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A B S T R A C T   

Background: Diabetic kidney disease (DKD) is one of the most significant public health burdens worldwide. This 
study explored the renal protections of combined adipose-derived mesenchymal stem cells (ADMSCs) and 
empagliflozin (EMPA) in DKD rats. 
Methods: Adult-male-SD rats were equally allocated into group 1 (sham-operated-control), group 2 (DKD), group 
3 (DKD + EMPA/20 mg/kg/day since day-14 after CKD-induction), group 4 [DKD + ADMSCs (6.0 × 105/ 
intrarenal-arterial-injection/post-day-28, followed by 1.2 × 106/intravenous injection post-days 35 and 42 after 
CKD-induction, i.e., defined as repeated administration)] and group 5 (DKD + ADMSCs + EMPA) and kidney was 
harvested post-day-60 CKD-induction. 
Results: The result showed that the blood sugar and circulatory levels of BUN/creatinine and the ratio of urine 
protein/creatinine at day 60 were greatly increased in group 2 as compared the SC (i.e., group 1), significantly 
increased in groups 3 and 4 than in groups 5, but these parameters showed the similar manner in groups 3 and 4, 
except for blood sugar that was significantly lower in group 3 than in group 4 (all p < 0.0001). The protein levels 
of inflammation (NF-κB/FNF-α/MMP-9)/oxidative-stress (NOX-1/NOX-2/oxidized protein/p22-phox)/apoptosis 
(cleaved-caspase-3/cleaved-PARP/mitochondrial-Bax)/fibrosis (TGF-β/Smad 3)/mitochondrial/DNA-damaged 
(p-DRP1/γ-H2AX) biomarkers revealed a similar manner of creatinine level among the groups (all p <
0.0001). Kidney injury score/fibrotic area/oxidative-stress score (8-OHdG) and cellular levels of kidney- 
damaged biomarkers (KIM-1/γ-H2AX) showed a unanimous manner. In contrast, the cellular expressions of 
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podocyte components (ZO-1/synaptopodin) revealed an antithetical manner of creatinine among the groups (all 
p < 0.0001). 
Conclusion: Combined ADMSCs-EMPA was superior to just one therapy for protecting kidney function and ultra- 
structural integrity in DKD rodents.   

Chronic kidney disease (CKD) has emerged as one of the most sig
nificant public health burdens worldwide. Among the etiologies, dia
betes is the most common cause of CKD, i.e., diabetic CKD called DKD 
[1]. WHO has estimated that globally, 422 million adults were living 
with diabetes in 2014, and the number is expected to rise to 700 million 
by 2045 [2]. Additionally, the prevalence of DKD has been rapidly 
increasing by almost 12% from 1990 to 2013 [1,3]. Notably, cardio
vascular disease mortality is the most excess risk of death for patients 
with DKD [4]. Currently, DKD (43.2%) is the primary underlying renal 
disease of end-stage renal disease (ESRD) in Asia [5] Accordingly, to 
attenuate the impact of DKD on patients’ unfavorable outcomes and 
reduce medical costs, developing an innovative treatment with safety 
and efficacy for renal protection in diabetic patients is crucial and ur
gently needed. 

Basic research has emphasized that chronic hyperglycemia 
commonly causes mitochondrial superoxide overproduction, which, in 
turn, makes the kidney more susceptible to damage, such as acute kid
ney injury (AKI) [6,7]. Additionally, persistent hyperglycemia (i.e., 
diabetes mellitus) certainly alters vasoactive regulators of afferent and 
efferent arteriolar tone, resulting in increasing glomerular capillary 
hydraulic pressure, hyper-perfusion, and hyperfiltration [8,9]. Of 
importance is that the sodium-glucose cotransporter 2 (SGLT2) enzyme, 
which is commonly upregulated by these pathophysiological phenom
ena, is thought to play an essential role in tubuloglomerular feedback 
signalings, leading to inappropriate afferent vasodilatation [10]. The 
consequent intraglomerular hypertension and hyperfiltration promote 
deterioration of renal function in the setting of DKD, eventually 
increasing overall long-term morbidity and mortality [11]. 

Interestingly, a study has shown that empagliflozin (EMPA) (i.e., 
SGLT2 inhibitor) inhibited SGLT2 release from proximal tubular 
epithelial cells [12]. Clinical trials [13–15] have further demonstrated 
that SGLT2 inhibitors were associated with a lower rate of adverse renal 
outcomes. It is also well recognized that the pathogenesis of cardiorenal 
syndrome (CRS), which included upregulation of reactive oxygen spe
cies (ROS), mitochondrial dysfunction, and systemic inflammation [12], 
was reversed by SGLT2 inhibitors [16,17] resulting in preserving the 
residual renal function [18]. 

Overwhelming evidence has illustrated that mesenchymal stem cells 
(MSCs), particularly those of adipose-derived MSCs (i.e., ADMSCs), not 
only encompass the capability of assuaging inflammation and ROS but 
also contain capacities of tissue rebirth and immunoregulation [19–25]. 
Additionally, copious animal model studies and a few clinical trials have 
shown that cell-based therapy furnished significant advantages for set
tings of CKD, acute kidney injury, or CRS [26–30]. Furthermore, our 
recent studies have proved that cell-based therapy endured a 
dose-dependent effect (i.e., a single dose was inferior to two doses) on 
improving the outcomes in damaged organs [31,32]. Based on these 
subjects [12–24,26–34], it is reasonable to believe that repeated doses of 
ADMSCs administration might facilitate the therapeutic potential of 
EMPA on DKD rodents. 

Materials and methodologies 

Ethical issues 

The formalities of animal investigations were authorized by the 
Committee at Kaohsiung Chang Gung Memorial Hospital (Affidavit of 
Approval of Animal Use Protocol No. 2020092205), following the Guide 
for the Care and Use of Laboratory Animals, and housed in an AAALAC- 

approved animal facility in our hospital with suitable temperature and 
light cycles (24 ◦C and 12/12 light cycle) for animals. 

The CKD induction, animal groups, DKD induction, blood sugar record, 
and definition of diabetes mellitus (DM) 

Adult male SD rats were used in our study. The program of CKD 
induction has been mentioned in our previous report [33]. Briefly, an
imals in all groups were anesthetized by inhalational 2.0% isoflurane for 
midline laparotomies. While the sham-operated control (SC) rats 
accepted laparotomy only, the CKD was conducted in the animals of 
CKD groups using right nephrectomy plus arterial ligation of the upper 
2/3 (upper and middle poles) blood conveyances of the left kidney, 
leaving the lower 1/3 part of (lower pole) kidney with normal blood 
flow. 

The DM induction was created on the 7th day after CKD induction, as 
described by our recent study [34]. In detail, streptozotocin (STZ) (30 
mg/kg) and aminoguanidine (180 mg/kg) [i.e., to protect those of the 
beta cells (β-cells) in islets of the pancreas for avoiding complete 
destruction, similar to a set of type II DM] were intraperitoneally 
delivered at the 7th day following CKD induction and carried on once 
only, resulting in a DKD animal model. The reason and dosage of ami
noguanidine (AMG) to be applied in the current animal model investi
gation were according to the previous report [35]. Since the result from 
this investigation [35] revealed that AMG was able to provoke the 
biosynthesis and release of insulin, resulting in inhibition of the 
advanced glycosylation end products (AGEs) formation and accumula
tion in islets as well as alleviating the glucotoxicity for the β-cells. 

After completing the induction of DKD, the rodents were equally 
divided into group 1 (SC), group 2 (DKD), group 3 (DKD + EMPA/20 
mg/kg/day since day 14 after CKD induction), group 4 [DKD + ADMSCs 
(6.0 × 105 by intrarenal arterial injection at 28th day after CKD in
duction, followed by 1.2 × 106 cell by intravenous administration at 
35th and 42nd days after CKD induction)], and group 5 (DKD-ADMSC- 
EMPA). The kidney was harvested from each animal by day 60 CKD 
induction. 

The dosage of the ADMSCs utilization was according to our previous 
reports [31,34] with minimal modification. Additionally, by day 28 
after CKD induction [refer to Supplementary Fig. 1], the laparotomy was 
conducted again. The renal artery was isolated by visual observation, 
followed by ADMSCs inside a 30# needle carefully and slowly admin
istered into the renal artery. After the ADMSCs administration, the 
needle was pulled out, and careful compression was applied to the 
needle wound until the bleeding was stopped. 

Monitoring the circulatory blood sugar level and definition of DM 
were based on our previous study [29,34]. In detail, the circulatory 
sugar level of each animal was assessed at 8:00–9:00 a.m. using a blood 
glucose monitor (ACCU-CHEK-Active; Roche) on day 14 and day 60 
after CKD induction. After STZ treatment for 7 days, we detected the 
blood glucose levels and defined ≥250 mg/dL as a successful DM 
induction. 

Preparing allogenous ADMSCs for different points of treatment 

To isolate adipose tissue for ADMSCs, culture was carried out in 
additional 24 animals (i.e., the donors of allogenous ADMSCs) for those 
of groups 4 and 5 (i.e., called recipients). Adipose tissues situated in the 
epididymis and abdominal areas were carefully isolated according to our 
previous reports [24,28] at different time intervals of treatment. Cell 
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culture was performed in Dulbecco’s modified Eagle’s medium 
(DMEM)-low glucose medium containing 10% FBS for at least 14 days. 
Roughly 2.5–3.5 × 106 ADMSCs were gathered from each animal at this 
time interval. 

Examination of circulatory blood urine nitrogen (BUN) and creatinine 
levels 

To elucidate if the CKD animal model was successfully established 
and the effect of ADMSCs treatment on preserving the renal function, 
blood-sample collections were serially performed prior to and after the 
CKD induction (i.e., prior to and at days 14, 28, and 60 after CKD in
duction prior to the animals were sacrificed). Standard laboratory 
methods calculated circulatory levels of creatinine and BUN. 

Collecting 24 h urine for the serial changes of the ratio of urine protein to 
creatinine 

Our previous report has written the methodology for assessing this 
parameter [33]. To collect 24 h urine for the study, animals in each 
group were arranged in a metabolic cage for 24 h with a free intake of 
food and water. Urine in 24 h was collected in all rats before and at days 
14, 28, and 60 after CKD induction to examine the ratio of urine protein 
to urine creatinine. 

Measuring the time courses of the renal artery resistive index (RARI) 

The RI is an essential and reliable factor for determining renal 
arterial resistance in variable kidney diseases, such as CKD or DKD 
settings. By using the ultrasound machine (Vevo 2100, VisualSonics), an 
expert animal ultrasound specialist measured two parameters of the 
renal artery, including (1) peak systolic blood velocity (PSV) and (2) 
lowest diastolic blood velocity (LDV). Thus, the calculation formula was 
defined as RI = (PSV-LDV)/PSV. 

Microstructural examination for renal injured scoring by day 60 after CKD 
induction 

The methods for determining the protein levels of investigated bio
markers have been depicted in our previous studies. The kidney 
histopathological-injury score was analyzed in a blinded fashion, as we 
have previously described [36]. Briefly, all rats’ left kidney specimens 
were prepared well and embedded in paraffin, sectioned at 4 μm, and 
stained by H & E for the light microscope. Within detecting 10 randomly 
chosen non-overlapping fields (200x) for each animal, the score indi
cated the percentages including 1) grading of tubular necrosis; 2) loss of 
brush border; 3) cast formation; and 4) tubular dilatation as follows: 
0 (none), 1 (≤10%), 2 (11–25%), 3 (26–45%), 4 (46–75%), and 5 
(≥76%). 

Western blot analysis of left kidney specimens 

The methods for determining the protein levels of investigated bio
markers have been depicted in our previous studies [37]. Briefly, equal 
amounts (50 μg) of protein extracts were loaded and separated by 
SDS-PAGE using acrylamide gradients. The membranes were incubated 
with the indicated primary antibodies to detect the parameters’ amount 
[matrix metalloproteinase 9 (MMP9) (1: 1000, Abcam), phosphorylated 
nuclear factor p–NF)–kB (1: 1000, Cell Signaling), NOX-1 (1: 1000, 
Sigma), NOX-2 (1: 1000, Sigma), cleaved poly ADP ribose polymerase 
(PARP) (1: 1000, Cell Signaling), mitochondrial Bax (1: 1000, Abcam), 
tumor necrosis factor (TNF)-α (1: 1000, Cell Signaling), P22 phox (1: 
1000, Abcam), p-Smad 3 (1: 1000, Cell Signaling), transforming growth 
factor (TGF)-β (1:1000, Abcam), p-Smad 1/5 (1: 1000, Cell Signaling), 
bone morphogenetic protein (BMP)2 (1: 1000, Abcam), phosphorylated 
dynamin-related protein 1DRP1 (1: 1000, Cell Signaling), γ-H2AX (1: 

1000, Cell Signaling), Atg 5 (1: 1000, Cell Signaling), cleaved caspase 3 
(1: 1000, Cell Signaling), oxidized protein (1:100, Millipore) and Actin 
(1: 10,000, Chemicon)] for 1 h at room temperature. Horseradish 
peroxidase-conjugated secondary antibodies were further incubated for 
1 h at room temperature and performed by enhanced chem
iluminescence (ECL; Amersham Biosciences, Amersham, UK), followed 
by exposure to Biomax L film (Kodak, Rochester, NY, USA). For the 
quantifications of protein expressions, ECL signals were evaluated using 
Labwork software (UVP, Waltham, MA, USA). 

Immunohistochemical (IHC) and immunofluorescent (IF) studies 

The procedures and protocols for IHC and IF examinations were 
based on our previous reports [33,38]. Briefly, IF stain was conducted 
for the analyses of the specific parameters 
[8-hydroxy-2-deoxyguanosine (8-OHdG) (1: 500, Abcam), ZO-1 (1: 200, 
Abcam), kidney injury molecule (KIM-1) (1:400, Novus), and Synapto
podin (1:500, Santa Cruz)]. Respective primary antibody was used with 
irrelevant antibodies as controls. Three sections of kidney specimens 
were assessed in each animal. Three randomly selected microscope HPFs 
(200x for IHC and IF studies) were examined on each slide for quanti
fication. The mean number per HPF for each rat was calculated by 
summation of all numbers divided by 9. 

An IHC-based scoring system was adopted for semi-quantitative 
analysis of 8-OHdG in the kidney as a percentage of positive cells in a 
blinded fashion [score of positively-stained cell: 0 = negative staining; 1 
= 1–15%; 2 = 16–25%; 3 = 26–50%; 4 = 51–75%; and 5 = 76–100% per 
high-power field (HPF)]. Additionally, an IF-based scoring system was 
adopted for the semi-quantitative analysis of KIM-1 in the kidney that 
was identical to the method outlined above for the analysis of 8-OHdG. 

Moreover, the fluorescence intensities of ZO-1 and synaptopodin 
wereobserved by fluorescence microscope (Olympus BX51: fluorescence 
imaging system of OLYMPUS cellSens Standard 1.17) and converted to 
arbitrary units (AU) by ImageJ software 1.53 edition. For quantification, 
fluorescence intensity was used to confirm the area of integrated in
tensity and the selected mean gray value. Fluorescence intensity repre
sents the integrated density, which was area x average fluorescence of 
background readings. 

Statistical analysis 

Quantitative parameters were shown as mean ± SD. The statistical 
analyses were performed using SPSS 18 (IBM) software and GraphPad 
Prism (GraphPad Software v.8.0). ANOVA was calculated and analyzed, 
followed by Bonferroni multiple comparison post hoc tests for 
comparing variables among groups. The probability value < 0.05 was 
considered as the statistical significance. 

Results 

The procedure and protocol of CKD and DKD inductions, the time points of 
treatment, and mortality rate of animals among the groups 

[Supplementary Fig. 1] illustrates the time points of CKD and DKD 
inductions. By days 60 after CKD (i.e., the end of the study period), the 
animals in each group were euthanized prior to abdominal ultrasound 
examination, and the kidney in each animal was harvested for individual 
study. 

[Supplementary Table 1] demonstrated the number of animals to be 
utilized, the time point of animal death, and the accumulated survival 
rate at the end of the study period. By the end of the study period, the 
accrued survival rate was 100.00% in group 1 (SC), 43.75% in group 2 
(DKD), 68.75% in group 3 (DKD + EMPA), 75.00% in group 4 (DKD +
ADMSCs), and 68.75% in group 5 (DKD + ADMSC + EMPA), respec
tively. The statistically significant difference in accumulated mortality 
rate was only present in SC group vs. group 2 (p < 0.01), indicating not 
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only EMPA but also ADMSCs therapy prolonged survivals and provided 
the positive outcomes in DKD rats. 

Time courses of the circulating levels of blood sugar, BUN, and creatinine, 
and the ratio of urine protein to urine creatinine 

The baseline level of circulatory blood sugar did not differ among the 
groups [Fig. 1A]. However, by day 7 (i.e., day 14 after CKD induction) 
after STZ, the blood sugar was significantly higher in groups 2 to 5 (i.e., 
mean value > 250 mg/dL in these 4 groups) than in that of the SC group 
[Fig. 1B]. This finding was defined as a successful DM induction. 
Additionally, by day 60 after CKD (i.e., just equal to day 53 after suc
cessful DM induction), the circulatory level of blood sugar was lowest in 
SC group, most significantly increased in group 2 and significantly 
increased in group 4 than in groups 3 and 5, but it did not differ between 

groups 3 and 5 [Fig. 1C]. 
Next, to elucidate the impact of ADMSCs-EMPA on safeguarding the 

residual renal function in DKD animals, the time courses of blood sam
plings were collected for measuring the circulatory levels of BUN and 
creatinine, and the urine was collected for assessment of the ratio of 
urine protein to urine creatinine. As we expected, the baseline levels of 
these three parameters were similar among the groups [Fig. 1D, H, L]. 
However, by day 14 after CKD induction, these three parameters were 
significantly higher in groups 2 to 5 as compared with the SC group, but 
they did not differ among the latter 4 groups [Fig. 1E, I, M]. Addition
ally, by day 28, these three parameters were significantly higher in 
groups 2 to 5 as compared to the SC group, and considerably higher in 
groups 2 and 4 than in groups 3 and 5, but they were similar between the 
groups 2 and 4 and between the groups 3 and 5 [Fig. 1F, J, N]. 
Furthermore, by the end of the study period (i.e., at day 60 after CKD 

Fig. 1. Time courses of the circulating levels of blood sugar, blood urine nitrogen, and creatinine, and the ratio of urine protein to urine creatinine (A) 
Circulating blood sugar level at day 0, p > 0.5. (B) Circulating level of blood sugar at day 7 after streptozotocin treatment, * vs. other groups with different symbols 
(†, ‡), p < 0.0001. (C) Circulating level of blood sugar at day 60 after CKD induction, * vs. other groups with different symbols (†, ‡), p < 0.0001. (D) Circulatory level 
of BUN at day 0, p > 0.5. (E) Circulatory level of BUN at day 14 after CKD induction, * vs. †, p < 0.0001. (F) Circulatory level of BUN at day 28 after CKD induction, * 
vs. other groups with different symbols (†, ‡), p < 0.0001. (G) Circulatory level of BUN at day 60 after CKD induction, * vs. other groups with different symbols (†, ‡, 
§), p < 0.0001. (H) Circulatory level of creatinine at day 0, p > 0.5. (I) Circulatory level of creatinine at day 14 after CKD induction, * vs. †, p < 0.0001. (J) Circulatory 
level of creatinine at day 28 after CKD induction, * vs. other groups with different symbols (†, ‡), p < 0.0001. (K) Circulatory level of creatinine ay day 60 after CKD 
induction, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. (L) Ratio of urine protein to urine creatinine (RUPr/UCr) at day 0, p > 0.5. (M) RUPr/UCr at day 
14 after CKD induction, * vs. †, p < 0.0001. (N) RUPr/UCr at day 28 after CKD induction, * vs. other groups with different symbols (†, ‡), p < 0.0001. (O) RUPr/UCr at day 
60 after CKD induction, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by 
Bonferroni multiple comparison post hoc test (n = 7 to 11 for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). 
Abbreviations: CKD : chronic kidney disease; BUN : blood urea nitrogen; SC : sham-operated control; DKD : diabetic kidney disease; EMPA : empagliflozin; ADMSC : 
adipose-derived mesenchymal stem cell. 
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Fig. 2. Serial changes of renal artery resistive index (RARI) (A) The RARI at day 0, p > 0.5. (B) The RARI at day 14 after CKD induction, * vs. †, p < 0.0001. (C) 
The RARI at day 28 after CKD induction, * vs. other groups with different symbols (†, ‡), p < 0.0001. (D) The RARI at day 60 after CKD induction, * vs. other groups 
with different symbols (†, ‡, §), p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n 
= 7 to 11 for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). 
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being conducted), these three parameters were lowest in SC group, 
highest in group 2, and significantly lower in group 5 than in groups 3 
and 4. Still, they showed no difference between these latter two groups 
[Fig. 1G, K, O]. 

The time courses of renal artery resistive index (RARI) among the groups 

The time courses of renal artery RI among the groups were shown in 
[Fig. 2]. By day 0, the renal artery RI did not differ among the five 
groups. However, by day 14 after CKD induction, this parameter was 
significantly higher in groups 2 to 5 than that of the SC group. 

Abbreviations: CKD : chronic kidney disease; SC : sham-operated control; DKD : diabetic kidney disease; EMPA : empagliflozin; ADMSC : adipose-derived mesen
chymal stem cell. 

Fig. 3. Impact of ADMSCs-EMPA therapy on attenuating the kidney injury score by day 60 after CKD induction (A1 to E1) Light microscopic findings (200x; 
H&E stain) illustrating the remarkably increased loss of brush border in renal tubules (yellow arrows), tubular necrosis (green arrows), tubular dilatation (red 
asterisk), protein cast formation (black asterisk), and dilatation of Bowman’s capsule (blue arrows) in DKD group than in other groups. All scale bars in the lower 
right corner represent 50 μm. (A2 to E2) Showing the magnified blue square box for observing the more clear kidney ultrastructure. (F) Analytical result of kidney 
injury score, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni 
multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). 
Abbreviations: CKD : chronic kidney disease; BUN : blood urea nitrogen; SC : sham-operated control; DKD : diabetic kidney disease; EMPA : empagliflozin; ADMSC: 
adipose-derived mesenchymal stem cell. 
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Additionally, by day 28 after CKD induction, this parameter was lowest 
in the SC group, significantly lower in groups 3 and 5 than in groups 2 
and 4, but it demonstrated no difference between the groups 2 and 4 or 
between the groups 3 and 5. Furthermore, by day 60 after CKD induc
tion, this parameter was also lowest in the SC group, highest in group 2, 
and significantly lower in group 5 than in groups 3 and 4. Still, it was 
similar between these latter two groups. 

Impact of ADMSCs-EMPA therapy on attenuating the kidney injury score, 
fibrotic area, and oxidative stress in kidney parenchyma by day 60 after 
CKD induction 

To elucidate whether ADMSCs-EMPA therapy would protect the 
integrity of kidney architecture, histopathological findings were 

performed in kidney specimens. The H.E. stain of microscopic histo
pathological evaluation illustrated that the kidney injury score [Fig. 3] 
(i.e., the parameters summarized as the scoring of tubular necrosis, loss 
of brush border, cast formation, Bowman’s capsule, and tubular dila
tation) was the most significantly increased in group 2 as compared with 
the SC group, significantly reduced in group 5 than in groups 3 and 4, 
but it exhibited no difference between groups 3 and 4 [Fig. 3]. 

When we looked at the Masson’s trichrome stain, we found that the 
fibrotic area of the kidney parenchyma revealed a similar manner of 
kidney injury score among the groups [Fig. 4]. 

When we further scrutinized the immunohistochemical (IHC) 
microscopic examination, we identified that the scoring of positively 
stained 8-OHdG, an index of cellular level of oxidative stress, also 
identically resembled the pattern of kidney injury score among the five 

Fig. 4. Impact of ADMSCs-EMPA therapy on alleviating fibrosis in renal tissue by day 60 after CKD induction (A1 to E1) Demonstrating the microscopic 
finding of Masson’s trichrome stain (200x) for verification of fibrosis in kidney parenchyma (blue color). All scale bars in the lower right corner represent 50 μm. (A2 
to E2) Exhibiting the magnified blue square box for inspecting kidney ultrastructure more clearly. (F) Analytical result of fibrotic area, * vs. other groups with 
different symbols (†, ‡, §), p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 
for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). 
Abbreviations: CKD : chronic kidney disease; SC : sham-operated control; DKD : diabetic kidney disease; EMPA : empagliflozin; ADMSC : adipose-derived mesen
chymal stem cell. 
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groups [Fig. 5]. Therefore, the findings from [Figs. 3–5] implicated that 
ADMSCs facilitated the effect of EMPA on protecting the ultrastructure 
of kidney parenchyma in the setting of DKD rodent. 

The histopathological analyses of kidney injury molecule and podocyte 
components in kidney parenchyma by day 60 after CKD induction 

To specifically observe the ultrastructural damage of glomeruli and 
renal tubules, the immunofluorescent (IF) microscope was utilized in the 
present study. As we expected, the fluorescent intensity of positively 
stained KIM-1, predominantly localized in renal tubules, was the most 

significantly expressed in group 2, the most oppositely represented in SC 
group (i.e., group 1) as compared to group 2 and significantly reduced in 
group 5 than in groups 3 and 4, but it revealed no difference in groups 3 
and 4 [Supplementary Fig. 2]. 

Next, when focused on the glomerulus microstructure, we discovered 
that the cellular expressions of ZO-1 and synaptopodin, two components 
of podocytes predominantly situated in the glomeruli, disclosed a con
trary manner of KIM-1 among the groups [Fig. 6]. These findings could, 
at least in part, explain why the proteinuria was substantially amelio
rated in DKD animals after receiving ADMSCs-EMPA treatment. 

Fig. 5. Impact of ADMSCs-EMPA therapy on ameliorating oxidative stress in renal tissue by day 60 after CKD induction (A1 to E1) Displaying the 
microscopic finding (200x) of 8-OHdG stain for recognizing the intensity of oxidative stress expression. All scale bars in the lower right corner represent 50 μm. (A2 
to E2) Exhibiting the magnified blue square box for inspecting more clearly oxidative-stress expression in renal tubules. (F) Analytical result of expression of the 8- 
OHdG score, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni 
multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). 
Abbreviations: CKD : chronic kidney disease; SC : sham-operated control; DKD : diabetic kidney disease; EMPA : empagliflozin; ADMSC : adipose-derived mesen
chymal stem cell. 
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The protein levels of apoptosis, fibrosis, damaged and autophagic 
biomarkers in kidney parenchyma by day 60 after CKD induction 

To clarify the protein levels of apoptotic and fibrotic biomarkers, the 
Western blot analysis was employed. The result disclosed that three 
parameters of apoptosis, including protein expressions of cleaved cas
pase 3, cleaved PARP and mitochondrial Bax [Fig. 7A–C], as well as two 
parameters of fibrosis, including TGF-β and p-Smad 3 [Fig. 7D and E], 
were highest in group 2, lowest in SC group, and significantly lower in 
group 5 than in groups 3 and 4. In contrast, the protein expressions of p- 
Smad 1/5 and BMP-2 disclosed a contrary manner of TGF-β among 5 

groups [Fig. 7F and G]. 
To delineating the therapeutic impact of ADMSCs-EMPA on reducing 

mitochondrial/DNA damaged and autophagic expressions, the Western 
blot analysis once more was employed in the current study. The result 
demonstrated that the protein levels of p22 phox and p-DRP1, two pa
rameters of mitochondrial damage, protein expression of γ-H2AX, an 
index of DNA-injured biomarker, and protein expression of Atg 5, an 
indicator of autophagy, were lowest in SC group, highest in group 2 and 
significantly lower in group 5 than in groups 3 and 4 [Fig. 7H–K]. 

Fig. 6. Impact of ADMSCs-EMPA therapy on preserving the podocyte components in kidney parenchyma by day 60 after CKD induction (A to E) 
Demonstrating the immunofluorescent (IF) microscopic finding (200x) for identification of the expression of ZO-1 (green color). (F) Analytical result of the 
expression of ZO-1, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. (G to K) Demonstrating the IF microscopic finding (200x) for identification of the 
expression of synaptopodin (green color). (L) Analytical result of the expression of synaptopodin, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. All 
scale bars in the lower right corner represent 50 μm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post 
hoc test (n = 6 for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). 
Abbreviations: CKD : chronic kidney disease; SC : sham-operated control; DKD : diabetic kidney disease; EMPA : empagliflozin; ADMSC : adipose-derived mesen
chymal stem cell. 
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The protein levels of oxidative stress and inflammation in kidney 
parenchyma by day 60 after CKD induction 

An association between DKD and the upregulation of oxidative stress 
and inflammation has been well recognized. In this study, we intended 
to delineate whether the ADMSCs-EMPA therapy would alleviate these 
molecular perturbations. Western blot analysis was used again. The 
result declared that the protein levels of NOX-1, NOX-2, and oxidized 
protein, three parameters of oxidative stress, were greatly increased in 
group 2 as compared to that of the SC group, and significantly reduced in 
groups 5 than in groups 3 and 4 [Fig. 8A–C]. Additionally, the protein 
expressions of p–NF–κB, TNF-α, and MMP-9, three inflammation pa
rameters, divulged a contrary manner of NOX-1 among the groups 
[Fig. 8D–F]. 

Discussion 

This study which explored the therapeutic effect of AMDSCs-EMPA 

on safeguarding the residual kidney function and ultrastructural integ
rity of the kidney in the setting of DKD delivered several noticeable 
connotations. First, we successfully created a DKD animal model that not 
only mimicked the clinical DKD setting but also provided a platform for 
pharmacological and biological studies as well as investigating the 
mechanistic basis of DKD. Second, the result of the present study 
demonstrated that combined ADMSCs and EMPA was superior to merely 
either one in preserving the functional and architectural integrities of 
kidney in DKD rodent. This finding might implicate that ADMSCs could 
facilitate the therapeutic impact of EMPA, i.e., defined as “added on 
beneficial effects” on protecting the kidney in DKD rodents. Third, based 
on the findings in the present study, we concluded that hyperglycemia 
damaged the kidney function and its microstructures mainly through 
several signaling pathways, including fibrosis, oxidative stress, inflam
matory reaction, and autophagy. 

It is globally well-known that hyperglycemia commonly worsens 
renal function in most CKD patients [1,3,4], ultimately advancing to 
ESRD [5]. One important finding in the present study was that, as 

Fig. 7. Impact of ADMSCs-EMPA therapy on attenuating the protein levels of apoptosis, fibrosis, damaged and autophagic biomarkers in renal tissue by 
day 60 after CKD induction (A) Protein level of cleaved caspase 3 (c-Casp 3), * vs. other groups with different symbols (†, ‡, §), p < 0.0001. (B) Protein level of 
cleaved Poly (ADP-ribose) polymerase (PARP), * vs. other groups with different symbols (†, ‡, §), p < 0.0001. (C) Protein level of mitochondrial Bax (mit-Bax), * vs. 
other groups with different symbols (†, ‡, §, ¶), p < 0.0001. (D) Protein expression of transforming growth factor (TGF-β), * vs. other groups with different symbols (†, 
‡, §), p < 0.0001. (E) Protein level of phosphorylated (p)-Smad 3, * vs. other groups with different symbols (†, ‡, §, ¶), p < 0.0001. (F) Protein level of p-Smad 1/5, * 
vs. other groups with different symbols (†, ‡, §, ¶), p < 0.0001. (G) Protein level of bone morphogenetic protein 2 (BMP-2), * vs. other groups with different symbols 
(†, ‡, §, ¶), p < 0.0001. (H) Protein levels of p22 phox. (I) Protein level of phosphorylation of dynamin-related protein 1 (p-DRP1), * vs. other groups with different 
symbols (†, ‡, §, ¶), p < 0.0001. (J) Protein level of γ-H2AX, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. (K) Protein level of Atg 5, * vs. other groups 
with different symbols (†, ‡, §, ¶), p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test 
(n = 6 for each group). Symbols (*, †, ‡, §, ¶) indicate significance (at 0.05 level). 
Abbreviations: CKD : chronic kidney disease; SC : sham-operated control; DKD : diabetic kidney disease; EMPA : empagliflozin; ADMSC : adipose-derived mesen
chymal stem cell. 
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compared with the SC, the renal function in CKD was notably reduced by 
day 14 after CKD induction that was even more deteriorated by day 28 
after CKD induction, which corresponded to the time point of day 21 
after STZ treatment, i.e., that time interval of already successfully 
created DKD in rodent. Our finding, in addition to being consistent with 
the findings from the previous studies, once again proved that persistent 
hyperglycemia undoubtedly deteriorated the residual renal function in 
the CKD setting. 

Plentiful evidence from clinical trials [13–15] and animal model 
studies [17]has demonstrated that SGLT2 inhibitors effectively pro
tected the residual renal function in the DKD setting. Additionally, 
numerous data [26,27,29,31,32] have proved that cell therapy, espe
cially those of MSCs, effectively protects the renal function in CKD 
setting. An essential finding in the present study was that not only 
AMDSCs but also EMPA therapy effectively protected the residual renal 
function in DKD animals, i.e., preventing the upregulations of circula
tory levels of BUN and creatinine and the ratio of urine protein to urine 

creatinine. In this way, our findings were consistent with the findings of 
previous studies [26,27,29,31,32]. Surprisingly, while the positive 
impact of ADMSCs and EMPA therapy on protecting kidney function in 
CKD or DKD settings is still lacking adequate evidence to address 
whether combined ADMSC and EMPA therapy would offer a synergic 
effect for further improving renal function in DKD settings. The most 
critical finding in the present study was that combined ADMSCs and 
EMPA therapy was superior to either one treatment, i.e., bolstering our 
purpose to prove that “ADMSCs had additional beneficial effects to 
empagliflozin on protecting renal function”. Accordingly, our innova
tive finding may deliver a potentially clinical message for the possible 
utilization of this strategic management for DKD patients without 
ethical issues, especially in those who are already refractory to tradi
tional therapy. 

It is well recognized that the functional integrity of podocyte com
ponents in glomeruli plays a crucial role in avoiding protein leakage 
from glomeruli, impeding proteinuria [17,31]. In the present study, the 

Fig. 8. Impact of ADMSCs-EMPA therapy on downregulating the protein levels of oxidative stress and inflammation in renal tissue by day 60 after CKD 
induction (A) Protein level of NOX-1, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. (B) Protein level of NOX-2, * vs. other groups with different 
symbols (†, ‡, §, ¶), p < 0.0001. (C) The oxidized protein level, * vs. other groups with different symbols (†, ‡, §, ¶), p < 0.0001. Left and right lanes expressed on the 
upper panel indicated the molecular weight marker and control oxidized molecular protein standard, respectively). M.W. = molecular weight; DNP = 1–3 dini
trophenylhydrazone. (D) Protein level of phosphorylated nuclear factor (p–NF)–κB, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. (E) Protein level of 
tumor necrosis factor (TNF)-α, * vs. other groups with different symbols (†, ‡, §), p < 0.0001. (F) Protein level of matrix metalloproteinase (MMP-9), * vs. other groups 
with different symbols (†, ‡, §), p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n 
= 6 for each group). Symbols (*, †, ‡, §, ¶) indicate significance (at 0.05 level). 
Abbreviations: CKD : chronic kidney disease; SC : sham-operated control; DKD : diabetic kidney disease; EMPA : empagliflozin; ADMSC : adipose-derived mesen
chymal stem cell. 
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podocyte components were significantly reduced. In contrast, the kidney 
injury molecule-1 was significantly increased in DKD animals as 
compared with the SC that was remarkably reversed by in ADMSCs or 
EMPA treatment and further remarkably reversed in those of DKD ani
mals after receiving combined ADMSCs and EMPA regimen. These 
findings, in addition to corroborating with the finding of previous 
studies [17,31], could, at least in part, explain why the ratio of urine 
protein to urine creatinine was substantially reduced with than without 
ADMSCs-EMPA treatment. 

Link between CKD and eliciting of oxidative stress, inflammation and 
fibrosis has been well understood in CKD/DKD settings [26,27,29,31, 
32]. A principal finding in the present study was that all of the 
molecular-cellular perturbations, including oxidative stress, inflamma
tory, fibrotic, DNA-damaged and autophagic biomarkers, were notably 
increased in DKD animals as compared with SC animals that were 
significantly suppressed by ADMSCs or EMPA treatment and further 
significantly suppressed by these therapeutic components. In this way, 
our findings, in addition to strengthening the findings of the previous 
studies [26,27,29,31,32], could partially vindicate why the urine pro
tein and kidney injury score were markedly alleviated by 
ADMSCs-EMPA therapy. 

Physiologically, the renal tubules commonly rely on adequate 
oxidative ability (i.e., through oxidation phosphorylation) to connive 
the active transport of glucose and molecules [39–42]. In this way, 
plentiful mitochondria in the tubules are required to meet the energetic 
requirement, making mitochondrial susceptible to oxidative-stress 
damage [39–42]. Additionally, a study has previously revealed that 
8-OHdG plays a critical role in oxidative stress [43]. A cardinal finding 
in the present study was that 8-OHdG expression, which was identified 
dominantly in renal tubules [referred to Fig. 5], i.e., vigorous oxidative 
stress, was substantially enhanced in DKD animals. Our finding, in 
addition to being supported by the previous studies [39–43], could once 
again explain why the renal tubules were more susceptible to hyper
glycemic damage in DKD animals without than with ADMSCs-EMPA 
treatment. 

Study limitation 

Our study may have some limitations. First, although the study had 
done extensive work, the exact underlying mechanism regarding how 
the ADMSCs-EMPA treatment improved the outcomes had not been fully 
investigated. Second, despite the study period being 60 days, it might 
still not be enough to investigate the more long-term unfavorable out
comes of hyperglycemia-induced renal complications in CKD rodents. 
Third, if the study further enrolled the CKD only control, the progression 
of renal injury and the protective impacts of DAPA and ADMSCs could 
be delineated not only in the DKD but also in the CKD setting. In this 
way, the pathophysiology of diabetes-mediated CKD and the specific 
potential of DAPA-ADMSCs therapy for DKD could also be clarified in 
the present study. 

Conclusion 

In conclusion, the results of our study demonstrated that ADMSCs 
would add to beneficial effects of EMPA on preserving the residual renal 
function and integrity of kidney architecture in DKD rats. 
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