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ARTICLE INFO ABSTRACT
Keywords: Lupus nephritis (LN) is a common clinical complication of systemic lupus erythematosus (SLE). Proliferative
Ponatinib lupus nephritis represents the gravest form of LN, and since effective drugs for its treatment are still lacking,

Systemic lupus erythematosus
Tyrosine kinase inhibitors
Nephrotoxicity

Adiponectin

tyrosine kinase inhibitors (TKIs) find extensive clinical utility due to their notable impact on suppressing cell
proliferation and may serve as potential drugs for LN treatment. However, previous studies on the effects of TKI
on LN have been controversial. Ponatinib, a third-generation TKI, lacks studies on its role in LN. This study aimed
to investigate the impact of the ponatinib on LN. MRL/lpr mice were evaluated for renal function, autoimmune
markers and histopathological changes after oral administration of ponatinib. RNA-seq analysis was performed to
explore the molecular pathways involved in ponatinib-induced kidney injury. Ponatinib uniquely exacerbated
renal damage in MRL/Ipr mice, evidenced by a decline in renal function and acute pathological changes, without
affecting lupus-related autoimmune markers. Differential expressed genes analysis and functional enrichment
implicate ponatinib-induced renal damage in MRL/Ipr mice associated with adiponectin. Furthermore, we
verified ponatinib signaling the PI3K/AKT pathway through PDGFRa, potentially influencing high molecular
weight adiponectin (HMW ADIPOQ) expression and exacerbating renal damage. In conclusion, this study
demonstrates that ponatinib can up-regulate HMW ADIPOQ expression via the PI3K/AKT pathway by inhibiting
PDGFRa phosphorylation, highlighting the potential nephrotoxic effects of ponatinib in lupus-prone mice, and
underscoring the importance of monitoring renal function in systemic autoimmune diseases patients receiving
ponatinib.

1. Introduction SLE, and the clinical manifestations are highly heterogeneous, ranging
from mild proteinuria to nephrotic-range proteinuria, affecting 30-60 %

Systemic lupus erythematosus (SLE) is a chronic autoimmune dis- of adults and up to 70 % of children with SLE [1,2].
ease, is marked by ongoing inflammation and damage to multi- LN typically presents with glomerular inflammation, tubular dam-
pleorgans. Lupus nephritis (LN) is a common clinical complication of age, and interstitial lymphocyte infiltration. The common
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histopathological manifestations of LN include membranous glomeru-
lonephritis, proliferative glomerulonephritis, and mixed-type glomeru-
lonephritis. And proliferative lupus nephritis is the most severe form of
lupus nephritis [3]. Typically occurring early in the course of SLE, three
years after and usually within five years of the onset of SLE, LN repre-
sents a significant complication associated with an unfavorable prog-
nosis in patients with lupus, being a major contributing factor to SLE
lethality. The management of LN often relies on immunosuppressive
drugs, although these treatments are not uniformly effective. The
various comorbidities associated with immunosuppressive treatment,
such as infections, osteoporosis and cardiovascular and reproductive
effects, remain a concern [4].

Tyrosine kinase inhibitors (TKIs), widely recognized for their sub-
stantial inhibition of cell proliferation, have emerged as an extensively
utilized class of drugs, owing to their prolonged and diverse applications
[5]. They are increasingly pivotal in treating a spectrum of tumors and
autoimmune diseases [6]. It has been shown that SLE patients have
abnormally enhanced primary monocyte chemotaxis, and after admin-
istration of TKI the abnormal migration was restored to normal levels
[7]. Animal studies also have illuminated the potential of imatinib (a
first-generation TKI) in ameliorating renal damage in lupus-prone mice,
significantly retarding the progression of proteinuria, and averting renal
functional impairment [8-10]. But multiple investigations suggest an
association between diverse TKIs and renal injury [11-14]. This asso-
ciation encompasses glomerular diseases and renal dysfunction, poten-
tially involving a myriad of underlying mechanisms.

Ponatinib, a third-generation TKI, has a broader spectrum of tyrosine
kinase inhibitory effects compared to imatinib, including stronger in-
hibition of platelet-derived growth factor receptor (PDGFR). Therefore,
it may show better efficacy in treating certain tumors associated with
PDGEFR [15,16]. It is employed to combat resistance caused by the BCR-
ABL kinase T315I mutation [17] and is widely acknowledged as one of
the most efficacious TKIs for leukemia treatment. Ponatinib is known to
target not only BCR-ABL but also members of the rearranged during
transfection (RET), FMS-like receptor tyrosine kinase-3 (FLT3), kinase
insert domain receptor (KIT), SRC proto-oncogene, non-receptor tyro-
sine kinase (SRC), fibroblast growth factor receptor (FGFR), vascular
endothelial growth factor receptor (VEGFR), and PDGFR families. Few
cases have reported renal injury in some patients using ponatinib, and
the underlying mechanism remains unclear [12,18]. Although the
summary of product characteristics has not identified any signals of
nephrotoxicity associated with ponatinib, the exact reasons for these
observations are still to be determined. From our knowledge, as of now,
there is a lack of research demonstrating the role of ponatinib in the
effect of lupus nephritis. Here, this study aimed to investigate the impact
of ponatinib on lupus nephritis and reveal the mechanisms underlying
kidney injury, with the aspiration of providing a new insight for the
clinical application of ponatinib.

2. Method
2.1. Mice

Female MRL/lpr and C57BL/6 mice aged 6-8 weeks were purchased
from SPF (Beijing) Biotechnology Co., Ltd. Age-matched female MRL/
MpJ mice were obtained from Cyagen Biosciences Inc. All mice were
housed under specific pathogen-free conditions, maintained on a 12/12-
hour light/dark cycle, and had ad libitum access to water and standard
rodent chow at the Center for Experimental Animal Research of Peking
Union Medical College.

2.2. Experimental design
Ponatinib (BCP02037, CAS: 943319-70-8, Biochempartner Co., Ltd.)

was dissolved in ddH5O to prepare stock solution of 10 mg/mL. Pred-
nisone Acetate (H33021207, Shandong Xinhua Pharmaceutical Co.,
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Ltd.) was dissolved in ddH»O to make solution (1 mg/mL) and stored at
—20°C. GW9662(HY-16578, CAS: 22978-25-2, MCE.) was prepared as a
solution at a concentration of 1 mg/mL using a mixture of 10% DMSO
and 90% Corn Oil. These solutions were aliquoted and stored at —20 °C.

For in vivo the drug efficacy, 30 mice of the three genotypes were
divided into six groups as follows: MRL/Ipr-H,0; MRL/lpr-PONA; C57-
H,0; C57-PONA; MRL/MpJ-H,0; MRL/MpJ-PONA. Mice in MRL/lpr-
PONA, C57-PONA and MRL/MpJ-PONA were treated with daily oral
intragastric administration of ponatinib at a dose of 0.01 mg/g/d [19]
for 8 weeks. The remaining mice received ddH»O alone.

For experiments investigating dose dependence with ponatinib, five
groups were established, total comprising 25 female MRL/lpr mice:
Blank (ddH50, n = 5), Prednisone (PD, 0.005 mg/g/d, n = 5), High-dose
Ponatinib (HP, 0.03 mg/g/d, n = 5), Medium-dose of Ponatinib (MP,
0.01 mg/g/d, n = 5), low-dose of Ponatinib (LP, 0.003 mg/g/d, n = 5).
Treatment duration was 8 weeks.

In the experiments to verify the role of Adiponectin (Adipoq), we
established three groups, each consisting of five MRL/Ipr mice: Blank
(ddH30, n = 5), Ponatinib (0.02 mg/g/d, n = 5), and Ponatinib +
GW9662 (Ponatinib: 0.02 mg/g/d, GW9662: 1 pg/g, n = 5). The treat-
ment duration was two weeks. All animals were healthy at the start of
the experiment. The mice were anesthetized with tribromoethanol (30
uL/g, MA0478, Meilun Bio) for the experiments.

2.3. Engzyme-linked immunosorbent assay (ELISA)

The Mouse anti-double stranded DNA (dsDNA) antibody ELISA kit
(CSB-E12911m) and the Mouse anti-nuclear antibody (ANA) ELISA Kit
(CSB-E12912m) were obtained from CUSABIO Technology LLC. The
Mouse Complement Component 3 (C3) ELISA Kit (SEA861Mu) was ac-
quired from Cloud-Clone Corp. In accordance with the manufacturer’s
guidelines, serum from mice was diluted at the following ratios: 1:5 for
dsDNA antibody, 1:200 for ANA, and 1:5000 for C3. In brief, the diluted
serum samples were added to the provided microtiter plate wells in each
kit. Then, biotin-conjugated antigen and horseradish peroxidase (HRP)
were introduced into each well and incubated. 3, 3/,5,5-Tetrame-
thylbenzidine (TMB) substrate solution was subsequently added to all
wells. The enzyme-substrate reaction was stopped upon color change
occurrence. The resulting color change was measured spectrophoto-
metrically at 450 nm.

2.4. Evaluation of renal injury

To assess kidney damage of mice, we collected urine and serum
samples for laboratory testing. Additionally, we computed the kidney
index, which was calculated as the ratio of kidney weight to body
weight. The total protein content in urine was quantified using the
Bradford Protein Assay Kit (PC0010, Beijing Solarbio Science & Tech-
nology Co., Ltd). The blood urea nitrogen (BUN) concentration in serum
was measured using the Blood Urea Nitrogen Assay Kit (C013-1-1,
Nanjing Jiancheng Bioengineering Institute). Additionally, the concen-
trations of creatinine in both serum and urine were determined using a
Creatinine (Cr) Assay kit (C011-2-1, Nanjing Jiancheng Bioengineering
Institute). The urine protein/creatinine ratio (UPCR) was used to esti-
mate the extent of urinary protein excretion.

2.5. Renal histology

Mice were anesthetized using isoflurane, followed by perfusion with
saline through the heart. Kidney tissues were isolated and fixed in 4 %
paraformaldehyde. Conventional paraffin fixation methods were
employed to fix kidney sections (2 pm thick), which underwent staining
with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), Periodic-
acid silver methenamine ( PASM ) and Masson stains for subsequent
histological examination. Renal histologic evaluation of lupus nephritis
activity index was conducted according to the National Institutes of
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Health indices [20] The histopathological scores were assigned by two
pathologists in a blinded fashion

2.6. Multiplex immunohistochemistry

Paraffin-fixed kidney sections (3 pm thick) were used for immuno-
fluorescence staining. The slides were deparaffinized using xylene, fol-
lowed by rehydration in histological-grade ethanol. Subsequently,
fixation was carried out using 3 % hydrogen peroxide in methanol.
Antigen retrieval was performed using pH 9.0 EDTA buffer. The primary
antibodies used were HRP-Goat anti mouse IgM mu chain (1:100,
BF03006, Biodragon), HRP Goat Anti-Mouse IgG (H + L) (1:100, AS003,
ABclonal), C3/C3b/C3c Polyclonal antibody (1:1000, 21337-1-AP,
Proteintech.). Tyramide signal amplification (TSA) visualization was
done using the Opal 6-Plex Detection Kit (formerly Opal 7-Color Auto-
mation IHC Kit) (no. NEL821001KT, Akoya Biosciences). Opal 520
(1:100), Opal 570 (1:100), Opal 620 (1:100), and Opal 690 (1:100) were
used to pair primary antibodies. Performing multiplex staining accord-
ing to the machine’s preset program. The slides were counterstained
with Spectral DAPI (Akoya Biosciences) and mounted using a durable
aqueous-based mounting medium.

2.7. Multispectral image acquisition and analysis

The Vectra 3 Automated Quantitative Pathology Imaging System
from Akoya Biosciences was utilized for section processing. Glomerulus
were acquired at 40 x original magnification. Signals for IgM, IgG, C3
and DAPI were visualised using inForm Tissue Finder software 2.4.9
(Akoya Biosciences). Immune deposits in kidney were quantified by
densitometry analysis. For each section, 5 high-power fields were
randomly selected and all glomeruli within the high-power field were
counted. Three mice were counted in each group. ImageJ software (NIH,
USA) was used to measure signal intensities.

2.8. Transmission electron microscopy

Kidney sections were examined by electron microscopy to assess
ultrastructural changes. Renal samples (60 nm) were made into ultra-
thin sections after fixation with 2.5 % glutaraldehyde and post-
fixation with 1 % osmium acid. Transmission electron microscopy
(TEM, TEM-1400plus) was use for observation and capturing images.

2.9. Kidney tissue RNA-seq and data analysis

RNA-seq was performed by Beijing Berry And Kang Biotechnology
Co., Ltd. The experiment followed our laboratory’s routine procedures
[21]. RNA purity and concentration were examined, followed by
measuring RNA integrity and quantity. Qualified samples were used for
constructing libraries. RNA libraries were generated using the Hieff
NGS® Ultima Dual-mode mRNA Library Prep Kit for Illumina
(12301ES96 Yeasen) following the manufacturer’s recommendations.
After library preparation and pooling of different samples, the samples
underwent Illumina sequencing.

Quality control for sequencing data employed FastQC (version
0.11.2). Subsequently, adapters were eliminated, and sequences with
low-quality scores were filtered out. For transcriptome sequencing data,
TopHat (version 2.0.11) was employed to align reads to the mouse
genome. (UCSC mm39, https://genome.ucsc.edu/cgi-bin/hgTracks?db
= mm39&position = lastDbPos) Reads assigned to different genes were
quantified using featureCounts (version 2.0.1).

2.10. Calculation of differential expressed genes (DEGs) and pathway
enrichment analysis

DEGs were computed from gene expression read counts matrices
using DESeq2 (version 1.28.1) and DEGseq (version 1.42.0) in R
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(version 4.0.0). Genes with adjusted P-value < 0.05.

Genes with a fold change greater than 2 or less than 0.5 were
recognized as differentially expressed genes (DEGs). Pathway clustering
and gene ontology (GO) enrichment analyses of DEGs were carried out
using the MetaCore Database (Clarivate Analytics, USA, https://portal.
genego.com/). Bioinformatics (https://www.bioinformatics.com.cn/p
lot_basic_GO_term_bp_cc_mf bar plot 04 6) were used to visualize the
clustered GO result. The visualization of clustered pathways was con-
ducted using Cytoscape (version 3.8.0) in conjunction with Enrich-
mentMap (version 3.1.0). A protein—protein interaction (PPI) network
was established using the STRING (http: //string.embl.de/) database.
After obtaining the protein-protein interaction (PPI) relationships, a
network diagram was created utilizing Cytoscape (version 3.8.0)
software.

2.11. Western blot

Western blot analysis was employed to assess the expression levels of
phosphorylated Platelet-Derived Growth Factor Receptor o / Platelet-
Derived Growth Factor Receptor a (p-PDGFRa/PDGFRa), phosphory-
lated Protein Kinase B / Protein Kinase B (p-AKT/AKT), and Adiponectin
(ADIPOQ) protein expression in the kidney. The experiment followed
standard protocols. Briefly, 45 pg of kidney protein samples were
separated on a FuturePAGE™ 4-12 % 15 Wells (ET15412Gel, ACE
Biotechnology) using MOPS-SDS Running Buffer (BR0O001-02, ACE
Biotechnology). Proteins were then transferred onto a PVDF membrane.
Protein loading quantification was performed using Revert 700 Total
Protein Stain (926-11015, LI-COR). After 30 min of blocking with Rapid
Blocking Buffer (RM02956, ABclonal), primary antibodies [PDGFR-a
(phospho Tyr754) Polyclonal Antibody (1:500, AP0993 AbBox,); PDGFR
alpha Rabbit pAb (1:500, A2103 ABclonal); Phospho-AKT1-S473 Rabbit
mADbD (1:500, AP0637 ABclonal); Pan-Akt Rabbit mAb (1:2000, A18675
ABclonal); Adiponectin Rabbit mAb (1:500, A23473 ABclonal)] were
added and incubated overnight at 4°C. Subsequently, a secondary
antibody [HRP-labeled Goat Anti-Rabbit IgG (H + L) (1:5000, AS014
ABclonal)] was incubated at 4°C for 1.5 h. Protein signals were detected
using the ECL kit (WBKLS0500, Millipore).

Expression levels of high molecular weight (HMW) ADIPOQ in the
kidney were detected by western blot with 4-12 % NativePAGE Gels
(36249ES10, Yeasen) with Precast Running Buffer for Native PAGE
(36258ES05, Yeasen) as electrophoresis solution. The remaining steps
were the same as described above. ImageJ software (NIH, USA) was used
for quantification and normalization of the target protein.

2.12. g-PCR analysis

RNA was extracted from TRIzol (15596026CN, Thermo Fisher Sci-
entific) to quantify the expression of Adipoq in three mouse genotypes.
Reverse transcription utilized HiScript Reverse Transcriptase (R111,
Vazyme), and real-time qPCR was performed using 2 x Taq Master Mix
(P111-01, Vazyme). Mouse f-actin served as a reference gene. The
primer sequences used were as follows:

Adipoq Forward: 5-TGT TCC TCT TAA TCC TGC CCA-3';

Adipoq Reverse: 5-CCA ACC TGC ACA AGT TCC CTT-3}

p-actin Forward: 5'-CAT TGC TGA CAG GAT GCA GAA GG-3}

p-actin Reverse: 5-TGC TGG AAG GTG GAC AGT GAG G-3'.

2.13. Statistical analysis

All experimental data were expressed as mean + SEM. All experi-
ments were repeated at least twice. To assess the difference between
experimental and control groups, a Student’s T-test was employed.
When there were more than two experimental conditions, statistical
significance was determined using one-way ANOVA (Nonparametric or
Mixed) with Dunnett’s multiple comparisons test. For survival curve
analysis, the Log-RANK (Mantel-Cox) test was utilized. All statistical
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analysis and graphing for each experiment were conducted using
GraphPad Prism software.

3. Result
3.1. Ponatinib uniquely exacerbates renal injury in MRL/Ipr mice

To investigate the potential impact of ponatinib on LN, we admin-
istered ponatinib to MRL/Ipr mice, a spontaneous mice model of LN.
Based on previous research [19], we selected an experimental dose of
0.01 mg/g of ponatinib, and a treatment duration of 8 weeks (Fig. 1A).
MRL/Ipr mice treated with ponatinib exhibited elevated levels of serum
UPCR (Fig. 1B, p = 0.0461), BUN (Fig. 1C, p = 0.0375), and Scr (Fig. 1D,
p = 0.0380), compared to those treated with water. Ponatinib signifi-
cantly increased the kidney index of MRL/lpr mice compared to the
ddH0 group (Fig. 1E, p = 0.034). These finding suggest that ponatinib
exacerbates kidney damage in MRL/Ipr mice. To explore whether
ponatinib-induced renal damage is unique to lupus-prone mice, we
separately administered ponatinib to C57 mice and MRL/MpJ mice (the
parent and control strain for MRL/Ipr mice). The results revealed that,
compared to those not receiving ponatinib, both C57 and MRL/MpJ
mice showed no significant differences in Scr (Fig. 1D, C57-H20 vs C57-
PONA, p = 0.145; MRL/ MpJ -H,0 vs MRL/ MpJ —PONA, p = 0.3355),
and UPCR (Fig. 1B, C57-H20 vs C57-PONA, p = 0.5049; MRL/ MpJ
-H30 vs MRL/ MpJ —PONA, p = 0.0511). Serum BUN levels decreased
in the C57 and MRL/ MpJ groups after administration of ponatinib
(Fig. 1C). For C57 and MPJ mice, administration of ponatinib also had
no effect on their kidney indexes (Fig. 1E, C57-H20 vs C57-PONA, p =
0.149; MRL/MpJ-H20 vs MRL/MpJ-PONA, p = 0.1178).

To further verify the nephrotoxic effects of ponatinib, we conducted
histopathological examinations of the mice kidneys. Histopathological
examination of kidney tissues indicates a predominance of acute lesions
in MRL/Ipr mice treated with ponatinib (Fig. 2A). The lupus nephritis
activity score (Fig. 2H) during the acute phase revealed significant dif-
ferences between the two groups in terms of cellular/fibrocellular
crescents (Fig. 2B), endocapillary hypercellularity (Fig. 2C), fibrinoid
necrosis (Fig. 2D) and neutrophil/karyorhexis (Fig. 2E). However, no
apparent distinctions were observed between the groups in terms of
hyaline thrombi (Fig. 2F) and interstitial inflammation (Fig. 2G). In
contrast, when comparing mice that received ponatinib to those that did
not, both C57 and MRL/MpJ mice showed no apparent signs of renal
damage, with no observable histopathological alterations. Electron mi-
croscopy revealed electron-dense deposits in the glomerulus, primarily
in the mesangial area, beneath endothelial cells, and beneath epithelial
cells. Features of podocyte injury, such as foot process fusion, were also
evident [4]. Electron microscopy revealed widespread foot process
fusion and extensive damage to the endothelial cells of the glomerular
capillaries in the ponatinib treated group (Fig. 2I).

3.2. Ponatinib does not induce an increase in autoimmune activity

To elucidate the underlying cause of kidney damage in MRL/lpr mice
treated with ponatinib, we assessed serum autoimmune parameters
related to LN. Specifically, we measured serum levels of dsDNA and
ANA, which are indicative of autoimmune activity in mouse strains.
Surprisingly, we found no statistically significant differences in serum
ANA (Fig. 3A, p = 0.4537) and dsDNA levels (Fig. 3B, p = 0.4693) be-
tween ponatinib-treated mice and those treated with ddH50. The level
of serum C3 (Fig. 3C, p = 0.0440) exhibited significant difference be-
tween the two groups. For the C57 group of mice, administration of
ponatinib increased their serum ANA levels, while it had no effect on
MRL/MpJ mice (Fig. 3A, C57-H20 vs C57-PONA, p = 0.0349; MRL/
MpJ-H,0 vs MRL/MpJ-PONA, p = 0.264).

To investigate whether there was an elevation in local autoimmune
activity within the kidneys, we conducted multiplex Immunohisto-
chemistry (mIHC) for IgG, IgM, and C3 on the kidneys of MRL/Ipr mice
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Fig. 1. Kidney Dysfunction in Ponatinib-Treated MRL/Ipr Lupus Mice, with No
Impact on MRL/MpJ and C57 Mice. (A) Overview of the experimental design.
(B) Urine protein-to-creatinine ratio, (C) Blood urea nitrogen, (D) serum
creatinine results and (E) Kidney index after 8 weeks of ponatinib administra-
tion in the three mouse groups. The data are presented as the mean + SEM. *p
< 0.05; * *p < 0.01; * **p < 0.001 versus the corresponding control groups.

treated with ponatinib (Fig. 3D). Interestingly, the results revealed
consistent patterns in kidney deposition of IgG, IgM, and C3 between
MRL/Ipr mice receiving ponatinib and those receiving ddH»0, without
statistically significant differences (Fig. 3E-G). This outcome suggests
that the kidney damage induced by ponatinib in MRL/Ipr mice is not
associated with an augmentation in local autoimmune activity. Thus,
ponatinib might contribute to renal injury through alternative
mechanisms.
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Fig. 2. Renal Histopathological Results in MRL/Ipr Lupus Mice, MRL/MpJ Mice, and C57 Mice Treated with Ponatinib. (A) Histological staining results (HE, Masson,
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The data are presented as the mean + SEM. *p < 0.05; * *p < 0.01; * **p < 0.001 versus the corresponding control groups.

3.3. Ponatinib-induced kidney damage is related to dose

Furthermore, to investigate the effects of ponatinib at varying doses,
we used prednisone (0.005 mg/g) as a positive control, to evaluate the

potential bidirectional effects of ponatinib at these doses, and to delin-
eate the dose-dependent effects of ponatinib within the context of our

experimental model (Fig. 4). However, the experimental results indi-
cated that even low doses of ponatinib can cause damage to MRL/Ipr
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mice. With an increase in the dose of ponatinib, kidney damage in MRL/
Ipr mice gradually escalated, and mice in the high-dose group began to
die at the 4th week of administration. The results showed that mice in
the high-dose ponatinib group began to die on the 30th day of admin-
istration. By the 36th day, all five mice in the high-dose ponatinib group
had died. However, no mice in the medium or low-dose groups died

during the 8-week experiment (Fig. 4A). These findings strongly suggest
that ponatinib-induced renal damage is specific to the spontaneous
lupus model in MRL/lpr mice. At the end of the 8-week trial, serum
kidney biochemical indicators in surviving mice from each group were
examined (Fig. 4B-E). Under low-dose ponatinib intervention, the kid-
ney index (p = 0.0487) and urine protein/creatinine ratio (p < 0.001) of
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MRL/Ipr mice were significantly increased compared to the control
group, but there was only an upward trend in blood urea nitrogen and
serum creatinine without statistical significance. The results of the
medium-dose ponatinib group were consistent with previous experi-
ments. After 8 weeks of intervention with 0.01 mg/g ponatinib, there
was a significant increase in serum creatinine (p = 0.0392) and blood
urea nitrogen (p = 0.0251) content in mice, with a statistically signifi-
cant difference compared to the ddH,O group (p < 0.001). Urinalysis
results showed that, compared to the ddH,0 group, the urine protein-to-
creatinine ratio was significantly increased (p < 0.001), and the kidneys
were noticeably enlarged (p = 0.0158), indicating that 0.01 mg/g
ponatinib caused significant kidney damage. Results related to auto-
immune indicators were also consistent with previous experiments
(Fig. 4F-H): ponatinib did not significantly affect autoimmune-related
indicators in MRL/lpr mice, and there were no significant changes in
serum ANA, anti-dsDNA antibody, and complement C3 levels in both the
low-dose and medium-dose groups.

3.4. DEGs analysis and functional enrichment implicate ponatinib-
induced renal damage in MRL/Ipr mice associated with adiponectin

To investigate the underlying mechanism of renal injury by ponati-
nib in MRL/lpr mice, we conducted RNA sequencing of renal tissues
from MRL/Ipr-H,O and MRL/lpr-PONA mice. Comparative analysis
revealed that the MRL/Ipr group exhibited altered expression in 44
genes, including 23 up-regulated and 21 down-regulated genes
(Fig. 5A). To predict the biological-functional relationships of DEGs, we
performed pathway enrichment analysis (Fig. 5B-C) and GO (Fig. 5D)
analyses of DEGs. Pathway enrichment analysis using the Metacore
database highlighted pathways associated with lipid metabolism, with
top results including “Development Differentiation of white adipo-
cytes,” “Development_Fetal brown fat cell differentiation,” and “Devel-
opment Insulin, IGF-1, and TNF-alpha in brown adipocyte
differentiation”(Fig. 5C). Visualization of the result of pathway enrich-
ment analysis using the Enrichment Map plugin in Cytoscape indicated a
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predominant association of pathways with adipocyte development
(Fig. 5B). The GO analysis results indicate that these differentially
expressed genes are involved in biological processes such as “norepi-
nephrine-epinephrine-mediated vasodilation involved in regulation of
systemic arterial blood pressure”, “diet induced thermogenesis” “brown
fat cell differentiation” “adaptive thermogenesis” (Fig. 5D).

Seven genes with over 20-fold expression changes in DEGs were
identified (Fig. 4E), namely Ucp1, Retnla, Sprr2g, Adipoq, Cmal, Lep, and
Klrc1. Among these, Adipoq stood out due to its known role as a crucial
cytokine produced by adipocytes, closely linked to inflammation (see
Table 1). Previous studies have demonstrated a significant elevation in
plasma and urine levels of adiponectin in patients with renal involve-
ment in SLE [22,23].Therefore, we hypothesized that ponatinib may
exacerbate renal injury by influencing adiponectin expression.

25 ¢c

3.5. Adiponectin causes kidney damage in MRL/Ipr mice

To confirm the in vivo damaging effects of adiponectin, three groups
of animals were treated with HyO, Ponatinib, and Ponatinib plus
GW6992. GW6992 is a commonly used Peroxisome Proliferator-
Activated Receptor y (PPARy) antagonist that can inhibit the produc-
tion of Adipoq [24]. The experimental results indicated that GW6992
significantly reduced the ponatinib-induced increases in BUN (p <
0.001, Fig. 6A), Scr (p < 0.05, Fig. 6B), UPCR (p < 0.001, Fig. 6C), and
kidney index (p < 0.001, Fig. 6D) in MRL/Ipr mice. The UPCR, BUN, Scr,
and kidney index in the Ponatinib + GW6992 group were not signifi-
cantly different from those in the blank group (Fig. 6A-D). This suggests
that inhibiting the production of adiponectin can prevent the exacer-
bation of kidney damage in MRL/Ipr mice caused by ponatinib.

3.6. Ponatinib modulates adiponectin through the PDGFR/PI3K/AKT
pathway

Building upon the bioinformatics analyses described above, our
focus shifted to ADIPOQ. Initially, we examined the mRNA expression of
Adipoq in renal tissues of MRL/lpr, C57, and MRL/MpJ mice (Fig. 7A).
Notably, only MRL/Ipr mice exhibited a significant increase in Adipoq
mRNA expression following ponatinib administration, contrasting with
MRL/1pr-H20. Conversely, Adipog mRNA expression in the renal tissues
of C57 and MRL/MpJ mice remain unaffected by ponatinib. Considering
the diverse molecular isoforms of isoforms [25], it’s noteworthy that
high molecular weight (HMW) ADIPOQ has pro-inflammatory effects
[26]. To further investigate this aspect, we proceed to quantify HMW
ADIPOQ in the kidneys of MRL/lpr-H,0 and MRL/lpr-PONA mice using
non-denaturing gel electrophoresis (Fig. 7B). The results demonstrated a
significant increase in HMW ADIPOQ content in MRL/lpr mice treated
ponatinib compared to those treated ddH,;0 (p < 0.05).

To explore the pathways through which ponatinib influences ADI-
POQ, we performed a Protein-Protein Interaction (PPI) analysis of
ADIPOQ and PDGFR using STRING (results as in Fig. 7E). The analysis
revealed a close interaction between ADIPOQ and PDGFR. Research has
shown that PDGFR is a marker for adipocyte progenitor cells (AP) [27],
and it has been found that PDGFRa/PDGFRf play an important role in
the differentiation of AP into adipocytes. The inhibition of either
PDGFRa or PDGFRp can induce the formation of adipocytes [28].
Additionally, studies have indicated that the transformation of AP into
adipocytes is related to a decrease in the phosphorylation level of
PDGFRa. Inhibition of PDGFRa phosphorylation leads to reduced
phosphorylation levels of its downstream PI3K/Akt pathway [29],
which promotes the generation of adipocytes.

To investigate whether ponatinib affects the PDGFR/PI3K/AKT
pathway, we examined the phosphorylation levels of PDGFRa (Tyr754)
and AKT (Ser 473) in the renal tissues of MRL/lpr-H,O and MRL/Ipr-
PONA mice (Fig. 7C and D). The results indicated a reduction in the
levels of p-PDGFRa (Tyr754) and p-AKT (Ser 473) after ponatinib
administration. Thus, by inhibiting the phosphorylation of PDGFRa and
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Table 1
7 genes with greater than 20-fold expression in DEGs.

Gene FoldChange pvalue function Clinical
name biomarker

Mitochondrial
Uncoupling Proteins
(UCPs) are part of the
mitochondrial anion
carrier protein
(MACP) family. They
aid in transferring
anions from the inner
to the outer
mitochondrial

Ucpl 108.8219161 2.14E-08

membrane and
facilitating the
reverse transfer of
protons.

Proteins involved in
the maintenance of
calcium ion

Retnla 68.61017428 0.000191801

homeostasis within

cells. They bind

retinol and other

retinoids,

participating in the
transport and storage

of retinoids.

Involved in sperm
formation and may

affect fertility.

A protein secreted by  Yes
adipose cells that is [46,47]
associated with

various physiological
processes including
metabolism of

glucose and lipids, as

well as anti-

inflammatory and
anti-atherosclerotic

Sprr2g 27.88763708 2.80E-05

Adipoq 25.72156294 1.06E-08

effects.

It is found in mast
cells and is believed
to play a role in
breaking down the
extracellular matrix,
regulating
submucosal gland
secretion, and
producing vasoactive
peptides.

This gene encodes a
protein released into
the bloodstream by
white adipocytes,
exerting a crucial
role in governing
energy homeostasis.
This gene encodes a
protein that forms a
complex with
another family
member, KLRD1/
CD94, and is
involved in the
recognition of MHC
class I HLA-E
molecules by NK
cells.

Cmal 23.40499145 3.34E-05

Lep 20.72211367 5.76E-05

Klrcl 0.030943868  4.35E-06
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Fig. 6. After Blocking the Generation of Adiponectin, the Renal Injury Effect of Ponatinib on MRL/Ipr Mice is Alleviated. (A) Blood urea nitrogen (B) Serum
creatinine results (C) Urine protein-to-creatinine ratio (D) Kidney index after 2 weeks of ponatinib administration in the three mouse groups. The data are presented

as the mean + SEM. *p < 0.05; * *p < 0.01; * **p < 0.001.

AKT, ponatinib promoted the ADIPOQ expression, consequently
contributing to renal injury.

4. Discussion

In this research, we have discovered the detrimental effects of
ponatinib, a third-generation tyrosine kinase inhibitor, on lupus
nephritis. Notably, the administration of ponatinib to MRL/Ipr mice
significantly exacerbated renal damage without causing changes in
lupus-related autoimmune indicators. Specifically, administration of
ponatinib to MRL/Ipr mice resulted in a marked decline in renal func-
tion, accompanied by prominent acute pathological changes. However,
markers such as dsDNA antibodies and ANA did not exhibit significant
alterations. DsDNA antibodies are specific to SLE and have significant
diagnostic value for this condition. The presence of these antibodies is
closely associated with the disease activity of lupus [30]. ANA have
higher sensitivity but lower specificity. Therefore, in clinical diagnosis,
the results of dsDNA antibodies are primarily relied upon for the diag-
nosis of lupus [31]. Additionally, we observed an increase in serum C3
levels; however, there was no significant change in the deposition of C3
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immune complexes in the kidney. Typically, C3 levels can also increase
during the acute phase of inflammation [32]. Therefore, considering
these immune-related indicators collectively, we conclude that the
kidney damage in mice following ponatinib intervention is not caused
by immune factors. Further investigation revealed that the acute renal
injury induced by ponatinib was specific to MRL/Ipr mice compared to
MRL/MpJ mice. Through RNA-seq analysis, we identified lipid
metabolism-related pathways associated with renal injury. We also
found that inhibiting ADIPOQ synthesis can alleviate the kidney damage
caused by ponatinib in MRL/Ipr mice. Additionally, we confirmed that
ponatinib could impact the PI3K/AKT pathway through PDGFR, leading
to changes in adiponectin and subsequently influencing the action of
inflammatory factors.

Tyrosine kinase inhibitors (TKIs) are designed to selectively target
overexpressed receptor tyrosine kinases (RTKs). Imatinib, as a first-
generation TKI, has showing promising results in delaying proteinuria
onset and preventing kidney damage in SLE mice model [8]. However,
multiple studies indicate that various TKIs, including imatinib and
ponatinib, are associated with a range of kidney injuries such as pro-
teinuria, hypertension, and acute kidney injury [12,18,33-36].
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Adiponectin is a cytokine secreted by adipocytes, and under physi-
ological conditions, it exerts anti-inflammatory, insulin-sensitizing, and
anti-atherosclerotic effects. Adiponectin plays a role in glucose and lipid
metabolism as well as energy balance. Adiponectin has two receptors,
AdipoR1 and AdipoR2, with AdipoR1 widely expressed in intrinsic renal
cells such as endothelial cells, podocytes, mesangial cells, and proximal
tubular cells. The role of adiponectin in the kidneys is currently a subject
of controversy. Previous studies have shown that elevated levels of
adiponectin in the human population have been associated with a higher
risk of end-stage renal disease and chronic kidney disease [37,38].
Higher adiponectin levels are also correlated with an increased risk of
mortality [39]. Utilizing primary human Peripheral Blood Mononuclear
Cells (PBMCs) and a microvascular endothelial cell line, researchers
have discovered that HMW adiponectin promotes the production of
Interleukin-8 (IL-8) and Monocyte Chemoattractant Protein-1 (MCP-1)
in a dose-dependent manner, whereas low-molecular-weight (LMW)
adiponectin does not exhibit such an effect. These two chemokines play
pivotal roles in tissue inflammatory responses, suggesting that HMW
adiponectin may hold significant importance in modulating inflamma-
tory processes [26]. In rat models of chronic kidney failure, serum adi-
ponectin levels increase [40]. In SLE patients with kidney involvement,
significant elevations in blood, urine, and kidney adiponectin levels
have been observed, and adiponectin levels are positively correlated
with the severity of lupus nephritis [41,42]. Furthermore, in patients
with rheumatoid arthritis [43,44] and inflammatory bowel disease [45],
increased adipoq correlated with the severity of disease.

Our study suggests that ponatinib, a third-generation TKI, induces an
upregulation of adiponectin and leads to acute kidney injury in lupus-
prone mice by inhibiting the PDGFR-PI3K/AKT pathway. This
ponatinib-induced acute kidney injury is unrelated to lupus autoimmune
activity and has not been observed in other types of mice. The specificity
of this effect on lupus-prone mice suggests a unique susceptibility of
mouse kidneys to ponatinib in the context of lupus. It is essential to
exercise caution when considering the use of ponatinib in patients with
SLE, as our findings indicate a potential risk of kidney injury associated
with its administration. Furthermore, given that systemic autoimmune
diseases and chronic inflammatory diseases are characterized by
increased secretion of adiponectin, it is imperative to exercise caution
regarding the potential risks associated with using ponatinib.

Further validation of this conclusion is needed in additional animal
models. Further studies are warranted to reveal the specific mechanism
adiponectin leads to kidney damage and the cell type damaged by
ponatinib. Further research and clinical investigations are also needed to
better understand the mechanisms involved and to establish safety pa-
rameters for ponatinib use in lupus patients.

In summary, the study provides detailed insights into the specific
effects of ponatinib on renal function, autoimmune markers, and mo-
lecular pathways in lupus-prone mice. The findings highlight the
complexity of the drug’s impact on different aspects of renal physiology
and the potential involvement of lipid metabolism and inflammatory
pathways.

These results highlight the necessity of vigilantly tracking renal
function in individuals undergoing treatment with ponatinib.
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