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ABSTRACT

Background: Stem cell-based regenerative therapy is currently being evaluated as an 

alternative treatment modality for chronic kidney disease (CKD). In this study, we compared 

the efficacy and safety of human bone marrow-derived mesenchymal stem cells (hBMSC), 

delivered at different doses and via different injection routes, in an animal model of CKD. 

Materials and Methods: Ninety 12-week-old rats were randomized among nine groups 

(10 animals per group): sham, renal artery control (RA-C), tail vein control (TV-C), renal 

artery low dose (RA-LD) (0.5 × 106 cells/100 μl hPL), renal artery moderate dose (RA-MD) 

(1.0 × 106 cells/100 μl hPL), renal artery high dose (RA-HD) (2.0 × 106 cells/100 μl hPL), tail 

vein low dose (TV-LD) (0.5 × 106 cells/100 μl hPL), tail vein moderate dose (TV-MD) 

(1.0 × 106 cells/100 μl hPL), and tail vein high dose (TV-HD) (2.0 × 106 cells/100 μl hPL). 

Renal function, urine total protein (UTP), blood pressure, body weight, and food 

consumption of all rats were evaluated 1 week before and 1, 2, 4, 8, 12, 16, 20, and 24 

weeks after hBMSC injection. 

Results: Serum blood urea nitrogen (BUN) was significantly lower in the TV-HD group at 

2 weeks (P< 0.01), 16 weeks (P< 0.05), and 24 weeks (p< 0.01) than in the TV-C group at 

the same time points, as determined by one-way ANOVA. Serum creatinine was 

significantly lower in the TV-HD group at 24 weeks (P< 0.05). At 8 weeks, GFR was 

significantly higher in the TV-MD and TV-HD groups (P< 0.01, P< 0.05) than in the TV-C 

group. UTP levels in the RA-MD and RA-HD groups were significantly lower at 4 weeks 

(P< 0.05, P< 0.05) than RA-C group in the same time points. At 12 weeks, systolic blood 
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pressure was significantly higher in the RA-LD and RA-HD groups than in the RA-C group 

(P< 0.01, P< 0.05). In the safety evaluation, we observed no significant difference in food 

consumption, body weight or survival rate among the groups. 

Conclusions: Our findings confirm the efficacy and safety of high dose (2 × 106 cells/100 

μl hPL) injection of hBMSC via the tail vein.
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INTRODUCTION

Chronic kidney disease (CKD) is associated with deterioration of renal function, which is 

accelerated in diabetes mellitus, hypertension, metabolic disease, and primary renal 

disorders (1). CKD is commonly defined by markers of kidney damage, including proteinuria 

(commonly determined using the albumin-to-creatinine ratio, ACR) and diminished kidney 

function (lower than normal range of glomerular filtration rate [GFR], as determined from 

creatinine) (2, 3). Although the definition of CKD has evolved over time, current 

international guidelines define it as reduced kidney function, reflected by GFR of < 60 

mL/min per 1.73 m², or the presence of indicators of kidney damage for at least 3 months, 

regardless of the underlying disease (4). 

The incidence of end-stage renal disease (ESRD) varies significantly among countries. The 

prevalence of CKD is ~11% in developed countries, including the North American countries 

and Australia (5). Within countries, progression of CKD differs by ethnicity and 

socioeconomic status. The number of patients with ESRD in Korea who require renal 

replacement therapy such as hemodialysis, peritoneal dialysis, or even kidney 

transplantation has increased yearly. According to the Korean National Health and Nutrition 

Examination Survey in 2011–2013, the total estimated prevalence of CKD for adults aged 

≥ 20 years in Korea was 8.2% (6, 7).

The most common pathological manifestation of CKD is renal fibrosis, which is the result 

of failure of wound-healing of kidney tissue after chronic, continuous damage. Renal 
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fibrosis is characterized by glomerulosclerosis, an interstitial fibrosis that eventually causes 

tubular atrophy (8). Glomerulosclerosis is provoked by endothelial injury and malfunction, 

proliferation of interstitial smooth muscle cells and renal mesangial cells, and obliteration

of podocytes lining the glomerular basement membrane (9). Glomerular microinflammation 

begins following stimulation of endothelial cells in response to hypertension, with 

macrophages and leukocytes stimulating mesangial cells to initiate proliferation (10).

Tubular atrophy, crystal formation and marked vessel calcification, interstitial fibrosis, and 

fibrotic scarring are closely associated with proteinuria and reduced GFR (11). 

Current treatment options for patients with ESRD include renal replacement therapy (in 

the form of dialysis or renal transplantation) and supportive care (also called non-dialysis 

treatment) (12). However, these treatments are unable to completely cure the disease or 

control its progression (13, 14). Cell-based regenerative therapy is being extensively 

evaluated as an alternative treatment option for patients without other treatment options 

(15). Targeting inflammatory cellular changes and stimulating the endogenous repair 

system could temporarily halt disease progression, allowing structural and functional repair 

of the damaged kidney. Endothelial progenitor cells (EPC), which are derived from the bone 

marrow and distributed in the peripheral blood, contribute to neovasculogenesis primarily 

by excreting paracrine angiogenic cytokines, as well as by differentiating into mature 

endothelial cells in situ (16). Exogenous injection of EPC has yielded beneficial effects in 

animal models of CKD. Previous studies showed that isolation and mobilization of EPC

contributes to endothelial restoration in the kidney immediately after ischemia–reperfusion
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(17). Moreover, intrarenal administration of autologous EPC, together with renal 

revascularization, reestablishes the oxygenation of the fibrotic animal kidney, suggesting a 

potential therapeutic effect for EPC in saving the glomerular system in CKD (18). 

Mesenchymal stem cells (MSC), first isolated and categorized by Friedenstein and 

colleagues in 1974, are ideal candidates for cell-based therapies aimed at restoration of 

the human kidney (19). Like EPC, MSC produce extracellular vesicles that include complexes 

of mRNA and miRNA with the ability to modulate gene expression, thereby controlling 

angiogenesis, inflammation, and other transcription pathways in the recipient renal cells 

(20). In addition, MSC have prominent immunomodulatory properties that promote tissue 

repair and reduce inflammation. The ability of MSC to maintain kidney structure and 

function has been demonstrated in animal models of CKD (21). Administration of these 

cells maintains renal function and decreases renal damage in rodent models of CKD (22), 

partial nephrectomy (23), and chronic allograft nephropathy (24). Intrarenal delivery of MSC, 

in combination with renal revascularization, also reestablishes renal hemodynamics and 

function and decreases hypoxia, inflammatory changes, apoptosis, oxidative stress, loss of 

microvascularity, and fibrotic changes (25). Finally, due to the exceptional safety record of 

MSC and their distinctive immunomodulatory properties, as well as promising results from 

previous experimental studies, the U.S. FDA approved MSC as a treatment for steroid-

resistant graft-versus-host disease in 2009 (26). MSC control inflammation and 

angiogenesis while maintaining anti-fibrotic effect, thereby inhibiting the apoptosis of renal 

tubule cells and promoting proliferation in rodent models of CKD. Because these cells can 
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improve kidney function and diminish fibrosis, they are likely to be useful for promoting 

renal regeneration and recovery from CKD.

Unlike EPC, which need to be cultured for several weeks before administration, MSC can 

be isolated from diverse tissues, including bone marrow, adipose tissue (27), skeletal muscle, 

umbilical cord and even skin (28). MSC can be easily expanded in vitro considerably faster 

than EPC (29, 30). Administration of MSC from the bone marrow is safe and has yielded 

encouraging outcomes in clinical trials of cardiovascular (31), neurological (32), and 

immunological disease (33). Morigi et al. investigated whether human bone marrow MSC

(hBMSC) treatment could protect acute kidney injury (AKI) induced by cisplatin and 

observed prolonged survival in an immune-compromised rat model (34). Their results 

revealed that hBMSC administration decreased damage to proximal tubular epithelial cells 

and reversed the decline in GFR, thereby decreasing recipient mortality. Together, these 

results indicate that hBMSC have the potential to prolong survival in AKI and should be 

studied in clinical trials (35).

To date, however, the injection routes of these MSC have not been standardized. In general, 

when MSC are administered intravenously, most cells are trapped in the lungs without

reaching the target organ, a phenomenon called mechanical entrapment (36). In addition, 

intravenous injection of hBMSC can cause unwanted adverse reactions in other parts of 

the body (37). For example, cases of peripheral venous thromboembolism have been 

reported in renal transplant patients who received umbilical cord-derived MSC

intravenously, as well as in patients with CKD (38); this is due to a hyper-acute blood-
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mediated inflammatory reaction (39). Similarly, no standard dose for MSC injection has yet 

been established. In 2014, Jieru et al. compared the efficacy of injection of 1 × 105 and 1 

× 106 stem cells in a rat model of renal injury, and found that the lower dose was more 

efficacious (40). Two years later, Peired et al. reported the feasibility of injecting 5 × 104

MSC (41). To ensure optimal outcomes, it is essential to standardize the injection route and 

dose of stem cells. 

In this study, we compared the efficacy and safety of hBMSC injection at different doses 

and via different routes in an animal model of CKD.
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MATERIALS AND METHODS

Isolation and culture of hBMSC

The study protocol was approved by the Institutional Review Board of the Public 

Institutional Bioethics Committee designated by the Ministry of Health and Welfare, Seoul, 

Republic of Korea (P01-201901-31-002) and was in accordance with the Declaration of 

Helsinki. Bone marrow was acquired from healthy donors. All the manufacture process and 

tests for hBMSC generation were achieved using proper manufacturing practices 

(Pharmicell, Seongnam, Gyeonggi, Republic of Korea). Approximately 10 mL of bone 

marrow was acquired from each healthy donor’s posterior superior iliac crest. Mononuclear 

cells were isolated from the bone marrow by density gradient centrifugation and irrigated 

with phosphate-buffered saline (PBS). Cells were resuspended in Dulbecco’s Modified 

Eagle’s Medium (DMEM, low glucose; Gibco) supplemented with 10% PLUSTM human 

platelet lysate (hPL) (Compass Biomedical) and 20 μg/mL gentamicin (Gibco), and plated 

at a concentration of 2.0–3.0 × 106 cells/cm2 in T-75 flasks. Cultures were cultured at 37°C 

in a humidified atmosphere containing 5% CO2. After 5 days, nonadherent cells were 

eliminated by replacing the medium, and the adherent cells were cultured for another 3 

days (passage 1). After achieving 70–80% confluence, the adherent cells were isolated with 

trypsin/EDTA (Gibco) and replated at a density of 4–5 × 103 cells/cm2 in 175 cm2 flasks

(passage 2). The cultured cells were collected and frozen using the cryostabilizer 
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(CELLBANKER®2 (ZENOAQ)), and stored in a liquid nitrogen tank to prepare a Master Cell 

Bank (MCB). The Working Cell Bank (WCB) was prepared by thawing the cells from MCB 

and culturing them for 3 to 5 days (process 3, 4, 5), then collecting the cells of passage 5, 

which were subcultured twice, and stored frozen. Next, the WCB cells were thawed and

suspended in DMEM culture medium containing 10% PLUS™, incubated for 3 to 5 days

(process 6, 7). The cells in passage 7 that had been subcultured once were collected and 

irrigated with PBS, and irrigated again with Plasma Solution A (HK inno.N Corp) were used 

for nonclinical tests. Precise criteria for release of hBMSC for preclinical use are as follows: 

absence of microbial contamination (bacteria, fungus, mycoplasma, or endotoxin); viability 

greater than 70%, as determined by Trypan blue exclusion assay; and immune phenotyping 

by flow cytometry demonstrating expression of CD73 and CD105 surface molecules (>85%) 

and the absence of CD14, CD34, and CD45 (<3%).

Animal care

All aspects of animal care and animal experimentation followed the eighth edition of the 

Guide for the Care and Use of Laboratory Animals (2011). The protocols for performing 

animal experiments were approved by the Institutional Animal Care and Use Committee of 

Asan Medical Center (2018-12-152). Ninety 12-week-old male Sprague-Dawley rats were 

purchased from Orient Bio (Seongnam, Gyeonggi, Republic of Korea) and acclimatized to 

their cages for 1 week. During the experiments, a 12 hour: 12 hour light/dark cycle (lights 

on at 08:00, lights off at 20:00) were maintained for all rats. Temperature was held at 

22 ± 2°C, and humidity at 50–55%. Sufficient access to food and water was provided for 
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all rats.

Establishment of an animal model of CKD

After dissecting the left renal artery by performing the laparotomy, we ligated the left 

renal artery using a bulldog clamp. The upper and lower poles of the left kidney were 

marked using a pincette and resected with a blade. TachoSil (BBF sterilisation service GmbH, 

Germany) was applied to stop bleeding at the resection surface. The bulldog clamp was 

removed after 10 minutes. Right nephrectomy was performed the same time (Figure. 1). In 

each 5/6-nephrectomized rat, GFR was measured before and 7, 14, 30, 60, 90, 120, 150, 

and 180 days after surgery; GFR continued to decrease after the compensatory increase.

We observed no significant difference in the weight of the resected left kidney, except in 

the sham surgery group (Figure 2).

Figure 1. 5/6 nephrectomy rat model: A. Left renal artery dissection B. Renal artery ligation 

using a bulldog clamp. C. Marking upper and lower pole of the kidney using a pincette. D. 

Hemostasis after resection.
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Figure 2. Resected left kidney weight in each group

Optimization of the dose and injection route

We randomized 90 12-week-old rats into nine equal groups (10 rats per group): sham (SH), 

renal artery control (RA-C), tail vein control (TV-C), renal artery low dose (RA-LD) (0.5 × 106

cell/100 μl hPL), renal artery moderate dose (RA-MD) (1.0 × 106 cell/100 μl hPL), renal 

artery high dose (RA-HD) (2.0 × 106 cell/100 μl hPL), tail vein low dose (TV-LD) (0.5 × 106

cell/100 μl hPL), tail vein moderate dose (TV-MD) (1.0 × 106 cell/100 μl hPL), and tail vein 

high dose (TV-HD) (2.0 × 106 cell/100 μl hPL). After 2 weeks, we intramuscularly 

anesthetized each rat with 0.3 ml of tiletamine (Zoletil; Virbac Laboratories, Carros, France) 

and xylazine hydrochloride (Rompun, Bayer, Germany) in a 4:1 mixture. In the sham group, 

only laparotomy was performed, whereas a 5/6 nephrectomy was completed in all other 

groups. hBMSC injection and 5/6 nephrectomy were performed during the same surgery. 

In the renal artery injection group, the indicated doses of cells were administered via a 33-
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gauge Hamilton syringe (Hamilton, Zurich, Swiss) into the distal abdominal aorta after the 

aorta was clamped above and below the left renal artery. The hBMSC injection site was 

sealed using TachoSil sealant matrix (BBF Sterilisationsservice GmbH, Kernen, Germany), 

and the clamps were removed to restore abdominal aortic and left renal blood flow. In the 

tail vein injection group, the indicated doses of hBMSC were administrated via the tail vein 

through a 26-gauge Kovax syringe (Koreavaccine, Gyeonggi, Republic of Korea). In the RA-

C and TV-C groups, only vehicle (100 μl hPL) was injected. The renal function of all rats 

was evaluated 1 week before and 1, 2, 4, 8, 12, 16, 20, and 24 weeks after injection.

Measurement of renal function and efficacy evaluation

Serum creatinine, urine creatinine, and blood urea nitrogen (BUN) were measured at each 

time point in all rats. To evaluate the daily urine volume and urine total protein, urine was 

collected in a metabolic cage at 24 h. The GFR was calculated using the following formula 

for the creatinine clearance rate (Ccr): Ccr (ml/min/100g) = (urine creatinine × 24 h urine 

volume × 100)/ (serum creatinine × 1440 × body weight). BUN, creatinine, and urine total 

protein (UTP) levels were determined using the standard laboratory kit at our hospital. 

Blood pressure was measured in each group 1 week before and 1, 2, 4, 8, 12, 16, 20, and 

24 weeks after hBMSC injection by tail plethysmography (Figure 3).

After the rats were sacrificed, a nephrectomy specimen was obtained from each rat. Half 

of each kidney was preserved in liquid nitrogen for protein extraction. The other half of 
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the kidney was fixed in 4% paraformaldehyde and embedded in paraffin.

Figure 3. Efficacy and safety assessment schedule

Safety evaluation

During the study period, we evaluated all rats for behavioral changes such as altered 

sleeping pattern, reduction in activity, lethargy, or any other irregular response. Mortality 

and cause were also evaluated. Before and after hBMSC injection, weight and food 

consumption were measured in each group.

Histopathological analysis of kidney tissue

Perfusion fixation was initially planned; however, because this method damages proteins, 

and half of the tissues needed to be processed for Western blotting, perfusion fixation was 

not performed. After a blood sample was obtained, nephrectomy was performed, and the 
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tissue was weighed. Kidneys were cut in half so that the cross section was visible. After 

imaging, half of the specimen was fixed in 4% paraformaldehyde, and the other half was 

cryopreserved in liquid nitrogen for protein extraction. All specimens were sectioned at 5 

μm and stained with Periodic Acid–Schiff for light microscopy. Histopathology scoring was 

performed. Tubular injury score was estimated based on the proportion of destroyed 

tubular structures in the outer medulla that exhibited loss of brush border, dilation or 

necrotic change of tubules, or cast formation in ten randomly chosen, non-overlapping 

fields (400 ×), as follows: 0 (normal histology), 1 (≤24%), 2 (25–49%), 3 (50–74%), or 4 (75–

100%).

Sirius red staining

Slides were dipped in xylene I and xylene II, xylene III; xylene was removed using an ethanol 

series (100%, 90%, 80%, and 70%). After the slides were dipped in distilled water three 

times, they were dipped in Harris hematoxylin solution (Sigma, St. Louis, MO, USA; cat no: 

HHS-16). Sirius red reagent (Abcam, Cambridge, MA, USA) was dropped onto the slides, 

and the specimens were incubated. After the slides were dipped twice in acid solution, 

they were washed three times using distilled water, and then dipped again in the ethanol 

series. The slides were again dipped in xylene I, II, and III, and covered with coverslips using 

permanent mounting media.
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TUNEL Assay

The TUNEL assay kit (Roche Molecular Biochemicals, Mannheim, Germany) was used for 

microscopic evaluation. Each sectioned nephrectomy specimen was deparaffinized in 

xylene I, II, and III, and then rehydrated using an ethanol series (100%, 90%, 80%, and 70%). 

After the slides were irrigating in distilled water, they were placed in a pretreated solution 

(heat-induced epitope retrieval solution/target retrieval solution). After irrigation, we added 

Protein Block, Serum-free, Ready-to-Use (Dako, Glostrup, Denmark) containing 20% FBS to 

the sections, and incubated them in a humid chamber. The TUNEL reaction mixture was 

distributed onto the slides, which were then incubated in a 37°C humid chamber. 

Converter-Peroxidase was added, and the slides were incubated in the same manner. After 

irrigation, DAB working solution was added to the specimens.

Immunohistochemistry

For each group, we prepared nephrectomy specimen sections (4 μm thick) for 

immunohistochemistry analysis. Tissue sections mounted on microslides were 

deparaffinized in xylene, hydrated through an ethanol series, and then dipped in 3% H2O2

to eliminate endogenous peroxidase activity. For antigen retrieval, we microwaved all slides 

for 15 minutes in Tris-EDTA buffer (pH 9.0) prepared in distilled water. Next, the slides were 

incubated for 2 hours at 37°C with antibodies against α-smooth muscle actin (α-SMA) 

(eBioscience, Tokyo, Japan) and ED-1, a marker of macrophages (1:500, AbD Serotec, Oxford, 

UK). After irrigation, the sections were incubated at ambient temperature for 30 minutes 

using a biotin-free polymeric horseradish peroxidase–linker antibody conjugate system 
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(Dako, Glostrup, Denmark). After the slides were washed, chromogen development was 

performed for 10 minutes. The slides were counterstained with Meyer’s hematoxylin and 

mounted using Immu-mount (Fisher Scientific, Geel, Belgium). For imaging analysis, we 

photographed four randomly selected kidney fields per rat in both the cortex and the 

medulla (40 kidney fields per group). Images were recorded at 40 × magnification using 

the Panoramic Viewer software (3DHISTECH, Budapest, Hungary). All images were 

evaluated using Adobe Photoshop CS2 for quantification of signals. Outcomes of 

proliferation are presented as ED-1–positive area and α-SMA area as a percentage of the 

total area in each field (cortex and medulla).

Statistical analysis

All results of this study were expressed as means ± standard error. Statistical differences 

among groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s 

HSD (honest significant difference) test for post-hoc comparisons. All statistical results were 

two-sided, and statistical significance was defined as p < 0.05, p < 0.01, or p < 0.001. The 

data were analyzed by using IBM SPSS Statistics Version 21 (IBM Corporation, Armonk, NY, 

US).

For longitudinally measured GFR, creatinine, and BUN, a linear mixed model (LMM) was 

applied to evaluate the effects of group (control, low, moderate, high), time, and the 

interaction of group and time. The data were summarized as least-squared means and 

standard error. Statistical analyses were performed using SAS version 9,4 (Cary, NC, USA).
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RESULTS

Optimization of the dose and injection route

1. Serum BUN analysis

Serum BUN was significantly lower in the TV-HD group at 2 weeks (P< 0.01), 16 weeks (P< 

0.05), and 24 weeks (p< 0.01) than in the TV-C group at the same time points, as 

determined by one-way ANOVA. However, BUN levels were significantly higher in the RA-

MD group at 12 weeks (P< 0.05), 20 weeks (P< 0.01), and 24 weeks (P< 0.05), and in the 

RA-HD group at 16 weeks, than in the RA-C group in the same time points (P< 0.05) (Table 

1, Figure 4). In the analysis of LMM for longitudinally measured data, the increase in BUN 

levels was significantly smaller in the TV-HD group than in the TV-C group (p< 0.05) (Figure 

5).

BUN SH RA-C RA-LD RA-MD RA-HD TV-C TV-LD TV-MD TV-HD

Pre OP 14.72 15.05 15.39 15.19 15.24 15.17 15.88 16.25 15.70

1w 13.97 30.65 32.18 32.69 33.44 32.41 33.70 33.54 31.86

2w 15.34 32.39 43.41 33.15 32.01 34.89 34.34 31.92 30.19

4w 14.42 27.73 30.80 30.46 30.37 31.04 31.66 29.71 28.67

8w 16.02 27.43 29.39 29.51 29.50 28.44 28.93 28.73 26.49

12w 14.80 25.26 25.38 28.27 26.34 26.71 28.21 28.65 25.33

16w 14.77 24.22 25.48 26.95 27.23 26.50 26.66 28.13 23.14

20w 14.06 23.77 24.39 27.38 25.54 25.84 25.50 28.16 23.71

24w 15.30 24.46 25.48 30.04 25.83 28.61 27.23 29.79 23.75

Table 1. Descriptive statistics of BUN according to injection route and hBMSC dose
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Figure 4. Changes in BUN according to injection route and hBMSC dose

Figure 5. LMM analysis of BUN according to injection route and hBMSC dose

2. Serum creatinine analysis

Relative to the corresponding control groups, serum creatinine was significantly lower in 

the TV-HD group at 24 weeks (P< 0.05), but significantly higher in the preoperative TV-
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HD group (P< 0.05), the RA-LD group at 2 weeks (P< 0.05), and the TV-MD group at 20 

weeks (P< 0.05) (Table 2, Figure 6). In the analysis of LMM for longitudinally measured 

data, the increase in serum creatinine relative to the baseline value was significantly lower 

in the TV-HD group than in the TV-C group (p< 0.01) (Figure 7).

S-Cr SH RA-C RA-LD RA-MD RA-HD TV-C TV-LD TV-MD TV-HD

Pre OP 0.55 0.56 0.55 0.58 0.54 0.57 0.58 0.59 0.62

1w 0.58 0.85 0.9 0.92 0.93 0.93 0.97 0.93 0.9

2w 0.57 0.85 1.04 0.89 0.91 0.95 0.93 0.92 0.89

4w 0.54 0.84 0.87 0.85 0.84 0.84 0.88 0.87 0.83

8w 0.59 0.79 0.83 0.8 0.8 0.85 0.86 0.84 0.81

12w 0.51 0.77 0.78 0.8 0.8 0.81 0.84 0.81 0.8

16w 0.55 0.79 0.82 0.79 0.83 0.82 0.85 0.86 0.79

20w 0.51 0.75 0.74 0.81 0.78 0.8 0.79 0.89 0.78

24w 0.46 0.69 0.75 0.82 0.74 0.79 0.78 0.8 0.72

Table 2. Descriptive statistics of the change in serum creatinine change according to injection 

route and hBMSC dose
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Figure 6. Changes in serum creatinine according to injection route and hBMSC dose

Figure 7. LMM analysis of serum creatinine according to injection route and hBMSC dose
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3. GFR analysis

At 8 weeks, GFR was significantly higher in the TV-MD and TV-HD groups (P< 0.01, P< 

0.05) than in the TV-C group. At 1 week, GFR was significantly lower in the RA-LD, RA-MD, 

and RA-HD groups than in the RA-C group (P< 0.01, P< 0.01, P<0.001) (Table 3, Figure 8). 

LMM analysis revealed no difference between the TV-HD and TV-C groups.

GFR SH RA-C RA-LD RA-MD RA-HD TV-C TV-LD TV-MD TV-HD

Pre OP 0.43 0.44 0.46 0.44 0.54 0.43 0.44 0.42 0.43

1w 0.43 0.36 0.28 0.28 0.27 0.31 0.27 0.27 0.28

2w 0.42 0.46 0.31 0.3 0.26 0.27 0.31 0.31 0.33

4w 0.45 0.39 0.32 0.33 0.32 0.32 0.32 0.33 0.31

8w 0.4 0.32 0.3 0.33 0.33 0.29 0.29 0.34 0.33

12w 0.46 0.34 0.33 0.31 0.34 0.32 0.46 0.34 0.37

16w 0.42 0.34 0.38 0.34 0.32 0.34 0.32 0.3 0.33

20w 0.4 0.3 0.31 0.27 0.28 0.28 0.28 0.26 0.29

24w 0.47 0.33 0.3 0.32 0.3 0.29 0.35 0.31 0.34

Table 3. Descriptive statistics of the change in GFR according to injection route and hBMSC 

dose 
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Figure 8. Changes in GFR according to injection route and dose of hBMSC 

4. UTP analysis

In one-way ANOVA analysis, UTP levels in the RA-MD and RA-HD groups were 

significantly lower at 4 weeks (P< 0.05, P< 0.05) than RA-C group in the same time points. 

Also, UTP levels were significantly higher in the TV-LD group at 12 and 16 weeks, the TV-

MD group at 16 and 24 weeks, and the TV-HD group at 8, 12, and 16 weeks than in the 

TV-C group. However, UTP levels were significantly lower in the RA-LD group at 24 weeks 

and the TV-LD group at 4 weeks than in the control group (Table 4, Figure 9).
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Table 4. Descriptive statistics of urine total protein change according to injection route and 

hBMSC dose

Figure 9. Urine total protein change according to injection route and hBMSC dose

UTP SH RA-C RA-LD RA-MD RA-HD TV-C TV-LD TV-MD TV-HD

Pre OP 23.17 26.27 27.62 24.35 25.29 23.45 22.95 40.11 28.88

1w 20.13 39.99 105.4 126.04 47.12 35.11 30.58 28.24 25.64

2w 23.57 49.54 87.27 19.59 22.85 17.99 20.37 23.7 22.67

4w 24.67 33.18 25.19 22.27 22.71 16.28 28.93 22.4 17.53

8w 25.18 36.13 33.09 41.54 26.79 38.55 28.56 26.58 20.74

12w 30.17 57.39 63.4 76.03 35.2 138.36 56.6 101.05 35.87

16w 21.48 90.74 103.1 136.25 87.43 285.32 91.34 132.65 50.23

20w 24.32 152.14 191.95 290.06 175.02 322.59 164.65 240.25 171.06

24w 22.32 112.72 276.89 257.51 387.6 479.97 234.65 172.55 246.77
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5. Blood pressure

At 12 weeks, systolic blood pressure was significantly higher in the RA-LD and RA-HD 

groups than in the RA-C group (P< 0.01, P< 0.05), but no significant difference was 

observed in the tail vein injection group (Figure 10, 11).

Figure 10. Changes in systolic blood pressure according to injection route and hBMSC dose 

Figure 11. Changes in diastolic blood pressure according to injection route and hBMSC dose
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Safety evaluation

One case of mortality was observed in the RA-C group 1 week after nephrectomy due to 

intraperitoneal hemorrhage. In the tail vein group, one case of mortality was observed in 

the TV-LD group, two in the TV-MD group (one of these was due to renal failure 20 weeks 

after nephrectomy, and the other mortalities were observed due to weight loss after 16 

weeks), and one in the TV-HD group (intraperitoneal hemorrhage 1 week after 

nephrectomy). However, the survival rate did not differ significantly between groups 

(p=0.436) (Figure 12). 

Figure 12. Survival curve following hBMSC injection

Food consumption before and after hBMSC injection was observed in each group, and no 

significant difference was observed among groups (Figure 13). Likewise, body weight 

before study initiation did not differ significantly among groups. During the study period, 

all the rats gradually gained weight. At the end of the study, absolute body weight did not 
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significantly differ between normal control and hBMSC injection groups (Figure 14).

Figure 13. Changes in food consumption according to injection route and hBMSC dose 

Figure 14. Changes in body weight according to injection route and hBMSC dose 
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Histological analysis

We calculated the degree of glomerulus degeneration and tubular injury by histopathologic 

scoring. In the renal artery injection group, the degree of glomerulus degeneration in the 

cortex and tubular injury in medulla became more severe at higher doses, and the degree 

of tubular injury was significantly higher in the RA-HD group than in the RA-C group [p< 

0.05 (cortex), p< 0.05 (medulla)] (Figure 15A, 15B). However, in the tail vein injection group, 

we observed no significant difference between the TV-C group and the other groups 

(Figure 16A, 16B). Sirius red staining in the cortex and medulla revealed that fibrotic 

changes were significantly less extensive in the hBMSC injection groups than in the control 

group (Figure 15C, 15D, 16C, 16D). The TUNEL assay revealed that the rate of apoptosis in 

the cortex and medulla was significantly lower in all hBMSC injection groups than in the 

control groups (RA-C, TV-C) (Figure 15E, 15F, 16E, 16F). Immunohistochemical staining for 

⍺-SMA in the cortex and medulla revealed that all injection groups showed also 

significantly less myofibroblast differentiation than the control groups (Figure 15G, 15H, 

16G, 16H). ED-1 immunohistochemical staining in the cortex and medulla revealed that 

macrophage activation was lower in all injection groups than in the control group (Figure 

15I, 15J, 16I, 16J).
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Figure 15. Histopathological analysis of the renal artery injection group. (A) Histopathology 

scoring, cortex, (B) Histopathology scoring, medulla, (C) Sirius red, cortex, (D) Sirius red,

medulla, (E) TUNEL, cortex, (F) TUNEL, medulla, (G) α-SMA, cortex, (H) α-SMA, medulla, (I) ED-

1, cortex, (J) ED-1, medulla. Non-overlapping fields (400×). NS, p＞0.05; *, p＜0.05; **, p＜0.01; 

***, and p＜0.001, vs. the RA-C group.
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Figure 16. Histopathological analysis of the tail vein injection group. (A) Histopathology scoring, 

cortex. (B) Histopathology scoring, medulla. (C) Sirius red, cortex. (D) Sirius red, medulla. (E) 

TUNEL, cortex. (F) TUNEL, medulla. (G) α-SMA, cortex. (H) α-SMA, medulla. (I) ED-1, cortex. (J) 

ED-1, medulla. Non-overlapping fields (400 ×). NS, p＞0.05; *, p＜0.05; **, p＜0.01; ***, and p

＜0.001 vs. the TV-C group.



28

DISCUSSION

CKD is associated with reduced renal regenerative ability. The cellular mechanism 

underlying CKD has been revealed by multiple studies: tissue damage results in polarity 

loss of proximal tubular cells (PTCs) (42), which changes the localization of β-integrins in 

the cell membrane (43, 44), alters cell metabolism, causes DNA damage, and eventually

leads to apoptosis due to sustained damage accumulation (45). The tubular cells that 

survive after renal injury are responsible for the repair of renal damage. These cells undergo 

dedifferentiation and morphological alterations, migrate to the basement membrane, 

attach, proliferate, and ultimately differentiate to regenerate a nephron with normal 

function (46-49). 

The ability of stem cells to restore normal kidney function can be explained by their ability 

to undergo selective migration into damaged tissues (50) and their ability to express 

growth factor receptors and chemokines released from organs with inflammatory change 

(51). In damaged organs, stem cells have the potential to differentiate into various tissues, 

such as tubular epithelial cells, mesangial cells of nephrons, podocytes, or glomerular 

endothelial cells (52). 

Based on such mechanisms, cell-based treatment represents a promising clinical approach 

for many pathological conditions and could provide a novel therapeutic option for slowing 

the progression of CKD (53). Many studies have reported the regenerative effects of cell-
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based treatments in animal models of CKD. However, it remains uncertain which cell types 

or cell-based products increase renal function most successfully in experimental models of 

CKD (21). Due to the diversity among preclinical trials in terms of animal models, 

intervention timing, cell type or cell product, number of cells, injection route, and read-out 

of kidney function and morphology, proper translation of preclinical studies into the clinical 

field is extremely complex. 

Despite the difficulties of studying hBMSC, several papers have demonstrated the 

superiority of these cells over other types of stem cells. Bone marrow is a complex organ 

that contains hematopoietic progenitor cells and a connective tissue network that contains 

stromal cells (35). The marrow stroma consists of a subpopulation of undifferentiated cells 

that have the ability to differentiate into multiple cell types, including cartilage, ligament, 

bone, muscle fiber, adipose tissue, and even marrow stromal connective tissue, which 

maintains hematopoietic cell differentiation (54). MSC represent 0.001–0.01% of all 

nucleated cells in bone marrow (55). Several studies have identified environments for stem 

cell isolation, expansion, and differentiation both in vitro and in vivo. These cells retain 

their mesenchymal differentiation capacity even after repeated subculture in vitro (56).

Although bone marrow has been described as the best source of available MSC (55), the 

use of hBMSC is not always acceptable because of the high rate of viral exposure and the 

substantial reduction in cell number and the proliferative/differentiation capability with 

donor age (57). 

Despite these difficulties, we chose BMSC for this study based on previous reports that 
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they are superior to other stem cells in terms of efficacy and safety. In addition, we have 

accumulated a great deal of research experience with these cells. In 2018, we conducted a 

study in which we used BMSC to treat a rat model of ischemia–reperfusion injury (IRI) (58). 

In that study, we sought to determine the optimal injection route (renal arterial, renal 

parenchymal, or tail vein injection), dose (low dose: 1 × 106 cell/100 μl hPL, moderate dose: 

2 × 106 cell/100 μl hPL, or high dose: 4 × 106 cell/100 μl hPL), and injection period (pre-, 

concurrent-, or post-IRI). During the optimization of the injection route, our results 

suggested that renal arterial injections increased GFR significantly, as compared with GFRs 

for the IRI control group. Based on these prior experiences, we were able to effectively 

conduct research using hBMSC in the CKD rat model.

Several previous studies sought to determine the optimal injection route for hBMSC. In 

2019, Rangel et al. published a study regarding the use of the suprarenal abdominal aorta 

route (59). Using rats, they injected progenitor/stem cell into the suprarenal abdominal 

aorta, above the left renal artery, after clipping the infrarenal abdominal aorta. After 

repeated practice and development of a gentle surgical technique, 100% of the rats were 

injected successfully, and more than 85% of injected rats recovered completely 1 week 

after injection. The authors observed no severe or persistent bleeding signs due to 

accidental trauma to perinephric fat vessels or the inferior vena cava. A major limitation of 

this study, however, is that it did not compare the suprarenal abdominal aorta route with 

other injection routes.

A frequent argument in favor of the intra-arterial injection route is that stem cells are 
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primarily entrapped in the pulmonary microvasculature after intravenous injection (60). As 

the number of cells to be injected, the number of intravenous injections, and the size of 

the cells increases, the degree of pulmonary trapping may increase (61). 

A recent meta-analysis of the effects of MSC injection provided strong evidence in favor 

of the renal arterial delivery route for kidney regeneration in animal models with acute or 

CKD (62). According to the Mesenchymal Stem Cells in Solid Organ Transplantation (MISOT) 

study group, it remains unclear which delivery route should be used in clinical trials of HPC 

or MSC injection after kidney injury (63). However, it is possible that renal arterial injection 

is beneficial because it provides a direct delivery route into the transplanted kidney, where 

the MSC can locally decrease the inflammatory response. Along with these suggestions, 

renal artery injection of allogeneic MSC yields better outcomes than the intravenous route 

when treating acute kidney rejection in animal models (64).

However, the results of this study confirmed that tail vein injection was more effective than 

arterial injection because injection of cells through an intravenous route, generally via the 

tail vein, is much easier and less invasive than arterial delivery routes. We hypothesize that 

due to the leukocyte-like properties of MSC, hBMSC introduced by IV injection can migrate 

to injured areas more quickly than those administered through an arterial route. Injured 

cells release hypoxia-inducible factor (HIF)-1a, which acts as a stabilizer and activator for 

the release of chemoattractant signals (65). MSC respond to these chemoattractant signals 

by expressing CD44, which acts as an adhesion molecule for cell–cell and cell–substrate 

interactions, as well as VLA-4, VCAM-1, CXCR-4, and c-Met (66). Specifically, in MSC, CD44 
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acts as a co-receptor for VEGFR-2 (67) and activates the CD44-Src-integrin signaling axis 

(68). These signals may initiate the homing of MSC to injured areas by triggering CD44–

VEGF and VLA-4/ (VCAM-1) binding in capillary endothelial cells, facilitating transmigration 

to injured areas. MSC in the injured area suppress the activation of resident inflammation 

cells, particularly activated macrophages, through the release of prostaglandin E2 (PGE2), 

TSG6, IL-10, TGF-β, and IL-1ra (69). Regulation of the inflammatory process may result in 

initiation of the regeneration phase, which is characterized by elevated expression of 

several proliferation molecules, such as VEGF and PDGF (70). Another study showed 

increasing VEGF levels following the IV injection of MSC to injured tissues, followed by 

improved angiogenesis, including vascular necrosis (71). Our study showed that in CKD 

model rats, it was more efficacious to administer hBMSC through IV injection than through 

the arterial route. We hypothesize that hBMSC respond to a homing mechanism that 

attracts them to injured areas, where VEGF levels are elevated.

The most important part of our study was the optimization of hBMSC dose. We found that 

administration of a high dose of hBMSC (2 × 106 cells/100 μl hPL) yielded superior 

outcomes. However, Cai et al. reported that they could achieve the maximal therapeutic 

efficiency with a dose of 1 × 105 cells/100 μl hPL, and that the effect was significantly 

better than that for the group injected with 1 × 106 cell/100 μl hPL (40). Moreover, 

obstructing the renal blood flow during the period of cell injection may further aggravate 

renal damage and compensate for any extra benefit of renal artery injection. However, their 

study differed from ours in that it was a dose comparison focusing entirely on arterial



33

injection. 

However, other studies reported that dose dependency does not appear during stem cell 

delivery (21). Low dose dependency is a frequent finding in cell-based therapy (72), possibly 

indicating that cell-based therapy acts mainly by switching on endogenous repair rather 

than by providing a persistent source of exogenous cells or growth factors. Certainly, 

multiple preclinical and clinical studies have failed to detect significant numbers of 

exogenous cells in the kidney after injection (73). Despite these previous reports, our study 

demonstrated that injection of a high dose of hBMSC was highly efficacious and safe. 

Although dose effects are difficult to assess in small samples, our results also suggest that 

the highest doses yielded the highest efficacy.

According to our histopathological analysis, the degree of tubular injury was higher in the 

renal artery injection group than in the tail vein injection group. This is likely because the 

direct renal arterial injection route could stimulate vasospasms that narrow the renal artery 

and make it susceptible to embolisms, which in turn accelerate ischemia and fibrotic 

changes.

In this study, we demonstrated the efficacy and safety of the tail vein as an injection route 

for hBMSC. If stem cell injection into peripheral veins is shown to be safe and efficacious 

in future human trials, the convenience of hBMSC injection should increase. In addition, in 

contrast to previous studies, this study proved that hBMSC are safe even at high doses. 

We expect that our findings will provide a useful reference for dose optimization for future 

human trials using hBMSC.
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CONCLUSIONS

This study assessed the potential efficacy and safety of hBMSC administered at different 

doses and via different routes in an animal model of CKD. We observed no significant 

changes in body weight or food consumption. Injection of the highest dose (2 × 106

cells/100 μL) via the vein was safe and efficacious, suggesting that peripheral veins could 

be used as a route of administration in future human trials.
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KOREAN ABSTRACT

연구 배경: 일반적으로 만성신질환의 기존 치료법은 질환의 진행을 지연시킬 수는 있으

나 완전히 멈추지 못하는 한계가 있다. 중간엽 줄기세포는 염증, 면역반응 및 신생혈관형

성을 조절함으로써 만성신질환 동물모델에서 신세뇨관 세포의 사멸을 억제하고 증식을

촉진시키며 신장의 섬유화를 감소시키는 등 신장의 기능을 개선시키는 것으로 알려져 있

어 만성신질환의 재생을 위한 치료로서 적용 가능성이 높다. 하지만 이런 중간엽 줄기세

포의 투여 경로 및 용량은 표준화되어 있지 않은 실정이다. 본 연구에서는 기존의 연구

를 바탕으로 만성신질환 동물모델에서 사람 골수유래 중간엽줄기세포 치료제의 투약 시

부작용을 최소화하고 목표 장기 도달 정도를 최대화할 수 있는 적절한 투여 경로 및 용

량을 알아보고자 한다.

연구 방법: 12주령 수컷 Sprague-Dawley 백서를 이용하여 5/6 신절제 동물모델을 확립하

였다. 이후 각 군당 열 마리로 무작위 분배하여 모의대조군 (sham), 신동맥 대조군, 신동

맥 저용량 (0.5×106 cell/100μl hPL), 신동맥 중간용량 (1.0×106 cell/100μl hPL), 신동맥 고

용량 (2.0×106 cell/100μl hPL), 꼬리정맥 대조군, 꼬리정맥 저용량 (0.5×106 cell/100μl hPL),

꼬리정맥 중간용량 (1.0×106 cell/100μl hPL), 꼬리정맥 고용량 (2.0×106 cell/100μl hPL) 의

9군으로 나누어 사람 골수유래 중간엽줄기세포 (hBMSC) 를 투여하였다. hBMSC 주입 전

7일, 1일 및 주입 후 1주, 2주, 4주, 8주, 12주, 24주 째 serum BUN, serum creatinine, GFR,

urine total protein, 혈압, 몸무게, 음식 섭취량을 측정하여 유효성과 안전성을 one-way

ANOVA 및 linear mixed model을 이용하여 분석하였다.

연구 결과: 각각의 control군과 대비하여 2, 16, 24주째 고용량 꼬리정맥 투여군에서 혈액

요소질소량이 유의하게 낮았고, 12, 20, 24주째 중간용량 신동맥 투여군, 16주째 고용량 신

동맥 투여군이 유의하게 높았다. 또한 혈청 크레아티닌의 경우 24주째 중간용량 신동맥

투여군, 20주째 중간용량 꼬리정맥 투여군, 모델 제작 전 고용량 꼬리정맥 투여군에서 유

의하게 높았다. 8주째 중간용량 꼬리정맥 투여군, 8주째 고용량 꼬리정맥 투여군의 사구

체여과율이 유의하게 높았고, 1주째 저용량 신동맥 투여군, 1주째 중간용량 신동맥 투여

군, 1, 2주째 고용량 신동맥 투여군의 사구체여과율이 유의하게 낮았다. 요약하자면 신동

맥 주입군에 비해 꼬리정맥 주입군에서 BUN, creatinine, GFR이 유의하게 호전됨을 알 수

있었고 특히 고용량 꼬리정맥 주입군에서 안전성이 유지됨을 확인하였다.

결론: 본 연구를 통해 인간 골수 유래 중간엽 줄기세포의 고용량 꼬리정맥 주입의 유효
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성과 안전성을 동물실험에서 증명할 수 있었고 향후 인간 대상 실험에서 적용해 볼 임상

적 근거가 될 수 있을 것이다. 
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