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Abstract
Background  Acute kidney injury (AKI) is a major global public health concern with limited treatment options. While 
preclinical studies have suggested the potential of mesenchymal stem cells (MSCs) to repair and protect injured 
kidneys in AKI, clinical trials using transarterial MSCs transplantation have yielded disappointing results. This study 
aimed to investigate the feasibility and safety of minimally invasive renal subcapsular transplantation of MSCs for 
treating AKI in a minipig model, ultimately aiming to facilitate the clinical translation of this approach.

Methods  A novel AKI minipig model was established by combining cisplatin with hydration to evaluate the 
effectiveness of potential therapies. Renal subcapsular catheterization was successfully achieved under ultrasound 
guidance. Subsequently, the efficacy of renal subcapsular MSCs transplantation was assessed, and the biological role 
of the tryptophan metabolite kynurenine (Kyn) in AKI was elucidated through both in vivo and in vitro experiments.

Results  The method of pre-hydration at 4% of body weight, followed by post-cisplatin (3.8 mg/kg) hydration at 2% 
of body weight, successfully established a cisplatin-induced AKI minipig model with a survival time exceeding 28 
days, closely mimicking the clinical characteristics of typical AKI patients. Additionally, we discovered that multiple 
MSCs transplantations promoted renal function recovery more effectively than single transplantation via the renal 
subcapsular catheter. Furthermore, elevated levels of Kyn were observed in kidney during AKI, which activated the 
aryl hydrocarbon receptor (AhR)-mediated NF-κB/NLRP3/IL-1β signaling pathway in tubular epithelial cells, thereby 
exacerbating inflammatory injury.

Conclusions  Ultrasound-guided renal subcapsular transplantation of mesenchymal stem cells is a safe and effective 
therapeutic approach for AKI, with the potential to bring about significant clinical advancements in the future.
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Introduction
Acute kidney injury (AKI) is a syndrome character-
ized by a rapid decline in kidney function within hours 
or days. It affects people of all ages, both in the commu-
nity and in hospitals, and is a significant cause of death 
[1]. Approximately 20% of hospitalized patients develop 
AKI, with half requiring renal replacement therapy [2, 
3], and the in-hospital mortality rate exceeds 50% for 
severe cases [4, 5]. The incidence of AKI has been rising 
in recent years due to factors such as an aging popula-
tion, increased comorbidity rates, the use of nephrotoxic 
drugs, and more invasive surgeries. It is estimated that 
AKI causes 2 million deaths worldwide each year, posing 
a serious threat to human health and a significant chal-
lenge to global healthcare systems [6, 7]. As outlined in 
the KDIGO AKI clinical practice management guide-
lines and expert consensus [8–10], current approaches 

to managing AKI predominantly emphasize supportive 
care, highlighting the imperative need for investigation 
of new treatment strategies to effectively address clinical 
demands.

Mesenchymal stem cells (MSCs), a type of adult stem 
cell characterized by their self-renewal and differentia-
tion potential, exhibit multiple differentiation lineages, 
high proliferation ability, immunomodulatory proper-
ties, and self-replication ability, making them promising 
candidates for novel AKI therapies [11]. Preclinical stud-
ies have demonstrated the efficacy of MSCs in alleviating 
AKI models induced by ischemia-reperfusion, nephro-
toxic drugs, sepsis, and cecal ligation and puncture [12, 
13]. However, clinical trials have yielded disappoint-
ing results, potentially due to low renal implantation 
and retention rates, as well as the risk of aggravating 
renal blood flow problems associated with intravascular 
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transplantation [14–16]. Our previous research has 
shown promising therapeutic effects using renal subcap-
sular transplantation of MSCs [17, 18]. The renal capsule 
offers advantages, including abundant blood vessels and 
an immune-privileged environment, which protects the 
graft from the innate immune system [19] and avoids 
thrombosis risks associated with high cell doses. How-
ever, current surgical techniques for subcapsular trans-
plantation are invasive and require bioadhesives to fix the 
transplanted cells and prevent them from overflowing the 
capsule [17, 18], hindering its clinical translation.

The kynurenine pathway (KP), recognized as the pri-
mary metabolic route for tryptophan (Trp) degradation 
[20] and a significant contributor to energy metabolism 
and inflammation [21], produces its metabolite, kyn-
urenine (Kyn), which activates the aryl hydrocarbon 
receptor (AhR), thereby inducing oxidative stress, inflam-
matory responses, and immune reactions, while poten-
tially facilitating disease progression [22–24]. Although 
animal models and patients with AKI exhibit significantly 
elevated Kyn levels [25–27], its precise biological role in 
AKI remains unclear.

In this study, the ultrasound-guided and minimally 
invasive renal subcapsular transplantation of MSCs for 
the treatment of AKI in minipigs was investigated, with 
the objective of addressing the challenges encountered 
in the clinical application of MSCs. Additionally, the 
study investigated the biological effects of the tryptophan 
metabolite Kyn in AKI, providing further insights into 
the pathogenesis of AKI.

Methods
AKI model and experimental design
This study involved 29 male Bama minipigs (15–20  kg) 
obtained from Beijing Shichuang Century Minipig 
Breeding Base. The animals were housed at the Animal 
Experimental Center of the Chinese People’s Liberation 
Army General Hospital with ad libitum access to water 
and standard feed provided twice daily.

Cisplatin injection (Nuoxin, Haosen) was prepared at 
a concentration of 0.1  mg/ml, and AKI was induced by 
intravenous injection of 3.8  mg/kg cisplatin [28] com-
bined with various hydration regimens. Four minipigs 
were randomly subjected to the following interventions: 
(1) Cisplatin administration without subsequent hydra-
tion; (2) Cisplatin administration followed by a 2% body 
weight hydration fluid infusion; (3) Cisplatin adminis-
tration followed by a 4% body weight hydration fluid 
infusion; (4) A 4% body weight hydration fluid infusion 
administered one day prior to cisplatin, followed by a 
2% body weight hydration fluid infusion after cisplatin 
administration. Subsequently, six minipigs were ran-
domly divided into control and cisplatin groups to verify 
the stability of the model established by Method 4.

P6-P8 generations of MSCs were used to treat AKI 
minipigs [17]. Sixteen minipigs were randomly divided 
into the following four groups: sham group, exposed to 
hydration and without cisplatin and MSCs transplanta-
tion; cisplatin group, exposed to hydration and cisplatin 
and without MSCs transplantation; single transplantation 
group, exposed to hydration and cisplatin and injected 
MSCs (2 × 106 cells/kg) through the catheter at 6 hours 
after cisplatin injection; multiple transplantation group, 
exposed to hydration and cisplatin and injected MSCs 
(2 × 106 cells/kg, 1 × 106 cells/kg and 1 × 106 cells/kg) 
through the catheter at 6 hours, 2 days and 4 days after 
cisplatin injection respectively, and were euthanized on 
the 7th day (Fig.  4A). All minipigs underwent catheter-
ization beneath the left renal capsule, and 5 ml of saline 
solution or saline solution containing MSCs was injected 
through the catheter.

Blood and kidney tissue samples
Blood samples were collected from veins of lower limbs, 
and serum creatinine (SCr) and blood urea nitrogen 
(BUN) were detected by Roche cobas 8000 automatic 
biochemical immune analysis system of Biochemistry 
Department of PLA General Hospital. Kidney tissue sam-
ples were collected from miniature pigs by ultrasound-
guided percutaneous renal puncture after anesthesia with 
Xylazine hydrochloride (Huamu) and Zoletil 50 (Virbac) 
or execution by intravenous injection of 10% potassium 
chloride after anesthesia, fixed with 4% paraformalde-
hyde, and embedded in paraffin after dehydration.

Histologic analysis
Issue staining procedures, including PAS, Masson, and 
Sirius scarlet staining, were performed as previously 
described [17]. For immunohistochemistry, sections were 
incubated with 3% hydrogen peroxide, followed by citrate 
antigen retrieval and blocking with goat serum (G1208, 
Servicebio). Primary antibodies (KIM-1, Bioss; Vimentin, 
Proteintech; AhR, GeneTex) were incubated overnight 
at 4 °C. Species-specific secondary antibodies were then 
applied, followed by hematoxylin staining for nuclei visu-
alization. Terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) staining was performed on 
minipig kidney tissue sections using a kit from Beyotime 
according to the manufacturer’s instructions. Images 
were captured at 200x magnification using an Olympus 
FV10-ASW microscope for PAS, Masson, Sirius scarlet, 
and immunohistochemistry staining. TUNEL staining 
was imaged using a Laser Scanning Confocal Microscope 
Olympus FV3000.

Renal tubular injury was evaluated using PAS stain-
ing. The percentage of tubules exhibiting cell necrosis, 
brush border loss, abnormal formation, dilation, and 
inflammatory cell infiltration was assessed according 
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to a previously described scoring system [28]. Scores 
were assigned as follows: no injury, 0; ≤10%, 1; 11–20%, 
2; 21–30%, 3; 31–40%, 4; >41%, 5. At least 4–6 random 
fields of view were evaluated per sample, and the average 
score was used as the final score for each animal. Masson 
staining was quantified using ImageJ software (National 
Institutes of Health, Bethesda, MD).

Renal subcapsular catheterization
Following anesthesia, the minipigs underwent routine 
skin disinfection. Using ultrasound guidance (M9, Min-
dray), the inferior pole of the left kidney was identified, 
and a suitable puncture site was selected. A small inci-
sion (3 mm) was made at the puncture site with a scal-
pel blade. Saline solution was then injected through a 
disposable needle (0.7 × 80 mm, KDL) under ultrasound 
guidance to create a space between the kidney tissue and 
the capsule. Subsequently, a central venous catheter set 
(ES-04301, ARROW) was inserted through the puncture 
site, and the safety of catheter placement was confirmed 
in three minipigs. Detailed procedural steps can be found 
in the Supplement Methods and Materials.

Cell experiments
Kidneys were harvested from C57BL/6 mice aged 4 to 6 
weeks (Sbeifu Biotechnology Co., Ltd.) with pentobar-
bital anesthesia (euthanized via decapitation) to isolate 
primary renal tubular epithelial cells (RTECs) as previ-
ously described [29]. The isolated cells were cultured 
in RPMI-1640 medium (Gibco) supplemented with 1x 
ITS-G (Thermo Fisher), 20 ng/ml EGF (Thermo Fisher), 
10% FBS (Gibco), and 1% penicillin-streptomycin (Gibco) 
at 37 ˚C and 5% CO2 in a cell culture incubator.

Shanghai Hengyuan Biotechnology Co., Ltd. designed 
and produced siRNA targeting the mouse AhR gene, with 
the siRNA sequence including a sense strand: 5’-​C​C​U​C​
C​A​C​U​A​U​C​C​A​A​G​A​U​U​A​T​T-3’ and an antisense strand: 
5’-​U​A​A​U​U​G​G​A​U​A​G​U​G​G​A​G​G​T​T-3’. Once the cells 
reached 30–50% confluence, transfection with the siRNA 
was performed using Lipofectamine 2000 (Thermo 
Fisher) for 6 h.

The primary RETCs were treated with IL-1β (C402, 
Novoprotein), IFN-γ (C746, Novoprotein), or both for 
24  h and then processed for ELISA (EM1862, Finetest) 
and western blotting analysis, respectively. The normal 
or siRNA-transfected primary RETCs were treated with 
Kyn (HY-104026, MCE) for 24 h to assess the biological 
effects of Kyn. All cell experiments were repeated three 
times for reproducibility.

Immunoblotting analysis
Kidney tissue and cells were homogenized in RIPA 
(89900, Thermo Fisher) with PMSF (P0100, Solarbio), and 
the cells and tissue lysate were centrifuged at 12,000 rpm 

and 4  °C for 30 min to remove tissue or cell fragments. 
Immunoblotting was performed to detect the target pro-
tein using the designated antibodies. The intensity of the 
immunoblot bands was quantified using ImageJ software. 
Primary and secondary antibodies used are listed in sup-
plementary Table S1.

Statistical methods
All results were presented as mean ± standard devia-
tion. Statistical analyses were performed using Graph-
Pad Prism 8 software. Statistical comparisons were made 
using an unpaired t-test between two groups and a one-
way analysis of variance (ANOVA) followed by Tukey’s 
multiple comparison test between multiple groups. 
Repeated measures data were analyzed using a two-way 
ANOVA test. A p-value of less than 0.05 was considered 
statistically significant.

Results
AKI minipig model induced by cisplatin combined with 
hydration
Leveraging our prior experience establishing an AKI 
minipig model with cisplatin (3.8  mg/kg) [28], we 
employed hydration to mitigate the nephrotoxicity of 
high-dose cisplatin [30], aiming to extend the survival 
time of experimental animals. Figure  1A and B depict 
the outcomes of four hydration methods used to estab-
lish the model. Method 1 (no hydration) resulted in a 
10-day survival time. Method 2 (2% body weight hydra-
tion after cisplatin infusion) increased survival time to 
17 days. Method 3 (4% body weight hydration after cis-
platin) only caused slight increases in serum creatinine 
(SCr) and blood urea nitrogen (BUN), falling short of the 
diagnostic criteria for AKI. However, Method 4 (4% body 
weight pre-hydration followed by 2% body weight hydra-
tion after cisplatin) led to significant increases in serum 
SCr and BUN, with a survival time exceeding 28 days, 
closely mimicking the clinical characteristics of typical 
AKI patients [31]. The stability of the model established 
using Method 4 required further validation.

Stability of cisplatin combined with hydration to construct 
AKI minipig model
To validate the stability of the cisplatin-hydration model, 
we repeated the experiment using Method 4 to dynami-
cally assess pathological changes in renal tissues, SCr, 
and BUN throughout the course of AKI onset and recov-
ery (Fig.  2A and B) and the consistent results strongly 
support the stability of the model. Furthermore, we eval-
uated renal tubular injury and apoptosis indicators on 
day 3 (Fig. 2E), while the assessments on day 28 focused 
on renal tissue fibrosis and cell proliferation indicators 
(Fig. 2F).
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Fig. 1  AKI minipig model induced by cisplatin combined with hydration (A) Serum Scr and BUN of models induced by cisplatin with multiple hydration 
patterns (n = 1). (B) Periodic acid-Schiff (PAS) staining of models induced by cisplatin with multiple hydration patterns (n = 1)
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Fig. 2 (See legend on next page.)
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To investigate changes in the renal kynurenine path-
way during cisplatin-induced AKI, we examined pro-
tein expression levels of key enzymes on day 3 and day 
28: indoleamine 2,3-dioxygenase 1 (IDO1), kynuren-
ine 3-monooxygenase (KMO), kynureninase (KYNU), 
hydroxyanthranilic acid 3,4-dioxygenase (HAAO), and 
quinolinate phosphoribosyltransferase (QPRT) (Fig. 2G). 
Compared to the sham group, the cisplatin group dis-
played increased expression of upstream enzymes (IDO1, 
KMO, KYNU, HAAO) in the kynurenine pathway [32–
34], suggesting enhanced metabolite production; con-
versely, the expression of downstream enzyme (QPRT) 
was decreased [35], indicating a potential accumulation 
of intermediate metabolites within the pathway.

Ultrasound-guided renal subcapsular catheterization and 
safety evaluation
Under ultrasound guidance, renal capsule was sepa-
rated from renal parenchyma using fluid isolation [36] 
(Fig.  3A). A guidewire was then inserted through the 
guide needle (Fig. 3B and C), followed by catheter place-
ment along the guidewire (Fig.  3D). Contrast-enhanced 
ultrasound was used to visualize the distribution of liquid 
within the renal capsule after catheter injection. When 
the injection volume increased, the contrast agent began 
to flow out of the renal capsule along the catheter chan-
nel (Fig.  3F) after initially dispersing uniformly along 
the catheter and remaining contained within the cap-
sule (Fig. 3E and F). This discovery implies that modest 
amounts of liquid are kept by the renal capsule, indicat-
ing a restricted capacity for liquid retention.

Fluid accumulation within the renal capsule can 
potentially compress the renal parenchyma, leading to 
increased renal resistance index (RRI) and hyperten-
sion [37, 38]. To assess the safety of subcapsular cathe-
terization, we monitored vital signs and RRI at five time 
points: before catheterization, after catheterization, and 
following cumulative fluid injections of 100  ml, 150  ml, 
and 200  ml (Fig.  3G). Our findings demonstrated no 
statistically significant changes in heart rate (HR), sys-
tolic blood pressure (SBP), diastolic blood pressure 
(DBP), oxygen saturation (SpO2), or RRI across the five 
time points (Fig.  3I). Notably, diastolic blood pressure 
exhibited a downward trend, which could be attributed 
to the decrease in myocardial contractility and systemic 
vascular resistance associated with prolonged sevo-
flurane anesthesia [39]. These results collectively sug-
gest that short-term isolated fluid accumulation during 

subcapsular catheterization does not significantly com-
press the kidneys.

Multiple renal subcapsular transplantation of MSCs 
promoting renal recovery
Both the cisplatin and single-transplantation groups had 
substantially higher blood SCr and BUN levels than the 
sham group (Fig. 4A). In contrast, the multiple-transplan-
tation group exhibited a progressive decrease in SCr and 
BUN levels starting at day 3, reaching levels close to the 
sham group by day 7. These findings suggest improved 
renal function following multiple MSCs transplantations. 
Furthermore, the number of TUNEL-positive cells, a 
marker of cell death, was significantly lower in the multi-
ple-transplantation group compared to the cisplatin and 
single-transplantation groups (Fig. 4B). Additionally, pro-
tein expression levels of KIM-1 (a marker of renal injury), 
Bax, Caspase-1, and Caspase-3 (apoptotic markers) were 
significantly downregulated in the multiple-transplanta-
tion group compared to the other two groups (Fig. 4C). 
These results collectively indicate that multiple renal sub-
capsular transplantation of MSCs could promote renal 
functional recovery and alleviate cisplatin- induced renal 
injury more effectively than single transplantation or 
treatment with cisplatin alone.

MSCs alleviating renal tryptophan metabolism disorder 
and kyn-mediated AhR/NF-κB/NLRP3 pathway
Renal tissue metabonomic analysis revealed significant 
increases in Kyn, Kynurenic acid (KYNA), xanthurenic 
acid (XA), and Quinolinic acid (QA), intermediate 
metabolites of the tryptophan kynurenine pathway, in the 
cisplatin group compared to the sham group [27]. KYNA 
and QA were downregulated, and Kyn and XA exhibited 
a downward tendency in the multiple MSCs transplan-
tation group (Fig.  5A). Kyn, regulated by IDO1 [40], is 
known to activate the AhR signaling pathway, crucial for 
immune regulation [41], and mediate the NF-κB inflam-
matory pathway, leading to NLRP3 transcription and 
inflammasome activation [42]. Immunohistochemistry 
for AhR in renal tissues revealed increased expression 
in RETCs following AKI (Fig. 5B). We hypothesized that 
the increased IFN-γ during AKI enhances the activity 
of IDO1 in RETCs, thereby activating the AhR/NF-κB/
NLRP3 inflammatory pathway and driving the upregu-
lation of downstream inflammatory cytokines. Western 
blotting confirmed increased protein expression of IFN-γ, 
IDO1, AhR, NF-κB, NLRP3, and IL-1β in the AKI group. 

(See figure on previous page.)
Fig. 2  Stability of cisplatin combined with hydration to construct AKI minipig model (A) PAS and Masson staining of sham and cisplatin group (n = 3). (B) 
Serum Scr and BUN of sham and cisplatin group (n = 3). (C) Semi-quantitative analysis of PAS staining at 3d (n = 3). (D) Semi-quantitative analysis of Mas-
son staining at 28d (n = 3). (E) KIM-1 on immunohistochemistry (IHC), TUNEL and KIM-1, Bax, Caspase1, and Caspase3 on immunoblotting at 3d (n = 3). (F) 
Vimentin on IHC, Sirius red staining and Collagen I, α-SMA, Vimentin, and PCNA on immunoblotting at 28d (n = 3). (G) IDO1, KMO, KYNU, HAAO, and QRPT 
on immunoblotting at 3d and 28d (n = 3). ****, p < 0.001. Full-length blots are presented in Supplementary Immunoblotting Figs. 1–18
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Fig. 3 (See legend on next page.)
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Notably, these protein expression levels were significantly 
reduced in the multiple transplantation group (Fig. 5C).

Tryptophan metabolite kyn mediating AhR/NF-κB/NLRP3/
IL1β in renal tubular epithelial cells
To substantiate our hypothesis and in vivo findings, pri-
mary mouse RTECs were stimulated with IFN-γ, leading 
to increased protein expression of IDO1, AhR, NF-κB, 
NLRP3, and IL-1β, along with elevated Kyn production 
(Fig.  6A, B and C). Following treatment with Kyn, the 
50 ng/ml group showed a significant increase in pro-
tein levels of AhR, NF-kB, NLRP3, and IL-1β (Fig.  6D). 
Interestingly, AhR transfected with siRNA abrogated the 
Kyn-induced upregulation of NF-κB, NLRP3, and IL-1β 
protein expression levels (Fig.  6E). Since the cytokine 
IL-1β exhibits synergistic effects with IFN-γ [43, 44], we 
further stimulated primary RETCs with IL-1β, IFN-γ, or 
both combined. Compared to stimulation with either 
IL-1β or IFN-γ alone, combined stimulation with both 
cytokines significantly enhanced IDO1, AhR, NF-κB, 
NLRP3, and IL-1β protein expression (Fig. 6F).

Discussion
To assess the clinical potential of renal subcapsular MSCs 
transplantation for AKI, we established a minipig AKI 
model using cisplatin co-administered with hydration. 
We then evaluated the feasibility and therapeutic efficacy 
of ultrasound-guided MSC transplantation in this model. 
Additionally, our findings revealed a significant elevation 
of the tryptophan metabolite Kyn within RETCs during 
AKI, that was associated with activation of the AhR-
mediated inflammatory pathway, ultimately contributing 
to kidney injury. Importantly, multiple renal subcapsular 
transplantation of MSCs transplantation demonstrated 
a superior effect on the recovery of renal function com-
pared to the single transplantation for AKI.

It is now understood that high-dose cisplatin-induced 
AKI models in minipigs often suffer from severe kidney 
injury and short animal survival times. These limita-
tions hinder accurate evaluation of intervention efficacy 
and in-depth studies on potential adverse renal remod-
eling after AKI. Similar issues plague rodent models of 
cisplatin-induced AKI [45–47]. In an attempt to address 
these limitations, researchers have developed chronic 
fibrosis models using multiple low-dose cisplatin admin-
istrations [47–49]. However, these models exhibit sig-
nificant pathophysiological differences compared to the 

high-dose model [50]. Additionally, attempts to estab-
lish a rodent AKI model with recovery using multiple 
medium-dose cisplatin regimens require further optimi-
zation to extend animal survival times [51, 52]. To over-
come these shortcomings, we propose a minipig AKI 
model utilizing high-dose cisplatin combined with hydra-
tion, which is recognized for its ability to mitigate the 
severity of kidney injury associated with high-dose cis-
platin [30]. This approach offers extended animal survival 
times exceeding 28 days and facilitates the observation of 
the entire spectrum of AKI development, recovery, and 
potential transition to chronic kidney disease (CKD), 
thereby addressing the limitations of previous cisplatin-
induced AKI models.

The rich blood supply beneath the renal capsule [53, 
54] makes it a suitable location for transplanting vari-
ous cell types, including endocrine glands and organoids 
[55–58]. However, traditional subcapsular transplanta-
tion necessitates laparotomy, a more invasive surgical 
procedure [54, 59]. Additionally, transplanted cells can 
leak from the subcapsular space, requiring biogels to pre-
vent cell migration [17]. To address these limitations, we 
propose a minimally invasive approach for subcapsular 
transplantation using liquid isolation, a technique used 
in ultrasound-guided radiofrequency ablation therapy 
that protects surrounding nerves and blood vessels by 
injecting saline or a glucose solution to create a bar-
rier before thermal ablation [36]. This study is the first 
to utilize ultrasound-guided renal capsule catheteriza-
tion to achieve multiple subcapsular MSCs, an approach 
that successfully overcomes the potential decline in effi-
cacy associated with reduced MSCs activity over time 
[60–62]. The results related to renal injury and apoptosis 
suggest that multiple MSCs transplantations yield a more 
favorable therapeutic effect, mitigate renal damage, and 
enhance the recovery of renal function, aligning with 
previous research study [62].

Furthermore, we employed a cumulative cell dose 
exceeding that used in previous clinical trials, while 
avoiding the potential embolic risks linked to high cell 
doses [15, 63]. The catheter outlet placement within the 
upper third of the kidney ensured MSCs suspension 
retention within the capsule, eliminating the need for bio-
gels. Moreover, our findings suggest that the short-term 
presence of isolated fluid during catheterization does 
not pose a risk of renal compression. The experimental 
results demonstrate the safety of multiple subcapsular 

(See figure on previous page.)
Fig. 3  Ultrasound-guided renal subcapsular catheterization and safety evaluation (A) Blunt separation of renal capsule and parenchyma under ultra-
sound guidance. (B) Guidewire in long-axis view of the kidney. (C) Guidewire in short-axis view of the kidney. (D) Catheter in long-axis view of the kidney. 
(E) Contrast-enhanced ultrasound imaging after injection of 5 ml contrast agent via renal subcapsular catheter. (F) Contrast-enhanced ultrasound imag-
ing after injection of 50 ml contrast agent via renal subcapsular catheter. (G) Long-axis view of the kidney after injection of 200 ml of isolated fluid. (H) 
Short-axis view of the kidney after injection of 200 ml of isolated fluid. (I) Results of HR, SBP, DBP, SpO, and RRI (n = 3). There is a statistically significant 
difference at p < 0.05



Page 10 of 15Xiao et al. Stem Cell Research & Therapy          (2025) 16:102 

Fig. 4 (See legend on next page.)
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MSCs transplantations under the guidance of ultrasound, 
warranting further investigation and development for 
clinical application.

In AKI, RTECs undergo metabolic reprogramming 
similar to immune cells, and their metabolic processes 
and metabolites can influence both kidney injury and 
repair through the innate immune system [64, 65]. 

Current evidence suggests that tryptophan metabolism 
plays a pivotal role in this inflammatory response. IFN-γ 
or TNF-α can induce IDO1, an enzyme that promotes 
the breakdown of Trp into Kyn, which in turn activates 
the downstream AhR-mediated inflammatory pathway 
[40, 66–68], involved in the pathophysiology of numer-
ous illnesses [69–72]. The NF-κB/NLRP3 pathway is the 

(See figure on previous page.)
Fig. 4  Multiple renal subcapsular transplantation of MSCs promoting renal recovery (A) Experimental procedures of MSCs therapy for AKI minipigs. (B) 
Serum Scr and BUN of minipigs; statistical analysis results were compared between the cisplatin group, single-transplantation group and multiple-trans-
plantation group and sham, respectively (n = 4). (C) Semi-quantitative analysis of PAS staining at 3d (n = 4). (D) PAS staining at 3d and 7d and Masson stain-
ing at 7d (200x). (E) and (F) TUNEL and KIM-1, Bax, Caspase1, and Caspase3 on immunoblotting at 7d. *, p < 0.05; **, p < 0.01; *** p < 0.001; ****p < 0.0001. 
Full-length blots are presented in Supplementary Immunoblotting Figs. 19–22

Fig. 5  MSCs alleviate renal tryptophan metabolism disorder and Kyn-mediated AhR/NF-κB/NLRP3 pathway (A) Ratio of kynurenine pathway metabolites 
Kyn, KYNA, XA, and QA to Trp (n = 4). (B) AhR on IHC at 7d (200x). (C) IFN -γ, IDO1, AhR, NF-κB, NLRP3, and IL-1β on immunoblotting at 7d. ns, not significant; 
*, p < 0.05; **, p < 0.01. Full-length blots are presented in Supplementary Immunoblotting Figs. 23–28
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central innate immune pathway in the kidney [73], initi-
ating the release of a cascade of inflammatory mediators 
upon activation; notably, AhR can regulate this pathway 
[74].

Our in vivo experiments demonstrated elevated levels 
of IFN-γ in renal tissue during AKI, coinciding with dis-
ruptions in the kynurenine pathway metabolites, a signif-
icant increase in Kyn, and enhanced protein expression of 
the AhR/NF-κB/NLRP3/IL-1β inflammatory pathway. In 
vitro studies further corroborated these findings. IFN-γ 
treatment (40 ng/ml) significantly upregulated IDO1 
expression in cells, leading to increased Kyn production 
and subsequent upregulation of AhR, NF-κB, NLRP3, 
and IL-1β protein levels. These findings suggest that 
Kyn can exacerbate inflammatory injury in renal tubular 
cells via the AhR-mediated NF-κB/NLRP3/IL-1β path-
way. Furthermore, we observed that IL-1β could work 
synergistically with IFN-γ to induce IDO1 expression 
in RETCs. This co-stimulation also upregulated protein 
levels of AhR, NF-κB, NLRP3, and IL-1β, forming a posi-
tive feedback loop designated as IL-1β + IFN-γ - IDO1 - 
AhR, which collectively amplifies inflammatory injury in 
RETCs. In conclusion, our study revealed a strong corre-
lation between tryptophan metabolism in RETCs and the 
innate immune system during AKI.

Our study has several limitations that should be 
acknowledged. First, due to the large animal model, we 
lacked suitable in vivo techniques to monitor MSCs 
activity beneath the renal capsule. Second, although 
the transplantation frequency and dosage were based 
on clinical trials, future studies should optimize these 
parameters. Third, while we observed that MSCs allevi-
ate immune metabolic remodeling caused by tryptophan 
metabolism disorder in kidney, the specific mechanism 
by which MSCs regulate IFN-γ levels remains unclear. 
Future studies will investigate whether MSCs modulate 
IFN-γ levels through interactions with innate immune 
cells, thereby influencing tryptophan metabolite Kyn and 
the inflammatory response in RETCs.

Conclusions
In this study, we established a new minipig model of 
AKI using cisplatin and hydration, allowing for better 
evaluation of potential therapies. Our minimally inva-
sive approach, ultrasound-guided transplantation of 
multiple MSCs beneath the renal capsule, demonstrated 
safety and efficacy in treating AKI, presenting significant 

clinical application potential, and introducing an inno-
vative concept for renal subcapsular endocrine gland 
transplantation or drug administration. Furthermore, 
we revealed a link between tryptophan metabolism and 
inflammation in kidney during AKI, suggesting that tar-
geting this pathway could be a future strategy to promote 
kidney repair.
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