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We investigated the role of Akt1, one of the three isoforms of Akt, in renal fibrosis using the murine model of unilateral ureteral
obstruction (UUO). We subjected wild type and Akt1−/− mice to UUO. The Akt1 gene was silenced in vitro using short hairpin
RNA delivered via a lentiviral vector in human proximal tubular cells (HK2 cells) and kidney fibroblasts (NRK-49F cells). The
obstructive kidneys of Akt1−/− mice showed more severe tubulointerstitial fibrosis than those of wild type mice. The expression
of fibronectin and type I collagen was significantly increased in obstructed kidneys of Akt1−/− mice compared to those of wild
type mice. The important finding was that the expression of transforming growth factor β1 (TGFβ1) was significantly increased
in the Akt1−/− mice compared to the wild type mice. The knockdown of Akt1 enhanced the expression of TGFβ1 in HK2 cells.
Interestingly, the upregulation of TGFβ1 due to genetic knockdown of Akt1 was associated with activation of signal transducer
and activator of transcript 3 (STAT3) independently of the Smad pathway in NRK-49F and HK2 cells. Immunohistochemical
staining also showed that expression of phosphorylated STAT3 was more increased in Akt1−/− mice than in wild type mice after
UUO. Additionally, the deletion of Akt1 led to apoptosis of the renal tubular cells in both in vivo and in vitro studies.
Conclusively, these results suggest that the deletion of Akt1 may contribute to renal fibrosis via induction of the TGFβ1/STAT3
pathway in a murine model of UUO.

1. Introduction

Chronic kidney disease (CKD) is a highly prevalent disease,
which is caused by multiple etiologies including diabetes
mellitus (DM), hypertension, and glomerulonephritis. Accord-
ingly, CKD imposes a heavy socioeconomic burden. The
prevalence of CKD varies between 7% and 12% in different
regions of the world [1], and the Korean National Health and
Nutritional Examination Survey (2011-2013) reported a preva-
lence of 8.2% in adults aged ≥20 years [2].

Renal fibrosis is a common characteristic of CKD and is
referred to as “glomerulosclerosis” or “tubulointerstitial
fibrosis” according to its anatomic location [3, 4]. Further-

more, these findings are usually accompanied by peritubular
capillary rarefaction, interstitial inflammation, and tubular
atrophy [3]. Also, tubular apoptosis can importantly contrib-
ute to renal fibrosis [5].

Akt/protein kinase B (PKB) is a serine/threonine kinase
with three isoforms (Akt1, 2, and 3), which are all activated
by phosphatidylinositide 3′-OH kinase (PI3K) and partici-
pate in various cellular signaling processes including glucose
metabolism, apoptosis, and cell proliferation and migration
[6, 7]. In cancer cells, Akt has an antiapoptotic action and
has been proposed to act along with PI3K as a mediator of
cell survival [8]. Previous studies using various transgenic
and knockout (KO) mice have shown that Akt isoforms have
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partly redundant but also distinct functions in physiological
and pathological processes, in part due to different tissue-
specific expressions of the isoforms [9–11]. The activity of
Akt is increased in the kidneys in experimental tubulointer-
stitial fibrosis [7]. However, the role of the Akt isoforms in
tubulointerstitial fibrosis remains to be determined. Akt iso-
forms may have different functions and can induce different
phenotypes in a cell- and organ-dependent manner [10, 11].
Moreover, we previously reported that the genetic silencing
of Akt1 causes the vascular smooth muscle cells to switch
from the contractile to the synthetic phenotype indicating
that Akt1 could be related to the fibrosis pathway [12]. The
unilateral ureteral obstruction (UUO) model is a well-
established model that exhibits all the features of CKD. Thus,
in this study, we investigated the role of Akt1, one of the three
Akt isoforms, in renal fibrosis and tubular apoptosis using
the murine model of UUO.

2. Materials and Methods

2.1. Murine Models of Renal Fibrosis. The protocols (PNU
2015-0909, 0998) for animal use were reviewed and approved
by Pusan National University–Institutional Animal Care and
Use Committee (PNU-IACUC) with respect to ethics and hus-
bandry. Male wild type mice (C57BL/6) were purchased from
Koatech Technology Corporation (Seoul, Korea), and male
mice lacking Akt1 (Akt1−/−) (C57BL/6, 129P2-Akt1tm1Mbb/J)
were purchased from Jackson Laboratory (Bar Harbor, Maine,
USA). All mice were housed in cages under a 12-hour light/dark
cycle, and the temperature was maintained at 22°C. Addition-
ally, the mice were fed the standard laboratory diet and allowed
free access to water. All procedures were conducted in the same
way for both the groups and conformed to the Guidelines for
the Care and Use of Experimental Animals endorsed by the
Korean Society of Experimental Animal. The mice were eutha-
nized via 2% isoflurane inhalation followed by exsanguination
and cardiac perfusion using phosphate-buffered saline. For
UUO, 9-week-old wild type andAkt1−/−mice were anesthetized
with 2% isoflurane. In each animal, the left kidney was exposed
through a left flank incision, and the ureter was then exposed by
gentle dissection and ligated with a 6-0 silk tie suture at two
points. The mice were euthanized 1, 3, or 7 days after surgery.
Whole kidneys were harvested, and one-half of each kidney
was fixed in 10% neutralized formalin for immunohistochemis-
try. The samples were identified as follows: A1 (n = 6): day 1
Akt1−/−, A3 (n = 6): day 3 Akt1−/−, and A7 (n = 6): day 7
Akt1−/−, and U1 (n = 6): day 1 wild type, U3 (n = 6): day 3 wild
type, and U7 (n = 6): day 7 wild type. The wild type control
sham (U0, n = 6) and Akt1−/− control sham (A0, n = 6) mice
were subjected to identical surgical procedures without occlu-
sion of the ureter.

2.2. Microscopic Analysis/IHC. Immediately after collection,
the tissues were fixed in 10% formalin and processed and
embedded in paraffin. For Masson’s trichrome staining,
4μm thick sections of paraffin-embedded tissues were
deparaffinized, rehydrated in an ethanol series, washed with
tap water, and refixed in Bouin’s solution (HT10132, Sigma-
Aldrich, Saint Louis, MO, USA) overnight at room tempera-

ture. After washing with running tap water for 10min, the
sections were stained with Weigert’s iron hematoxylin work-
ing solution for 10min. The sections were then stained with
Biebrich scarlet-acid fuchsin solution for 10min, washed for
10min, treated with a phosphomolybdic-phosphotungstic
acid solution (Sigma-Aldrich, Saint Louis, MO) for 10min,
transferred to aniline blue solution for 7min, and then reacted
with 1% acetic acid solution for 1min.

IHC was performed on formalin-fixed 3μm thick
paraffin-embedded sections. Briefly, the sections were depar-
affinized, rehydrated using an ethanol series, blocked with
normal horse serum, treated with primary antibodies at 4°C
overnight, and incubated for 30min with a secondary
antibody (ImmPRESS™HRP reagent kit, Vector Laboratories,
CA, USA). Finally, the slides were developed using DAB
(Vector Laboratories, CA, USA) and counterstained with
Harris hematoxylin. The following antibodies were used for
IHC: anti-fibronectin antibody diluted 1 : 250 (ab2413,
Abcam, Cambridge, UK), anti-type I collagen antibody diluted
1: 200 (ab34710, Abcam, Cambridge, UK), anti-tumor growth
factor β1 (TGFβ1) antibody diluted 1 : 100 (ab92486, Abcam,
Cambridge, UK), anti-cleaved caspase-3 antibody diluted
1 : 150 (#9661, Cell Signaling Technology, Boston, MA,
USA), and anti-phosphorylated- (p-) signal transducer and
activator of transcript 3 (STAT3) antibody diluted 1 : 100
(9139/9131, Cell Signaling Technology, Boston, MA, USA).
Masson’s trichrome staining was performed to analyze the
degree of kidney fibrosis. Scans of the stained tissue were
obtained using digital Aperio Scanscope CS2 (Leica Biosys-
tems, Nußloch, Germany). Digital images of at least 10 cortical
fields (×200) were examined by Aperio ImageScope v.12.
Glomeruli and large vessels were not included in the image
analysis, and subcapsular and perivascular areas were
excluded from quantification. Type I collagen and fibronectin
were quantified in the same manner. Additionally, cleaved
caspase-3 staining was quantified as the numbers of positive
nuclei per 100 cross-sectioned tubules in a high-power field
(×200). The p-STAT3 staining was quantified as the numbers
of positive cells per 100 tubules in 5 randomly chosen
(0:4 × 0:4mm2) tubulointerstitial areas.

2.3. In Vitro Cell Culture of Two Different Cell Lines. Immor-
talized human proximal tubular cells (HK2 cells) were
obtained from ATCC (Manassas, VA, USA) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing
4.5 g/L D-glucose, 10% heat-inactivated fetal bovine serum,
and penicillin-streptomycin (Life Technologies, Paisley, UK).
Rat kidney fibroblasts (NRK-49F cells) were obtained from
ATCC (Manassas, VA, USA) and cultured in DMEM contain-
ing 4.5 g/L D-glucose, 5% fetal bovine serum, and penicillin-
streptomycin. Both the cell lines were incubated at 37°C in a
humidified atmosphere at 5% CO2/95% air. Cells were starved
with 1% FBS for 24 hours before experiments. After that, we
treated TGFβ1 (10ng/mL) and angiotensin II (1μM) for 24
hours after switching to fresh media with 1% FBS.

2.4. Short Hairpin RNA and Constructs. To silence Akt1, a
shAkt1 (5′-CGA GTT TGA GTA CCT GAA GCT-3′) oligo-
nucleotide with an AgeI site at the 5′ end and an EcoRI site at

2 BioMed Research International



the 3′ end was designed, and the sense and antisense oligo-
nucleotides were synthesized (XenoTech, Daejeon, Korea).
Both complementary oligonucleotides were mixed, heated
at 98°C for 5min, and cooled to room temperature. The
annealed nucleotides were subcloned into the AgeI/EcoRI
sites of the pLKO.1 lentiviral vector.

2.5. Lentiviral Knockdown. Lentiviral knockdown was
performed as described previously [12]. For gene silencing,
HEK293-FT packaging cells (Invitrogen) were grown to
~70% confluency in 6-well plates and triple transfected with
6μg of PRO-PREP™ (iNtRON Biotechnology), 1μg of
Δ8.9, and 1μg of pVSV-G by calcium phosphate method.
The medium was replaced with fresh medium at 8 h after
transfection. Lentiviral supernatants were harvested at 24 h
posttransfection and filtered using 0.45μm filters. Cell-free
viral culture supernatants were used to infect HK2 and
NRK-49F cells in the presence of 8μg/mL of polybrene
(Sigma-Aldrich, Saint Louis, MO, USA). An additional
round of transfection was performed at 48 and 72h after
initial transfection. Infected cells were isolated by puromycin
selection after 2 days of exposure to 10μg/mL puromycin.

2.6. Western Blotting. Western blotting was performed as
described previously [13]. Proteins were extracted from cells
using a protein extraction solution (PRO-PREP™, iNtRON
Biotechnology, Korea), and protein concentrations were
measured by the Bradford method (Bio-Rad Protein Assay;
Bio-Rad Laboratories Inc., Hercules, CA, USA). Proteins were
separated by electrophoresis on 12% SDS-polyacrylamide gels
and transferred onto nitrocellulose membranes (Hybond ECL,
Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA),
which were blocked for 2h at room temperature with 5%
(w/v) nonfat dried milk in Tris-buffered saline (10mM
Tris/HCl, pH8.0, and 150mM NaCl) containing 0.05%
Tween-20. The membranes were immunoblotted with the
following specific primary antibodies: anti-TGFβ1 antibody
diluted 1 : 500 (ab190503, Abcam, Cambridge, UK), anti-
Akt1/Akt2 antibody diluted 1 : 2,000 (07-416/07-372, Millipore,
MA, USA), anti-fibronectin antibody diluted 1 : 1,000 (ab2413,
Abcam, Cambridge, UK), anti-type I collagen antibody diluted
1 : 1,000 (ab34710, Abcam, Cambridge, UK), anti-cleaved
caspase-3 antibody diluted 1 : 1,000 (9661, Cell Signaling Tech-
nology, Boston, MA, USA), anti-Bax antibody diluted 1 : 100
(Santa Cruz Biotechnology, USA), anti-Bcl2 diluted 1 : 100
(Santa Cruz Biotechnology, USA), GAPDH diluted 1 : 2,000
(Santa Cruz Biotechnology, USA), β-actin diluted 1 : 1,000
(Santa Cruz Biotechnology, USA), anti-Smad2/Smad3/Smad7
antibody diluted 1 : 500 (511300/511500/420400, Thermo
Fisher Scientific, Waltham, MA, USA), anti-p-Smad2 antibody
diluted 1 : 1,000 (Cell Signaling Technology, Boston,MA, USA),
anti-p-Smad3 antibody diluted 1 : 1,000 (600-401-919, Rock-
land Immunochemicals, Gilbertsville, PA, USA), and anti-
signal transducer and activator of transcript 3 (STAT3)/p-
STAT3 antibody diluted 1 : 1,000/1 : 2,000 (9139/9131, Cell
Signaling Technology, Boston, MA, USA). The blots were then
incubated with the corresponding goat anti-rabbit or goat anti-
mouse immunoglobulin G conjugated with horseradish perox-
idase diluted at 1 : 4,000 (Enzo Life Science, NY, USA). Immu-

noreactive proteins were detected using an ECL western
blotting detection system (Ab Frontier, Seoul, Korea).

2.7. Statistical Analysis. All statistical analyses were per-
formed using GraphPad Prism v.6.0. The Mann–Whitney
U test or the Kruskal-Wallis test with Dunn’s multiple com-
parison test was used to compare experimental groups
according to the duration of UUO, as appropriate. Statistical
significance was accepted for P values < 0.05, and results are
presented as mean ± standard deviation (S.D.).

3. Results

3.1. The Effect of Akt1 Deletion on Kidney Fibrosis in
Obstructed Kidneys of UUO Mice. After UUO surgery, the
obstructed kidneys in both wild type andAkt1−/−mice showed
the typical features of obstructive nephropathy including
tubular dilatation and renal tubulointerstitial fibrosis as
evidenced by Masson’s trichrome staining. The obstructed
kidneys of the Akt1−/− mice had more sclerotic area than
kidneys of the wild type mice, especially in the earlier stages
such as day 1 (U1 vs. A1, P = 0:022) and day 3 (U3 vs. A3, P
= 0:041) (Figure 1(a)). The expression of fibronectin and type
I collagen was significantly higher on day 3 (U3 vs. A3; fibro-
nectin, P = 0:022; type I collagen, P = 0:031) and day 7 (U7 vs.
A7; fibronectin, P = 0:041; type I collagen, P = 0:002). The
expression of fibronectin and type I collagen was especially
high around the damaged renal tubules. Figure 2 shows the
results of western blot analysis for proteins associated with
tubulointerstitial fibrosis in Akt1−/− mice and wild type mice.
Akt1 expression was increased after UUO in wild type mice
compared to wild type sham mice, while Akt1 was rarely
expressed in the Akt1−/− mice (Figures 2(a) and 2(b), (1)).
Minimal expression of Akt1 in Akt1−/− mice was thought to
be due to nonspecific binding of the Akt1 antibody because
the deletion of the Akt1 gene was confirmed by genotyping
of the tail DNA. Next, we investigated the expression of
Akt2 in the two murine models. The expression of Akt2 was
increased to a similar degree in both the groups after UUO
independent of Akt1 deletion (Figures 2(a) and 2(b), (2)).
The expression of fibronectin and type 1 collagen increased
gradually during UUO progression in wild type mice and
Akt1−/− mice compared to wild type sham mice and Akt1−/−

sham mice, respectively. On day 7 after UUO, Akt1−/− mice
showed a higher level of fibronectin than wild type mice
(Figures 2(a) and 2(b), (3)). Type I collagen was also more
strongly expressed in Akt1−/−mice than in wild type mice on
days 1, 3, and 7 after UUO (Figures 2(a) and 2(b), (4)).

3.2. The Effect of Akt1 Deletion on TGFβ1 Expression In Vivo
and In Vitro. The analysis of IHC images (Figure 3(a))
revealed that TGFβ1 was expressed more strongly in the
Akt1−/− mice than in the wild type mice after UUO. Interest-
ingly, the expression of TGFβ1 began to increase in the
tubulointerstitial area from day 1 after UUO in the Akt1−/−

mice, indicating that TGFβ1 is induced sooner in the
Akt1−/− mice than in the wild type mice. The analysis of
western blot data (Figure 3(b)) revealed that the expression
of TGFβ1 increased gradually in both Akt1−/− and wild type
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mice as UUO progressed. Interestingly, TGFβ1 was more
highly expressed in the Akt1−/− mice than in the wild type
mice on day 0 (U0 vs. A0, P = 0:0022) before UUO. After
UUO, the expression of TGFβ1 was higher in the Akt1−/−

mice than in the wild type mice on day 1 (U1 vs. A1, P =
0:0260) but was not statistically different between the two
groups on day 3 (U3 vs. A3, P = 0:0931) and day 7 (U7 vs.
A7, P = 0:1797). In summary, the deletion of Akt1 induced
rapid and intense upregulation of TGFβ1 even from day 0
before UUO, highlighting the close relationship between
Akt1 and TGFβ1 (Figure 3(b)).

Angiotensin II and TGFβ1 have been regarded as major
culprits of renal fibrosis in UUO. Thus, we conducted an
in vitro study using angiotensin II in two specific kidney cells,
namely, HK2 cells and NRK-49F cells. In HK2 cells, the

knockdown of Akt1 promoted the expression of TGFβ1 in
the unstimulated state, which was augmented by angiotensin
II stimulation (Figure 3(c), a 2.8-fold increase in optical
density, P = 0:026). However, in NRK-49F cells, the silencing
of Akt1 did not affect the expression of TGFβ1 regardless of
angiotensin II stimulation (Figure 3(d) P = 0:66). Next, we
investigated the fibronectin expression after angiotensin II
stimulation. In HK2 cells, the knockdown of Akt1 enhanced
the expression of fibronectin in the unstimulated state, which
was augmented by angiotensin stimulation (Figure 3(c)).
However, in NRK-49F cells, the silencing of Akt1 did not
affect the expression of fibronectin regardless of angiotensin
II stimulation (Figure 3(d)).

Then, we performed another in vitro study to investigate
whether the TGFβ1-related canonical pathway, the Smad
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Figure 1: Microscopic comparison of obstructed kidneys between Akt1−/− and wild type mice in a murine model of UUO (×200). (a)
Masson’s trichrome staining. The obstructed kidneys of Akt1−/− mice have more sclerotic area than the kidneys of the wild type mice on
day 1 (U1 vs. A1, P = 0:022) and day 3 (U3 vs. A3, P = 0:041) after UUO. (b, c) Immunohistochemical staining. Fibronectin and type I
collagen were more strongly expressed in Akt1−/− mice than in wild type mice on day 3 (U3 vs. A3; fibronectin, P = 0:022; type I collagen,
P = 0:031) and day 7 (U7 vs. A7; fibronectin, P = 0:041; type I collagen, P = 0:002) after UUO. Abbreviations: UUO: unilateral ureteral
obstruction; A0 (n = 6): Akt1−/− sham; A1 (n = 6): day 1 Akt1−/−; A3 (n = 6): day 3 Akt1−/−; A7 (n = 6): day 7 Akt1−/−; U0 (n = 6): wild type
sham; U1 (n = 6): day 1 wild type; U3 (n = 6): day 3 wild type; U7 (n = 6): day 7 wild type. ∗P < 0:05.
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pathway, is associated with genetic silencing of Akt1. In
NRK-49F cells, there was no difference in the expression of
p-Smad2/3 and Smad7 in both pLKO and shAkt1 cells
irrespective of TGFβ1 treatment (Figure 4(a)). However,
the ratio of p-STAT3/STAT3 was significantly increased in
the pLKO group treated with TGFβ1 compared to the pLKO
cells not treated with TGFβ1 (Figure 4(b)) in NRK-49F and
HK2 cells. Irrespective of TGFβ1 treatment, the ratios of p-
STAT3/STAT3 were higher in the shAkt1 group than in the
pLKO group not treated with TGFβ1 (Figure 4(b)). Consis-
tent with in vitro results, p-STAT3 expression was more
increased in Akt1−/− mice compared to wild type mice in
IHC analysis. Interestingly, loss of the Akt1 gene itself
induced p-STAT3 expression (U0 vs. A0, P = 0:0002)
(Figure 4(c)).

3.3. The Effect of the Akt1 Deletion on Apoptosis In Vivo and
In Vitro. The IHC data revealed that the expression of
cleaved caspase-3 was significantly higher in Akt1−/− mice
than in wild type mice on day 7 after UUO (Figures 5(a)
and 5(b)). In HK2 cells, silencing of Akt1 led to an increase
in the expression of cleaved caspase-3 in the unstimulated
state; the expression remained elevated upon TGFβ1
stimulation. Bax also increased its expression by TGFβ1
stimulation in the shAkt1 group with cleaved caspase-3. In
NRK-49F cells, silencing of Akt1 did not affect the expression
of cleaved caspase-3 and Bax regardless of TGFβ1 stimula-
tion (Figure 5(c)). This finding implies that Akt1 might be
related to renal tubular epithelial apoptosis as well as
tubulointerstitial fibrosis.

4. Discussion

CKD is a syndromic disease characterized by diminished
renal function, which microscopically manifests as glomeru-
losclerosis and tubulointerstitial fibrosis combined with
tubular apoptosis. This study was aimed at investigating the
role of Akt1 in tubular apoptosis and tubulointerstitial fibro-
sis for which the UUO murine model was selected. UUO
model is a well-established model of CKD leading to
tubulointerstitial fibrosis with distinct patterns of cell prolif-
eration and apoptosis in the obstructed kidneys [14]. Both
tubulointerstitial fibrosis and apoptosis induce loss of renal
mass and renal dysfunction in obstructive nephropathy
[14]. Additionally, we tested the effect of genetic silencing
of Akt1 in two cell lines (proximal renal tubular cells and
renal fibroblasts) to verify the association between Akt1 and
TGFβ1 expression in tubular apoptosis.

In previous studies, the role of Akt in tubulointerstitial
fibrosis and tubular cell apoptosis was demonstrated in an
animal model of UUO [15, 16]. PI3K/Akt activity was found
to be increased in ligated kidneys compared to that in nonli-
gated kidneys [15]. Treatment with the PI3K inhibitor,
Ly294002, suppressed the UUO-induced tubulointerstitial
fibrosis as evidenced by decreased levels of fibroblast markers
and extracellular matrix deposition in the interstitium [16].
Ly294002 treatment also reduced the number of proliferating
cells in the interstitium and tubules [16]. However, which of
the three Akt isoforms are associated with tubulointerstitial
fibrosis remains poorly understood. Previously, we reported
that genetic silencing of the Akt1 isoform caused the vascular
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Figure 2: Akt1 is related to proteins associated with tubulointerstitial fibrosis in a murine model of UUO. (a) Western blot analysis. Each
kidney of Akt1−/− and wild type mice was subjected to western blotting using the indicated antibodies. (b) Quantitative analyses of
western blot of Akt1, Akt2, fibronectin, and type 1 collagen were conducted by measurement of optical density using a densitometer. Akt1
was rarely expressed in Akt1−/− mice but highly expressed in wild type mice after UUO compared to wild type sham mice. Akt2
expression increased to a similar degree in both the groups after UUO independent of Akt1 deletion. On day 7 after UUO, Akt1−/− mice
showed higher levels of fibronectin than wild type mice. Type I collagen was also more strongly expressed in the Akt1−/− mice than in the
wild type mice on days 1, 3, and 7 after UUO (P < 0:05). The images for each indicated probe were cropped from the same blot of the
same gel. Abbreviations: UUO: unilateral ureteral obstruction; A0 (n = 6): Akt1−/− sham; A1 (n = 6): day 1 Akt1−/−; A3 (n = 6): day 3
Akt1−/−; A7 (n = 6): day 7 Akt1−/−; U0 (n = 6): wild type sham; U1 (n = 6): day 1 wild type; U3 (n = 6): day 3 wild type; U7 (n = 6): day 7
wild type.
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smooth muscle cells to switch from the contractile to the
synthetic phenotype [12]. Based on these previous studies,
we hypothesized that the Akt1 isoform might be associated
with renal tubulointerstitial fibrosis.

The principal findings of the current study are that
genetic deletion of Akt1 could aggravate kidney fibrosis in
murine models of UUO, which may be related to the activa-
tion of the TGFβ1/STAT3 pathway. As we discussed above,
increased Akt activity has been reported in experimental
tubulointerstitial fibrosis. Thus, there is a possibility that
compensatory increase in the levels of other Akt isoforms
(Akt2 or Akt3) could contribute to tubulointerstitial fibrosis
and tubular atrophy in Akt1−/− mice. As it is known that
Akt3 protein is not present in the kidneys [17], we investi-
gated the expression of Akt2 in obstructed kidneys of both

Akt1−/− and wild type mice. Akt2 expression did not differ
between the two murine models, indicating that the promo-
tion of tubulointerstitial fibrosis in Akt1−/− mice is primarily
associated with the deletion of Akt1 and not with the
compensatory increase in the level of Akt2.

Although the expression of TGFβ1 increased gradually in
the murine models after UUO, Akt1−/− mice showed higher
expression of TGFβ1 than wild type mice. Interestingly,
Akt1−/− mice showed more rapid and intense upregulation
of TGFβ1 (even from day 0 before UUO) than the wild type
mice, highlighting the close relationship between Akt1 and
TGFβ1. The degree of TGFβ1 expression in Akt1−/− mice
on day 1 after UUO was similar to that observed in wild type
mice on day 7 after UUO. Furthermore, in vivo results were
confirmed by in vitro experiments, which showed that
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knockdown of Akt1 induced TGFβ1 in proximal tubular
cells, but not in fibroblasts. We also investigated which one
of the TGFβ1 signaling pathways was associated with the
genetic deletion of Akt1. TGFβ1 plays a pivotal role in the
pathogenesis of renal fibrosis [18, 19]. TGFβ1 exerts its
pathological activities via Smad-dependent and Smad-
independent signaling pathways [18, 19]. In the Smad-
dependent pathway, the binding of TGFβ1 to its receptor

leads to phosphorylation, whereas in the Smad-independent
pathway, TGFβ1 utilizes multiple signaling pathways includ-
ing the MAPK pathway, rho-like GTPase signaling pathway,
and JAK-STAT pathway [18, 19]. In this study, the expres-
sion levels of p-Smad2/3 were not different between the
control and Akt1−/− NRK-49F cells irrespective of TGFβ1
treatment. However, the ratio of p-STAT3/STAT3 was
significantly elevated in the shAkt1 groups NRK-49F and
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Figure 4: Akt1 deletion is associated with activation of STAT3 independently of the Smad pathway. (a) Western blot analysis. In NRK-49F
cells, there were no differences in the expression of phosphorylated- (p-) Smad2/3 and Smad7 both in pLKO and shAkt1 groups irrespective of
TGFβ1 treatment (10 ng/mL). (b)Western blot analysis. In NRK-49F andHK2 cells, p-STAT3/STAT3 ratios were significantly elevated in the
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Immunohistochemical staining. After UUO, the expression of p-STAT3 was more increased in Akt1−/− mice compared to wild type mice
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HK2 cells compared to the control groups not treated with
TGFβ1. Consistent with in vitro results, IHC analysis showed
that p-STAT3 expression was more increased in Akt1−/−

mice compared to wild type mice even from day 0 before
UUO. These results suggest that the genetic deletion of
Akt1 might be associated with the activation of STAT3
independently of the Smad signaling pathway. Indeed, a
previous study showed that PI3K/AKT inhibition induces
compensatory activation of STAT3 in non-small cell lung
cancer [20]. Taken together, although further studies are
needed to confirm the results of our study, we suggest that
TGFβ1 upregulation upon genetic deletion of Akt1 may
contribute to kidney fibrosis via the upregulation of STAT3.

Along with kidney fibrosis, apoptosis is also an important
pathogenetic factor of CKD [18, 21, 22]. TGFβ1 contributes
to apoptosis in various types of kidney cells including the
tubular epithelial cells during kidney fibrosis and glomerulo-

sclerosis [22]. In the regulation of cell survival, Akt has been
reported to block apoptosis through phosphorylation of
multiple substrates involved in apoptosis [6]. However, the
role of Akt in apoptosis during renal tubulointerstitial fibro-
sis is not well known. In the current study, we found that the
expression of cleaved caspase-3 was significantly higher in
the Akt1−/− mice than in the wild type mice, and the expres-
sion was confined to nuclei of the renal tubular epithelial
cells. Consistent with the results of in vivo experiments, we
found that knockdown of Akt1 increased the expression of
cleaved caspase-3 and Bax in proximal tubule cells, but not
in fibroblasts. Recently, a skeletal muscle-specific Akt1
transgenic (Akt1 TG) mouse can prevent the skeletal muscle
loss by UUO, and its effect mitigated the renal fibrosis within
the kidney, in which Akt1 was preserved [23]. A skeletal
muscle-specific Akt1 TG was not a similar situation with
our murine model, systemic Akt1 KO. Generally, the role of
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Akt1 is not uniform but various and finely tuned according to
cellular or organ stimulation. In our results, the effect of the
skeletal muscle cannot be excluded. In other words, our
murine models could not preserve the skeletal musculature
by systemic Akt1 KO; thus, this skeletal loss by Akt1 KO
could contribute to kidney injuries including fibrosis and
apoptosis. We thought that it would be necessary to uncover
the process in the future in terms of interorgan connection.

Akt is a survival protein that participates in many
intracellular processes [7, 12]. Although Akt can be tradition-
ally activated through a PI3K-dependent pathway, it has also
been reported to be activated via a PI3K-independent
pathway and to act in a disease- and cell type-dependent
manner [24]. Thus, we considered that in vivo or in vitro
models of Akt isoform-specific genetic deletion are needed
to explore the biological functions of Akt isoforms in kidney
fibrosis. From this point of view, our results may guide future
research on this subject.

5. Conclusions

The genetic deletion of Akt1 promoted the UUO-induced
TGFβ1 expression, fibrosis marker expression, and tubular
apoptosis in vivo. In vitro, we confirmed that the genetic
silencing of Akt1 induced the TGFβ1 expression and apopto-
sis in proximal tubule cells, not in fibroblasts. We also
showed that TGFβ1 upregulation by genetic deletion of
Akt1 is associated with activation of STAT3 independently
of the TGFβ1/Smad signaling pathway. Taken together, our
findings suggest that the deletion of Akt1 could aggravate
kidney fibrosis and tubular cell apoptosis through activation
of the TGFβ1/STAT3 pathway in the murine model of UUO.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was supported by the 2015 Disease-Oriented
Translational Research Program, Pusan National University
School of Medicine and Hospital.

References

[1] P. Romagnani, G. Remuzzi, R. Glassock et al., “Chronic kidney
disease,” Nature Reviews Disease Primers, vol. 3, no. 1, 2017.

[2] J. I. Park, H. Baek, and H. H. Jung, “Prevalence of chronic kid-
ney disease in Korea: the Korean National Health and Nutri-
tional Examination Survey 2011-2013,” Journal of Korean
Medical Science, vol. 31, no. 6, pp. 915–923, 2016.

[3] G. Campanholle, G. Ligresti, S. A. Gharib, and J. S. Duffield,
“Cellular mechanisms of tissue fibrosis. 3. Novel mechanisms
of kidney fibrosis,” American Journal of Physiology. Cell Phys-
iology, vol. 304, no. 7, pp. C591–C603, 2013.

[4] A. Loboda, M. Sobczak, A. Jozkowicz, and J. Dulak, “TGF-
β1/Smads and miR-21 in renal fibrosis and inflammation,”
Mediators of Inflammation, vol. 2016, Article ID 8319283, 12
pages, 2016.

[5] L. D. Truong, Y. J. Choi, C. C. Tsao et al., “Renal cell apoptosis
in chronic obstructive uropathy: the roles of caspases,” Kidney
International, vol. 60, no. 3, pp. 924–934, 2001.

[6] S. R. Datta, A. Brunet, and M. E. Greenberg, “Cellular survival:
a play in three Akts,” Genes & Development, vol. 13, no. 22,
pp. 2905–2927, 1999.

[7] A. Lan and J. Du, “Potential role of Akt signaling in chronic
kidney disease,” Nephrology, Dialysis, Transplantation,
vol. 30, no. 3, pp. 385–394, 2015.

[8] M. Osaki, M. Oshimura, and H. Ito, “PI3K-Akt pathway: its
functions and alterations in human cancer,” Apoptosis, vol. 9,
no. 6, pp. 667–676, 2004.

[9] H. Yu, T. Littlewood, and M. Bennett, “Akt isoforms in vascu-
lar disease,” Vascular Pharmacology, vol. 71, pp. 57–64, 2015.

[10] S. H. Sahlberg, A. C. Mortensen, J. Haglöf et al., “Different
functions of AKT1 and AKT2 in molecular pathways, cell
migration andmetabolism in colon cancer cells,” International
Journal of Oncology, vol. 50, no. 1, pp. 5–14, 2017.

[11] A. Arranz, C. Doxaki, E. Vergadi et al., “Akt1 and Akt2 protein
kinases differentially contribute to macrophage polarization,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 109, no. 24, pp. 9517–9522, 2012.

[12] S. J. Yun, J. M. Ha, E. K. Kim et al., “Akt1 isoform modulates
phenotypic conversion of vascular smoothmuscle cells,” Biochi-
mica et Biophysica Acta, vol. 1842, no. 11, pp. 2184–2192, 2014.

[13] S. S. Kim, N. Shin, S. S. Bae et al., “Enhanced expression of two
discrete isoforms of matrix metalloproteinase-2 in experimen-
tal and human diabetic nephropathy,” PLoS One, vol. 12, no. 2,
article e0171625, 2017.

[14] S. Klahr and J. Morrissey, “Obstructive nephropathy and renal
fibrosis,” American Journal of Physiology. Renal Physiology,
vol. 283, no. 5, pp. F861–F875, 2002.

[15] A. Rodríguez-Peña, E. Santos, M. Arévalo, and J. López-
Novoa, “Activation of small GTPase Ras and renal fibrosis,”
Journal of Nephrology, vol. 18, no. 3, pp. 341–349, 2005.

[16] A. B. Rodriguez-Pena, M. T. Grande, N. Eleno et al., “Activa-
tion of Erk1/2 and Akt following unilateral ureteral obstruc-
tion,” Kidney International, vol. 74, no. 2, pp. 196–209, 2008.

[17] A. Lan, J. Zhang, Z. Xiao, X. Peng, Y. Qi, and J. Du, “Akt2 is
involved in loss of epithelial cells and renal fibrosis following
unilateral ureteral obstruction,” PLoS One, vol. 9, no. 8, article
e105451, 2014.

[18] S. I. Kim and M. E. Choi, “TGF-β-activated kinase-1: new
insights into the mechanism of TGF-β signaling and kidney
disease,” Kidney Research and Clinical Practice, vol. 31, no. 2,
pp. 94–105, 2012.

[19] H. I. Choi, S. K. Ma, E. H. Bae, J. Lee, and S. W. Kim, “Perox-
iredoxin 5 protects TGF-β induced fibrosis by inhibiting Stat3
activation in rat kidney interstitial fibroblast cells,” PLoS One,
vol. 11, no. 2, article e0149266, 2016.

[20] C. Bian, Z. Liu, D. Li, and L. Zhen, “PI3K/AKT inhibition
induces compensatory activation of the MET/STAT3 pathway
in non-small cell lung cancer,” Oncology Letters, vol. 15, no. 6,
pp. 9655–9662, 2018.

[21] Y. Xu, S. Yang, J. Huang, S. Ruan, Z. Zheng, and J. Lin, “Tgf-β1
induces autophagy and promotes apoptosis in renal tubular

9BioMed Research International



epithelial cells,” International Journal of Molecular Medicine,
vol. 29, no. 5, pp. 781–790, 2012.

[22] I. Loeffler and G. Wolf, “Transforming growth factor-β and
the progression of renal disease,” Nephrology, Dialysis, Trans-
plantation, vol. 29, Supplement 1, pp. i37–i45, 2014.

[23] S. Hanatani, Y. Izumiya, S. Araki et al., “Akt1-mediated fas-
t/glycolytic skeletal muscle growth attenuates renal damage
in experimental kidney disease,” Journal of the American Soci-
ety of Nephrology, vol. 25, no. 12, pp. 2800–2811, 2014.

[24] C. H. Chan, U. Jo, A. Kohrman et al., “Posttranslational regu-
lation of Akt in human cancer,” Cell & Bioscience, vol. 4, no. 1,
2014.

10 BioMed Research International


	Deletion of Akt1 Promotes Kidney Fibrosis in a Murine Model of Unilateral Ureteral Obstruction
	1. Introduction
	2. Materials and Methods
	2.1. Murine Models of Renal Fibrosis
	2.2. Microscopic Analysis/IHC
	2.3. In Vitro Cell Culture of Two Different Cell Lines
	2.4. Short Hairpin RNA and Constructs
	2.5. Lentiviral Knockdown
	2.6. Western Blotting
	2.7. Statistical Analysis

	3. Results
	3.1. The Effect of Akt1 Deletion on Kidney Fibrosis in Obstructed Kidneys of UUO Mice
	3.2. The Effect of Akt1 Deletion on TGFβ1 Expression In Vivo and In Vitro
	3.3. The Effect of the Akt1 Deletion on Apoptosis In Vivo and In Vitro

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments

