA4-Ig
may protect HK-2 cells from TAC-induced damage by in-
activating the AKT/FOXO3 pathway. The AKT/FOXO3 path-
way was activated by IGF-1 (an agonist for PI3K/AKT) for
reverse validation, and as we speculated, activation of the
AKT/FOXO3 pathway prominently restrained the effects of
CTLA4-Ig on cell viability (Fig. 3B), ROS intensity (Fig. 3C),
and apoptosis of HK-2 cells (Fig. 3D). We found that the
promoting effect of TAC and the antagonizing effect of CT-
LA4-Ig on apoptosis were also manifested in the regulation

[l DMSO Il DMSO
[ TAC I TAC
[ TAC + CTLA4lg [ TAC + CTLA4-Ig

4 - I TAC + CTLA4lg + IGF-1 150 — [ TAC + CTLA4-Ig + IGF-1

**

&&

- —
£3 : £
2 2 S
— £ s 207 25 34 =
-AKT | = o Y & pein =] = -
p e “:E . $3 5 100
oSV = c ™ ## =
i £ 2 1o £3 E
v T S = 504
p—FOXOSl“---I ¢ s <8 14 3
& & 0.5 = X
i g——— &% < e
GAPDH | e - | 0.0 =29 E 0
I DMSO TAC + CTLA4-Ig I DMSO
[ TAC DMSO TAC (40 pg/mL) TAC + CTLA4-Ig +1GF-1 I TAC
I TAC + CTLA4-Ig To° o o 1ot I TAC + CTLA4-Ig
3 - [ TAC + CTLA4-Ig + IGF-1 g™ gw , g™ 30 - I TAC + CTLA4-Ig + IGF-1
—_ *X i 2 ;‘ 102 i 102 e
v qé’ && é ERY é 10' =
o =
$ S 24 w] o 2 o 20 &&
g = 10° 10! 102108 10 10° 100 102 10° 10 100 10 102 108 0% 10° 100 102 103 10 ‘(-0‘
g s} ## FL2-H:: Annexin V PE FL2-H:: Annexin V PE FL2-H:: Annexin V PE FL2-H:: Annexin V PE ;
S 2
E > 2
Qg 1 S 10 4
= é =
0 D] 0
I DMSO I DMSO I DMSO
TAC - + + [ TAC I TAC [ TAC
CTLAL o .. I TAC + CTLA4-Ig I TAC + CTLA4-Ig I TAC + CTLA4-Ig
9 2.5 - I TAC + CTLA4-Ig + IGF-1 2.5 — I TAC + CTLA4-Ig + IGF-1 1.5 - I TAC + CTLA4-lg + IGF-1
IGF-1 - - -+ < sz - s
.Q C o o
2o 204 25 204 2g
Bax|——”—j %“g"ﬂ & e g 8& ¢ 2
x o X o x = 1.0
[T aa 2 o 1.5 G:JH_Q 1.5 1 ## Z;
Caspase-3 | i i T =2 T = T o
IJ 52 g9 gE
5% 107 5 g 10+ 529 ¢
Bl | e - e | g E g8 £z °
%6 05 B S 05 ' 5
(% [ 123
EGAPDH|~---| e “ e =
0.0 0.0 0.0

Figure 3. CTLA4-Ig exerts protection function on HK-2 cells by activating the AKT/FOXO3 pathway. Protein brands and quantitative
graphs of (A) AKT/FOXO3 signaling proteins under treatment with TAC and CTLA4-Ig. (B) Cell viability, (C) ROS fluorescence intensity, and
(D, E) cell apoptosis of HK-2 cells were assessed after IGF-1 treatment. TAC, tacrolimus; CTLA4-Ig, cytotoxic T-lymphocyte-associated an-
tigen 4-immunoglobulin; IGF-1, insulin-like growth factor 1; AKT, protein kinase B; FOXO3, forkhead transcription factor 3; GAPDH, glyc-
eraldehyde 3-phosphate dehydrogenase; DMSO, dimethyl sulfoxide; ROS, reactive oxygen species; Bax, Bcl-2-associated X protein; Bcl-2,
B-cell lymphoma-2; HK-2, human kidney 2. **p < 0.01 (vs. DMSO), *p < 0.01 (vs. TAC), &p < 0.05, #¥p < 0.01 (vs. TAC + CTLA4-Ig).
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of apoptosis-related proteins (Fig. 3E).

CTLA4-Ig decreases TAC-induced renal injury
in vivo through the AKT/FOX03 pathway

Next, we investigated whether CTLA4-Ig protects the kidney
from TAC-induced damage in vivo. First, H&E staining re-
vealed that with an increase in TAC concentration, the renal
tissue of rats was damaged, which manifested as vacuolar
or granular degeneration of renal tubular epithelial cells,
cell flattening, lumen dilation, brush edge shedding, even
bare basement membrane, and tubular formation (Fig. 4A).
Meanwhile, TAC concentrations over 0 mg/kg significant-
ly increased the H&E injury score and indicators of renal
function. TAC prominently increased the H&E injury score
(Fig. 4B), blood urea nitrogen (Fig. 4C), and creatinine (Fig. 4D)
in a dose-dependent manner. Collectively, TUNEL staining
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HE injury score
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showed that the number of apoptotic renal tubular epithelial
cells increased with increasing TAC concentration (Fig. 4E, F).
Furthermore, oxidative stress indicators, including malondi-
aldehyde, 8-OHdG, and 4-HHE levels, were all significantly
elevated by TAC over 0 mg/kg, while glutathione, catalase,
glutathione S-transferase, and glutathione reductase levels
were prominently decreased in a dose-dependent manner
(Fig. 5A-G). Studies have shown that TAC may cause di-
abetes and thereby affect kidney function. Our data also
suggest that HbA1c and blood glucose levels in rats were
induced by TAC (Fig. 5H, 1).

TAC at a concentration of 1.0 mg/kg was selected for sub-
sequent studies. As we speculated, compared with the TV
group, CTLA4-Ig treatment significantly reversed renal func-
tion indices induced by TAC, including blood urea nitrogen,
creatinine, malondialdehyde, glutathione, 8-OHdG, 4-HHE,
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Figure 4. TAC treatment induced kidney injury in rats. (A) Pathological changes and (B) injury score of renal tissue under treatment with
TAC in each group (H&E staining of the renal tissue, x400). TAC prominently increased (C) blood urea nitrogen and (D) creatinine levels. (E, F)
Apoptosis of renal tubule epithelial cells in each group (TUNEL staining of the renal tissue, x200). TAC, tacrolimus; H&E, hematoxylin and
eosin; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling. *p < 0.05, **p < 0.01 (vs. 0 mg/kg TAC).
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catalase, glutathione S-transferase, glutathione reductase, with the trend of the cell experiment results. Meanwhile,
HbA1c, and blood glucose levels (Figs. 6A-K). Furthermore, phosphorylation of the AKT/FOXO3 pathway was also el-
the number of stained renal tubular epithelial cells evaluated evated by TAC and could be refrained by CTLA4-Ig in vivo
by TUNEL assay was also downregulated by CTLA4-lg com- (Fig. 6M). The AKT/FOXO03 pathway was activated by IGF-1
pared with the TV group (Fig. 6L). This result was consistent for reverse validation, and as we speculated, activation of
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Figure 5. TAC treatment induced oxidative stress in rats. (A) Malondialdehyde, (C) 8-OHdG, and (D) 4-HHE levels were elevated while (B)
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the AKT/FOXO3 pathway prominently restrained the effects DISCUSSION

of CTLA4-lg in modulating kidney injury.
The results of this study clearly demonstrate that CTLA4-Ig
improves TAC-induced renal dysfunction and interstitial fi-
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Figure 6. AKT/FOXO3 pathway activated by CTLA4-Ig participates in renal injury impairment induced by TAC in vivo. (A-l) Indicators of
renal injury. (J) HbATc and (K) blood glucose levels were evaluated under different treatments. (L) Apoptosis of renal tubule epithelial cells
in each group assessed using TUNEL assay. (M) Protein bands of AKT/FOXO3 pathway. VH, vehicle; TAC, tacrolimus; TV, conversion from
TAC to olive oil; TC, Conversion from TAC to 1 mg/kg of CTLA4-Ig; CTLA4-Ig, cytotoxic T-lymphocyte-associated antigen 4-immunoglob-
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https://doi.org/10.3904/kjim.2022.293 www.kjim.org 401


www.kjim.org

KJIM™

brosis by reducing oxidative stress in vivo and in vitro, and
this effect is associated with the inhibition of AKT/FOXO3
pathway. This finding suggests that CTLA4-Ig has a direct
effect on protecting TAC-induced renal injury. Our study
showed that TAC causes prominent renal damage, which
is in accordance with previous studies [20-22]. CTLA4-Ig,
however, protected against renal injury and oxidative stress
from TAC stimulation, indicating that CTLA4-Ig can protect
the kidneys from TAC-induced damage in vivo.

Chronic TAC kidney injury is associated with multiple fac-
tors, but oxidative stress is regarded as a common mecha-
nism of TAC kidney injury, and apoptotic cell death is closely
related to TAC-induced oxidative stress [23,24]. Oxidative
stress in cells is often accompanied by abnormal accumula-
tion of ROS [25]. Abnormally increased ROS can have var-
ious toxic effects on tubule epithelial cells and even cause
autophagy and apoptosis [26,27]. In the current work, we
first verified the oxidative stress of TAC on normal kidney
cells and found that TAC markedly induced oxidative stress
and apoptotic cell death in HK-2 cells, which was in line with
the observations of previous studies [28-30]. Then, we test-
ed whether CTLA4-lg has a direct protective effect against
TAC-induced renal tubular injury and found that CTLA4-Ig
markedly suppressed oxidative stress and decreased apop-
totic cell death of TAC-treated HK-2 cells, indicating that
CTLA4-Ig directly protects against TAC-induced renal tubu-
lar damage by decreasing oxidative stress.

Next, we evaluated whether this decrease in oxidative
stress is related to the inactivation of AKT/FOXO3 pathway.
The PI3K/AKT signaling pathway regulates FOXO through
phosphorylation. AKT-mediated phosphorylation of FOXO
inhibits FOXO activity by promoting its interaction with 14-
3-3 proteins and nuclear exportation, and by inducing its
degradation by proteasomes [31]. FOXO3a can upregulate
manganese superoxide dismutase (MnSOD) expression
[32-34] and thereby function as a negative regulator of mi-
tochondrial ROS production [35] and is closely associated
with resistance to oxidative stress. We previously reported
that in an experimental model of TAC-induced nephropa-
thy, TAC inhibited PI3K/AKT-mediated phosphorylation of
FOX03a and decreased FOXO3a binding to the MnSOD
promoter. Thus, TAC causes mitochondrial dysfunction and
increases ROS production [36]. As a direct downstream sig-
naling molecule of the PI3K/AKT signaling pathway, FOXO3
phosphorylation is regulated by the PI3K/AKT signaling
pathway [37]. It has been suggested that the PI3K/AKT/
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FOXO3 signaling pathway can regulate various pathological
processes related to diabetic nephropathy, such as apopto-
sis of podocytes, glomerular stromal hyperplasia, and renal
tubular epithelial cell fibrosis [38,39]. CTLA4-Ig has been
reported to regulate the oxidative stress behavior of den-
dritic cells in non-obese diabetic mice by activating FOXO3
[40]. In this study, we found that the AKT/FOXO3 pathway
in HK-2 cells was activated after TAC treatment and this
activation was suppressed by CTLA4-Ig. These data indicate
that CTLA4-Ig may exert its protective function against renal
tubular cell damage caused by TAC by inhibiting the acti-
vation of the AKT/FOXO3 signaling pathway. To verify our
hypothesis, HK-2 cells were treated with IGF-1, an agonist
of this pathway, and as expected, IGF-1 activation of AKT/
FOX03 signaling significantly reversed the protective effect
of CTLA4-Ig in vitro.

According to cell experiments, CTLA4-Ig can play a role in
inhibiting TAC-induced injury of HK-2 cells, and this protec-
tive effect was further studied in vivo. Whether TAC caus-
es renal injury in experimental rats was evaluated by blood
urea nitrogen, creatinine, inflammatory infiltration of renal
tubular epithelial cells, and the degree of apoptosis. The
results revealed that the renal tissue of rats was damaged
and the apoptosis of renal tubular epithelial cells was pro-
moted with an increase in TAC concentration. TAC promi-
nently increased blood urea nitrogen and creatinine levels in
a dose-dependent manner. Collectively, TAC induced renal
injury in rats, as expected.

Whether TAC can induce oxidative stress and renal injury
in vivo was further investigated. Malondialdehyde is a high-
ly toxic marker of lipid peroxidation [41], 8-OHdG is a bio-
marker of oxidative DNA damage [42], and 4-HHE, which
accumulates in patients with chronic kidney disease [43],
is also associated with oxidative stress [44]. These three in-
dicators were prominently increased in the renal tissues of
rats treated with TAC, indicating that TAC induced oxidative
damage in vivo. Meanwhile, glutathione plays a pivotal role
in protecting cells against oxidative stress-induced cellular
damage [45], and glutathione reductase is responsible for
maintaining the supply of reduced glutathione [46]. Cata-
lase and glutathione S-transferase are enzymes involved in
oxidative stress detoxification [47,48]. These four indicators
were significantly decreased by TAC in a dose-dependent
manner, suggesting that oxidative stress was induced by
TAC. Collectively, TAC induced oxidative stress in rats with
renal injury.
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Hence, we speculated that inhibition of TAC-induced oxi-
dative stress may contribute to the remission of renal injury.
CTLA4-Ig treatment prominently reversed renal function in-
dices induced by TAC, including blood urea nitrogen, creat-
inine, malondialdehyde, glutathione, 8-OHdG, 4-HHE, cat-
alase, glutathione S-transferase, and glutathione reductase
levels. Furthermore, the number of apoptotic renal tubular
epithelial cells was downregulated by CTLA4-Ig. This obser-
vation was consistent with the results of cell experiments
that showed that CTLA4-Ig inhibited TAC-induced oxidative
stress to remit renal injury.

FOX03 can reduce damage to the filter barrier and apop-
tosis caused by the shedding of renal podocytes from the
basement membrane due to abnormal glucose metabolism,
and it can stimulate the transforming growth factor beta/
Smad pathway to inhibit the occurrence of renal fibrosis in
renal tissue [49]. Therefore, AKT/FOXO3 may play a key reg-
ulatory role in renal injury in vivo. Inactivation of the AKT/
FOXO3 pathway by CTLA4-Ig significantly alleviated kidney
injury induced by TAC in vitro. Rats in the TAC group showed
typical histological features of chronic kidney disease after 6
weeks, similar to those observed in human kidney tissue.
Likewise, inactivation of the AKT/FOXO3 pathway also
helped remit kidney injury in vivo. To verify the protective
effect of CTLA4-Ig on renal damage caused by TAC through
inhibiting the activation of the AKT/FOXO3 signaling path-
way, rats were treated with IGF-1, which is an agonist of the
AKT/FOXO3 signaling pathway [16]. Studies have shown
that IGF-1 activates AKT to balance the inhibitory and excit-
atory signals of FOX03 and prevent its pro-apoptotic effects
during oxidative stress [50-52]. In our study, IGF-1 activation
of AKT/FOXO3 signaling significantly reversed the protective
effect of CTLA4-Ig in vivo, which was specifically shown to
regulate renal injury indicators, including blood urea nitro-
gen and creatinine. IGF-1 also reversed the regulatory effect
of CTLA4-Ig in alleviating oxidative stress by activating the
AKT/FOXO3 pathway.

The results of our experimental study can be translat-
ed into clinical practice. Until now, CTLA4-lg has been
considered to replace calcineurin inhibitors, but its effect
on TAC-induced organ injury has not been fully studied.
Through this study, we found that CTLA4-Ig has a direct
protective effect on TAC-induced renal injury, and that con-
version to CTLA4-Ig effectively improved renal function and
histopathology compared to TAC alone. These findings sug-
gest that CTLA4 may provide beneficial effects in improving
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graft function in patients with preexisting TAC toxicity or
TAC withdrawal.

CTLA4-Ig has a protective effect against renal injury in-
duced by TAC, and its mechanism may be related to im-
proving renal fibrosis, regulating apoptosis, and inhibiting
oxidative stress through the AKT/FOXO3 pathway.

KEY MESSAGE

1. Cytotoxic T-lymphocyte-associated antigen 4-im-
munoglobulin (CTLA4-1g) alleviates tacrolimus
(TAC)-induced oxidative stress and apoptotic cell
death in human kidney 2 (HK-2) cells.

2. The protective effects of CTLA4-Ig on HK-2 cells
are associated with the activation of the protein
kinase B (AKT)/forkhead transcription factor (FOXO)
3 pathway.

3. CTLA4-Ig can protect the kidney from TAC-in-
duced injury in rats through the AKT/FOXO3 path-
way.
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VH ‘ subcutaneously injected olive oil (1.0 mg/kg/day) ‘

TAC ‘ subcutaneously injected TAC (1.0 mg/kg/day) ‘

v ‘ subcutaneously injected TAC (1.0 mg/kg/day) subcutaneously injected olive oil (1.0 mg/kg/day) ‘

TC ‘ subcutaneously injected TAC (1.0 mg/kg/day) ‘ tail vein injection of CTLA4-Ig (1.0 mg/kg/week) ‘

TCF ‘ subcutaneously injected TAC (1.0 mg/kg/day) ‘ tail vein injection of CTLA4-Ig (1.0 mg/kg/week) along with IGF-1 (2.0 mg/kg/day) ‘

0 week 3 weeks 6 weeks

Supplementary Figure 1. The timeline of all interventions of animal experiments. VH, vehicle; TAC, tacrolimus; TV, conversion from TAC
to olive oil; TC, Conversion from TAC to 1 mg/kg of CTLA4-Ig; CTLA4-Ig, cytotoxic T-lymphocyte-associated antigen 4-immunoglobulin;
TCF, conversion from TAC to 1 mg/kg of CTLA4-Ig along withinsulin-like growth factor 1.
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