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Introduction: Metabolic syndrome (MetS) is increasingly recognized as a contributor to kidney disease, yet
the underlying mechanisms remain poorly defined. Recent studies suggest a pivotal role for mitochondrial
dysfunction in renal injury. We hypothesized that mitochondrial AKT1 signaling in renal tubules plays a
critical role in MetS-related kidney injuries.

Methods: MetS was induced in a 8-week-old C57BL/6 male mice using a high-fat diet (HFD) for 4 months
compared with controls on a standard chow diet. Additional experiments were conducted in DB/DB dia-
betic mice and their controls (WT and DB/WT) to validate findings. Renal metabolic parameters, mito-
chondrial AKT1 signaling, and markers of kidney injury were assessed.

Results: MetS mice exhibited significant weight gain, altered glucose handling, and decreased energy
expenditure. Although kidney size and basic renal function (blood urea nitrogen [BUN], creatinine) were
unchanged, markers of renal damage, including proteinuria (P = 0.0002) and KIM-1 (P < 0.0001) were
elevated. Histological analyses showed increased tubular injury (P < 0.0001) and glomerulosclerosis
(P = 0.0004). Transmission electron microscopy revealed aberrant mitochondria (P < 0.001), with reduced
cristae length (P = 0.012) and numbers (P < 0.001). Immunohistochemistry, immunofluorescence, and
Western blot analysis confirmed increased phosphorylated AKT1 (pAKT1) in the mitochondria of renal
tubules (P = 0.0474), findings corroborated in DB/DB mice. This translocation of pAKT1 into mitochondria
correlated with decreased cell viability upon inhibition of heat shock protein 90, indicating a dependency
on mitochondrial AKT1 for cell survival.

Conclusion: These findings underscore the mechanistic link between mitochondrial AKT1 signaling and
renal tubular injury in MetS. Targeting mitochondrial dysfunction may offer new avenues for preventing
and treating kidney diseases in patients with MetS.
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etS comprises a collection of metabolic issues,
I\/I such as central obesity, dyslipidemia, hyperten-
sion, and insulin resistance, which together elevate the
risk of cardiovascular diseases, type 2 diabetes mellitus,
and kidney diseases." It is an increasingly severe public
health issue and clinical challenge worldwide.” Among
these, the association between MetS and kidney dis-
eases has garnered significant interest, with studies
suggesting a link between MetS and the development
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and progression of kidney injury.”” However, the
precise mechanisms underlying this association remain
unclear.

Mitochondrial dysfunction is emerging as a critical
player in the pathogenesis of various metabolic disor-
ders, including MetS.® Mitochondria play crucial roles
in cellular energy metabolism, and their dysfunction
has been implicated in insulin resistance, dyslipidemia,
and oxidative stress, all of which are hallmark features
of MetS.” Recent evidence suggests that mitochondrial
dysfunction in renal tubular cells may contribute to the
development of kidney injuries in the context of
Mets.l(),ll

The serine/threonine kinase AKT1, a key regulator
of cellular metabolism and survival, has been shown to
modulate mitochondrial function.'” AKT1 signaling is
known to regulate mitochondrial biogenesis, dynamics,
and function, and dysregulation of this pathway has
been implicated in various metabolic disorders.'”'* In
our previous research, we found that AKT1 is activated
and translocated into mitochondria during ischemia
and reperfusion renal injuries.ls However, the role of
AKT1 signaling in mitochondrial dysfunction and
kidney injury in the setting of MetS has not been
thoroughly investigated. Elucidating this signaling
pathway is crucial and may enable the identification of
novel therapeutic targets, potentially mitigating kidney
injury in MetS.

Considering these observations, we hypothesized
that renal tubular mitochondrial AKT1 signaling plays
a mechanistic role in the pathogenesis of MetS-related
kidney injuries. To test this hypothesis, we utilized a
murine model of MetS induced by HFD, and investi-
gated the impact of MetS on renal tubular mitochon-
drial AKT1 signaling and kidney injury.

METHODS

Materials

Phospho-AKT1 (T308) antibodies (AP0304) were
purchased from Abclonal (China). VDAC polyclonal
antibody was purchased from Elab (E-AB-52417,
Houston, TX). ATP1Fl: Abcam ab110277 was from
Abcam. Secondary antibody Alexa Fluor 594
(A21203) and secondary antibody Alexa Fluor488
(A21206) were purchased from Invitrogen (Carlsbad,
CA). KIM-1 (#AF1817) antibodies were purchased
from R&D Systems (Minneapolis, MN). The Enzy-
Chrom creatinine assay kit (#E2CT-100), EnzyChrom
urea assay kit (#E2CT-100), QuantiChrom BCG albu-
min assay kit (#DIAG-250) were purchased from
BioAssay Systems (Hayward, CA). The Ultra-
Sensitive Mouse Insulin enzyme-linked immunosor-
bent assay kit was purchased from CiteAb (Bath, UK).
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Chemicals and reagents were from Sigma Aldrich
(St Louis, MO).

In Vivo Model of MetS

All animal work was performed in an accredited fa-
cility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International.
The Institutional Animal Care and Use Committee
approved the experimental protocol at Kaohsiung
Medical University and complied with the National
Institutes of Health guidelines. Eight-week-old C57BL/
6J mice (Jackson Laboratory, Bar Harbor, ME) were
used for the study. The HFD (Research Diet Inc.: DIO
[HED] 45 kcal% fat D12451) (21.2% fat, 49.1% carbo-
hydrate [34.1% sucrose +15% cornstarch], 17.3%
protein, 5.0% fiber, 3.5% minerals, 0.4% CaCOs, 1%
vitamin mix, 0.004% antioxidants, and 0.2% choles-
terol) was utilized. Mice were kept at ambient tem-
perature (30 °C-32 °C). Control mice were subjected to
the same procedure (standard chow diet).

Analysis of Metabolic Parameters

During week 16, individual mice’s energy intake and
metabolic activity were measured using TSE Pheno-
Master cages (TSE systems, Bad Homburg, Germany).
The TSE PhenoMaster cages comprised an open-circuit
indirect calorimetry system with gas sensing units to
measure oxygen consumption (ml/h/kg) (VO2) and CO,
production (ml/h/kg) (VCO2). The cages also contained
high-precision sensor-associated-feeding baskets to
accurately measure food intake, with a meal defined as
intake over 0.01 g. A multidimensional infrared beam
system allowed the measurement of locomotor activity,
defined as the total number of infrared beam breaks in
the X and Y axes. Mice were singly housed in TSE
PhenoMaster cages for 3 days, with data collected
during the final 24 hours following a 2-day acclimati-
zation to the new cage environment. The acclimatiza-
tion period was established based on the data from our
previous study.'® Heat production (kcal/h/kg) in indi-
vidual mice was calculated using the Weir equation
(3.9416 VO2 + 1.1066 VCO2),"” and this was converted
to kJ/h/kg using 1 kcal = 4.184 kJ. VCO2/VO2 was
calculated as the respiratory exchange ratio. Energy
intake was calculated from food intake measurements
using the energy content of the diets supplied by the
manufacturer.

Blood Glucose, Intraperitoneal Glucose
Tolerance Test (IPGTT)

Blood glucose levels were measured by using glucose
meter (Optium Xceed XCN 289-2337, Abbott, Chicago,
IL). For IPGTT, blood glucose was measured immedi-
ately before and at 5, 15, 30, 60, 90, and 120 minutes
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after an intraperitoneal glucose (2g/kg in 0.9% NaCl)
injection.

Serum BUN and Creatinine

Blood was collected from the retro-orbital plexus un-
der anesthesia for serum BUN and creatinine levels.
Serum was obtained by centrifugation at 10,000g for
30 minutes at room temperature. BUN or creatinine
levels were determined with colorimetric assay kits
according to the manufacturer’s
(BioAssay Systems, Hayward, CA) and a plate reader
(Biotek Synergy HT, Winooski, VT).

instructions

Histology and Immunohistochemistry

Kidney samples were fixed in 10% formalin for 24
hours, dehydrated, and embedded in paraffin. Paraffin-
embedded kidney blocks were sectioned at 4 [m
thickness. Hematoxylin and eosin staining were per-
formed to assess general morphology and renal struc-
ture injury. Renal damage in proximal tubules from the
cortex area and outer stripe of the kidney’s outer me-
dulla was evaluated with a semiquantitative analysis of
histologically damaged areas as previously described. '
The Jablonski grading scale (0—4) was used to assess the
proximal tubules.'” A score of 1 indicates minimal
damage, which may be reversible or indicate early-
stage injury. Scores of 2 or 3 reflect moderate to sig-
nificant damage, potentially requiring medical inter-
vention and closer monitoring. A score of 4 signifies
severe damage, likely associated with considerable
functional impairment of the kidneys and possibly
irreversible injury. To visualize p-AKT expression by
immunohistochemistry staining, sections were incu-
bated with p-AKT1 antibody and biotinylated 0l-rabbit
secondary antibody (Vector Lab) for 45 minutes at
room temperature. At least 20 microscopic fields were
randomly selected from each tissue section, and ImageJ
was used to assess the percentage of positively stained
tubules for quantitative analysis. The investigators
who scored the histology images were blinded to the
samples.

Immunofluorescence

Frozen OCT-embedded kidney sections were sliced for
51m and excess OCT removed with phosphate-buffered
saline (PBS) wash for 10 minutes. After washing, the
tissue sections were circled with a liquid Blocker Super
Pap Pen before blocking with 5% bovine serum al-
bumin in PBS for 1 hour at room temperature. Slides
were washed by PBST (PBS with 0.2% Triton X-100)
before applying Phospho-AKT1 antibody (400-folds
diluted by antibody diluent reagent solution, Invi-
trogen, 003218) and incubated overnight in a humified
chamber at 4 °C. With PBST, slides applied ATP1F1
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antibody (100-fold diluted by antibody diluent reagent
solution) and incubated overnight in a humified
chamber at 4 °C. After being extended and washed
with PBS, fluorescent-conjugated secondary antibodies
were applied and placed in the humified chamber for 1
hour at room temperature. After washing with PBST,
slides were stained for 5 minutes by DAPI (1000-fold
diluted by PBS, Thermo Fisher, 62248) and then
mounted (ProLong Diamond Antifade Mountant,
Invitrogen, P36961) for analysis with laser confocal
microscopy (FV10i; Olympus, Tokyo, Japan).

Mitochondria Preparation

Renal cortical and outer medulla tissues were isolated
from the kidney, minced, washed with ice-cold PBS 3
times, and suspended in a mitochondria isolation buffer
(20 mM HEPES-KOH, pH 7.2, 10 mM KCl, 1.5 mM
MgCl,, 1.0 mM EDTA, 1.0 mM EGTA, 1.0 mm dithio-
threitol, 2 phenylmethylsulfonyl fluoride, 20 mM NaF,
2 mM Na3VO,, and 250 mM sucrose. The samples were
incubated on ice for 30 minutes and homogenized with
20 strokes of loose pestle and 50 strokes of tight pestle
in a Dounce homogenizer. The nuclei and cell debris
were removed by centrifugation at 1000g for 15 mi-
nutes at 4 °C. The supernatants were centrifuged at
10,000g for 4 °C for 30 minutes, and the resulting
mitochondrial fractions were resuspended with mito-
chondria isolation buffer. The supernatants were
further centrifuged at 100,000g at 4 °C for 1 hour. The
cytosolic and mitochondrial fractions were stored
at —80 °C if not immediately used for analysis.

Western Blots Analysis

The mitochondrial fractions were dissolved in a 2%
lauryl maltoside solution supplemented with 10%
Sigma FAST protease inhibitor (Sigma-Aldrich, $8820).
Protein concentrations were determined by the BCA
method. Equal amounts of proteins from each sample
were resolved with 10% SDS-polyacrylamide gel and
then transferred onto polyvinylidene difluoride mem-
branes. The membranes were blocked with 5% fat-free
milk or 5% bovine serum albumin for 1 hour at room
temperature before incubation with primary antibodies
overnight at 4 °C. After being washed 3 times with
TBS-T (20mM Tris—HCl, pH 7.5, 0.5 mm NaCl, and
0.1% Tween 20), the membranes were incubated with
horseradish peroxidase-conjugated secondary anti-
bodies (1:2000 dilution in 5% fat-free milk or 5%
bovine serum albumin) for 1 hour at room temperature.
After 3 washes, the membranes were developed with
West Pico Chemiluminescent Substrate (Thermo Sci-
entific, Pittsburgh, PA), and the images were acquired
with a Luminescence image system and analyzed with
ImageJ.

Kidney International Reports (2025) 10, 906-920
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In Vitro Model of MetS-Related Kidney Injuries

HK-2 cells (human kidney proximal tubular cells) were
purchased from the American Type Culture Collection
(Manassas, VA). HK-2 cells were cultured in commer-
cial keratinocyte medium containing 10% fetal bovine
serum (FBS; HyClone), 2 mM glutamine, 100 U/ml
penicillin, and 100 mg/ml streptomycin in a humidified
atmosphere with 5% CO, at 37 °C. In preparation for
treatment of palmitic acid (T2908, TargetMol, Boston,
MA, USA), cells were seeded in clear-bottom 96-well
plates (Greiner, Frienckenhausen, Germany) at a den-
sity of 1x 105. Serially diluted concentrations of pal-
mitic acid were prepared in HK-2 media. All treatments
were added to appropriate wells for the intended
exposure duration and kept at 37 °C in a humidified
incubator with 5% CO, before performing experi-
ments. For the in vitro study, HK-2 cells were induced
with palmitic acid at 50 UM, 100M, and 200uM for 48
hours separately. PU-H71 (T6960, TargetMol, Boston,
MA) and Alvespimycin hydrochloride (T6297, Target-
Mol, Boston, MA) were added separately. The Cell
Counting Kit-8 assay (C0005, TargetMol, Boston, MA,
USA) was used to measure cell viability of HK2 cells.

Transmission Electron Microscopy

The kidney tissues from mice were immersed into 3%
glutaraldehyde + 2% paraformaldehyde in 0.1 M
cacodylate buffer (pH 7.4), protected from light in a
refrigerator at 4 °C. Moreover, the samples were
replaced with 0.1 M cacodylate buffer (pH 7.4) for 10
minutes 3 times and stored in a refrigerator at 4 °C.
Then, they were replaced with 1% OsO4 in 0.1 M
cacodylate buffer for 1 hour and stored in a refriger-
ator at 4 °C to avoid light. We used 0.1 M cacodylate
buffer (pH 7.4) for 10 minutes once in total and
overnight in a refrigerator at 4 °C. Moreover, we
replaced it with secondary water for 10 minutes twice
at room temperature, 2% uranyl acetate (in H,O) for 1
hour, protection from light at room temperature, and
secondary water for 10 minutes 3 times at room tem-
perature. The tissue was dehydrated with 30%, 50%,
70%, 95%, and 100% alcohol for 10 minutes in a
refrigerator at 4 °C. Then, the tissue was replaced with
100% propylene oxide 10 minutes 2 times at room
temperature. Furthermore, the tissue was infiltrated
with propylene oxide: Epon = 3:1 at room tempera-
ture overnight, propylene oxide: Epon = 1:1 at room
temperature for 7 hours, and propylene oxide: Epon =
1:3 at room temperature overnight. The tissue was
then embedded: 100% Epon and specimen were put
into the embedding plate, and then the tissue was put
into a vacuum for air extraction overnight. The tissues
were put into the oven and set 3 times at temperatures
35 °C for 6 hours, 45 °C for 6 hours, 60 °C for 24 hours,
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and cut into thick sections: thickness of 500 nm. The
sections were stained. Thick sections: 0.5% Toluidine
blue for 1 minute, then the location where thin sec-
tions needed to be cut were selected. Moreover, the
thick section was cut of ultrathin slices: thickness 80
4+ 5 nm. The ultrathin section was stained with 4%
uranyl acetate in H,O for 2 hours and 4% lead citrate
and colored for 8 minutes. They were observed and
photos were taken on the Hitachi HT7800 transmission
electron microscope.

Statistical Analysis

Data were presented as mean £ SD unless noted
otherwise. Statistical data were analyzed with Graph-
Pad Prism 7 software (GraphPad Software, San Diego,
CA), with analysis of variance when indicated. The
western blot region of interest was quantified by using
ImageJ, normalized with the region of interest value of
loading control, and analyzed with ¢-test. The statisti-
cal significance level was set at P < 0.05. Survival
analysis was analyzed with the Kaplan—Meier
estimator.

HFD-Induced MetS in Mice

The first goal was to investigate whether the HFD could
induce MetS in vivo. We successfully established a
MetS mouse model by feeding HFD (21.2% fat, 49.1%
carbohydrate [34.1% sucrose + 15% cornstarch],
17.3% protein, 5.0% fiber, 3.5% minerals, 0.4%
CaCO;, 1% vitamin mix, 0.004% antioxidants, and
0.2% cholesterol) to C57BL6 male mice for 16 weeks.
Before treatment, there were no differences in baseline
body weight and fasting blood glucose between the
HFD and control groups (Figure la, Supplementary
Figure S1A). Upon HFD, the mice had a progressive
body weight gain (Figure la), which was highly sig-
nificant at 16 weeks (P < 0.0001) (Figure 1b). To study
the glucose metabolism in HFD, we analyzed fasting
plasma glucose, intraperitoneal glucose, and insulin.
The fasting plasma glucose (P < 0.0001) was signifi-
cantly higher (in the diabetic range) in the HFD group
compared with the standard chow group (Figure Ic). In
the IPGTT, it was observed that mice fed with HFD had
significantly higher glucose levels from 15 to 120 mi-
nutes compared with those receiving chow diet (P =
0.022) (Figure 1d). The slope of the IPGTT curve in the
HFD group was steeper than that of the standard chow
group, and the area under the curve value was higher
(P < 0.0001) (Figure le). Fasting insulin levels were
significantly higher after 16 weeks of HFD (P < 0.0001,
Figure 1f). Consequently, mice in the HFD group
exhibited elevated homeostasis model assessment of
insulin resistance values (P < 0.0001, Figure 1g). These
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Figure 1. High-fat diet induced metabolic syndrome. After feeding 16-week HFD, body weight and plasma were measured. (a) Body weights
changes from 0 to 16 weeks of feeding. (b) Body weight was significantly higher in the HFD group compared with the standard chow diet group
in week 16 (P < 0.001). (c) The fasting blood glucose levels were significantly higher in the HFD group compared with the standard chow diet
group (P < 0001). (d) In the IPGTT, the glucose levels were significantly elevated (P = 0.022). The shape of the HFD group curve was dissimilar

to that of the control group. (e) The AUC level of IPGTT was higher (P =

0.015). (f) Dapgliflozin lowered the fasting insulin levels (P < 0.001). (g)

Insulin resistance, as assessed by HOMA-IR, was significantly elevated (P < 0.001). Data are presented as mean + SD. HFD (n = 8), standard
chow diet (n = 8) as control. *P < 0.05, **P < 0.01 or ***P < 0.001 versus control group. AUC, area under the curve; HFD, high-fat diet; HOMA-
IR, homeostasis model assessment of insulin resistance; IPGTT, intraperitoneal glucose tolerance test.

results collectively indicated that HFD induced MetS
and glucose intolerance.

MetS Decreased Energy Expenditure

To investigate the overall metabolism in MetS, we
employed the metabolic cage system (TSE System Phe-
noMaster). Mice were individually housed and moni-
tored to track oxygen consumption (VO2) and carbon
dioxide production (VCO2). Although cumulative food
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and water intake over 16 weeks did not differ signifi-
cantly between the HFD group and the standard chow
diet group (4623 cal/mouse/d vs. 5038 cal/mouse/d, and
1.466 ml/mouse/d vs. 0.789 ml/mouse/d, respectively)
(Figure 2b and c), there was a significant decrease in
fluid intake during the dark phase (P = 0.0379). The
HFD group exhibited significantly reduced VO2 (P <
0.0001), VCO2 (P < 0.0001), respiratory exchange ratio
(P < 0.0001), and heat production (P < 0.0001)

Kidney International Reports (2025) 10, 906-920
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Figure 2. Metabolic syndrome suppressed food intake and energy expenditure. Metabolic cage analysis was performed on mice after 4 months
of HFD. (a) Kinetic data for oxygen consumption (n = 6 in each group) are shown as the mean for each time point and summarized as means for
light and dark periods. (b) There were no significant differences in diet intake between the HFD and control group. (c) HFD mice had a lower
fluid intake in the dark. (d—g) There were significantly lower oxygen consumption, CO, consumption, respiratory exchange rate, and heat

production in the HFD group (P < 0.05). HFD, high-fat diet.

compared with the standard chow diet group
(Figure 2d—g). These measurements were corroborated

by data from the TSE PhenoMaster cages (Figure 2a).

Renal Injuries Induced by MetS

To gain further insight into the renal manifestations of
MetS, we conducted plasma and urine biochemical
analyses. Before the HFD, there were no significant

Kidney International Reports (2025) 10, 906-920

differences in renal structure or serum creatinine levels
(Supplementary Figure S1B-D). After 16 weeks, despite
the absence of significant differences in plasma creati-
nine and BUN levels between HFD mice and the control
group (Figure 3a and b), HFD mice exhibited signifi-
cantly higher levels of proteinuria (P = 0.0002) and
urinary KIM-1 (P < 0.0001) (Figure 3c and d). These
findings confirm the induction of renal injuries by
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Figure 3. Metabolic syndrome induced renal injuries. (a and b) Serial measurements showed no significant BUN and creatinine (Cr)
changes after 4 months of HFD. (c—d) Significantly higher proteinuria (P = 0.0002) and urinary KIM-1 (P < 0.0001) levels were observed in
the HFD mice. (e) There were no significant differences in kidney size between mice fed HFD and those on a normal chow diet. (f) Renal
tissue sections were hematoxylin and eosin— stained to estimate renal injuries. The upper panel shows representative microscopic
images of standard chow diet group, the lower panel is a summary of the results from the HFD group. Jablonski scores for renal tubular
injuries were elevated (P = 0.0031), and there were more vacuolized renal tubules (P < 0.0001). (g) In addition, the glomerulosclerosis
index was significantly higher (P = 0.0004) with PAS staining. Glomerulosclerosis was analyzed. The glomerulus is graded as follows:
0 (no lesions), 1 (lesions in up to 25% of glomeruli), 2 (lesions in 25%-50% of glomeruli), or 3 (lesions in > 50% of glomeruli). At least 50
glomeruli were scored for each mouse (8 mice in each group); the results are summarized in graph h. (***P < 0.001). BUN, blood urea
nitrogen. PAS, periodic acid—Schiff.

MetS. To examine changes in renal structure, we However, HE staining of renal sections revealed
analyzed kidney size and histology. There were no aggravated renal injuries in HFD mice (Figure 3f).
significant differences in kidney size between the HFD Jablonski scores for renal tubular injuries were
group and the standard chow diet group (Figure 3e). elevated (Figure 3f, P = 0.0031), and there were more
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vacuolized renal tubules (P < 0.0001). In addition, the
glomerulosclerosis index was significantly higher (P =
0.0004) among periodic acid—Schiff staining (Figure 3g).

MetS Altered the Mitochondrial Ultrastructure
of Renal Tubular Cells

Considering these observations of renal tubular in-
juries, we aimed to investigate the underlying cellular
mechanisms. Renal tubular cells are highly metabolic
and heavily reliant on mitochondrial function. Conse-
quently, MetS-induced renal tubular injuries may be
associated with alterations in tubular mitochondrial
structure and function. To test this hypothesis, we
conducted a series of experiments to assess the mito-
chondrial ultrastructure in these cells. Morphometric
analysis of renal tubular cells in HFD mice was per-
formed using transmission electron microscopy. Mice
fed an HFD exhibited an increased number of atypical
mitochondria in renal tubular cells compared with the
control group (Figure 4a). Morphometric analysis
revealed a significantly higher aberrant mitochondrial
area ratio (28.13 &+ 2.39% mitochondria per field in
HFD vs. 4.00 £ 0.42% in the standard chow diet
group) (P < 0.0001) (Figure 4b). Furthermore, a sig-
nificant decrease in the total cristae length of the
mitochondrial area was observed in the HFD group
compared with the standard chow diet group (3.46 =+
0.2 pm/pm?* vs. 5.21 + 0.38 pm/im?) (P = 0.0012)
(Figure 4c). The cristae number per mitochondrial area
was also significantly reduced (20.00 £ 1.78 per mito-
chondrial area in HFD vs. 37.13 & 2.17 in the standard
chow diet group) (P < 0.0001) (Figure 4d). These
findings suggest that MetS induces mitochondrial
deformation and cristae disorganization.

Activation and Translocation of AKT to
Mitochondria in Renal Tubules upon MetS

A further goal was to investigate whether AKT can be
translocated and activated in renal tubules upon MetS.
The renal cortex, enriched with renal tubules, was
isolated, and the mitochondria were subfractionated
by gradient centrifugation. Upon MetS, the abun-
dance of pAKT1 increased in mitochondria, suggesting
the translocation of AKTl into mitochondria
(Figure 5a).There was a significant increase of mito-
chondrial pAKT1 in MetS (P = 0.0474) compared with
the control group. Activation of AKT1 in renal tubules
after MetS was confirmed with immunohistochemistry
staining (Figure 5b). There was only minimal pAKT1
staining in the renal tubule of the standard chow diet
group, whereas pAKT1 was abundantly increased in
the renal tubules of MetS (P < 0.0001). To confirm
subcellular pAKT1 localization in renal tubules,
PAKTI1 was co-stained with a mitochondria marker.

Kidney International Reports (2025) 10, 906-920
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Under MetS conditions, renal tubular cells exhibited
distinct colocalization of pAKT1 and mitochondria
(Figure 5c). These results collectively indicated that
MetS induced mitochondrial AKTI signaling by phos-
phorylation and translocation of AKT1 into mitochon-
dria in the renal tubules.

To further validate these findings, experiments were
conducted using an additional diabetic model (DB/DB
mice), which exhibits features of MetS such as obesity,
insulin resistance, and hyperglycemia. Consistent with
the observations in the HFD-fed C57BL/6 model, DB/DB
mice displayed significant renal damage, characterized
by prominent glomerular injury, tubular swelling, and
disrupted architecture (Supplementary Figure S2), along
with significantly increased activation of mitochondrial
PAKTI in renal tubules compared with WT controls.
Immunohistochemical staining demonstrated minimal
PAKTI1 expression in the renal tubules of WT mice,
mild increases in DB/WT mice, and a marked elevation
in DB/DB mice, particularly in the cortical and medul-
lary tubular regions (Supplementary Figure S3).

These results were further supported by immuno-
fluorescence co-staining of pAKT1 and mitochondria,
which revealed robust colocalization of pAKT1 with
mitochondria in the renal tubular cells of DB/DB mice
(Supplementary Figure S4), consistent with the findings
in MetS (Figure 5c). Together, these findings collec-
tively indicate that MetS induces mitochondrial AKT1
signaling by phosphorylation and translocation of
AKT1 into mitochondria in renal tubules.

Inhibition of Renal Tubule Mitochondrial AKT
Signaling Aggravated MetS Renal Injuries

In Vitro

To test the hypothesis that mitochondrial AKT1 played
a protective role in renal injury induced by MetS, the
MetS renal injury was induced with HK2 cells treated
with palmitic acid in vitro. To verify the effect of MetS
on renal tubular cells and whether there was a dose and
time effect, HK2 cells were treated with 50 UM, 100
UM, and 200 UM palmitic acid. Upon palmitic acid
treatment, there were no significant differences in the
viability of HK2 cells (Figure 6a). However, a notable
decrease in HK2 cell viability occurred 48 hours after
heat shock protein 90 inhibitors (1 UM PU-H71 or 100
nM alvespimycin hydrochloride) treatment (decrease
56.2%, decrease 32.2%, separately at 48 h) compared
with the vehicle-treated control group. These results
highlight the protective role of mitochondrial AKT1 in
maintaining renal tubular cell integrity under MetS
conditions. Blocking the translocation of AKTI1 into
mitochondria exacerbated renal injury, further impli-
cating mitochondrial AKT1 signaling in renal protec-
tion (Figure 7).

913




TRANSLATIONAL RESEARCH HY-H Lin et al.: Mito-AKT1 and Metabolic Syndrome Kidney Injuries

a HFD Chow

Acc. voltago=100.0KkV =
Magnification=x43 0k Magnification=x43.0k

706,11 ) '
Ace. voltage=100.0kV 10pm  Acc. voltage=100 kY 1.05m
Mag 754 w

(2]
o
1

sk

-
o
1

=
o
L

#

=Y

o
L
o

Damaged mitochondia
(% of total mitochondria)
(% of total mitochondria)

i

o

Q ot <
(Fd" & B S

Disorganized mitochondia

group

Figure 4. Metabolic syndrome altered the mitochondrial ultrastructure of renal tubular cells. The transmission electron microscope was used to
investigate the effect of mitochondrial ultrastructure of metabolic syndrome on renal tubular cells. (a) HFD mice exhibited more aberrant
mitochondria with hyperlucency, loss of cristae, loss of electron-dense mitochondrial matrix, and loss or disruption of the outer membranes in
renal tubular cells compared with the control group. (b) Morphometric analysis revealed a significantly higher aberrant mitochondrial area ratio
(P < 0.0001). (c) In HFD, a significant decrease in the total cristae length of the mitochondrial area was observed compared with the standard
chow diet group (P = 0.0012). (d) The cristae number per mitochondrial area was significantly reduced area in HFD, compared with the standard
chow diet group) (P < 0.0001). HFD, high-fat diet.
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Figure 5. Activation and translocation of renal tubular mitochondrial AKT1 in metabolic syndrome. Mitochondrial fractions were isolated by
gradient centrifugation of kidneys harvested from mice after 16 weeks. Western blotting analyzed protein lysate with antibodies for pAKT1,
mitochondria marker VDAC. (a) The content of pAKT1 protein in mitochondria was increased in HFD mice (P = 0.0474). (b) Renal sections from
the control or HFD were used to visualize AKT1 phosphorylation in tubules with immunohistochemistry staining. A histogram shows increased
pAKT-positive areas (%) (P < 0.0001, n = 6 in each group). (c) To further characterize the colocalization of pAKT1 with tubule mitochondria,
renal sections were stained with pAKT1 antibodies and ATP1F1. There was a distinct colocalization of pAKT1 and mitochondria in the renal
tubules after HFD for 16 weeks. HFD, high-fat diet.

Kidney International Reports (2025) 10, 906-920 915



TRANSLATIONAL RESEARCH

24 hour

Q

-

E-N

o
]

¢
ed-o

Cell Viability (% of control)
=
o
L

(-]
o
L
*
*
*
: !

60

1 1
N
o(\ (gg \QQ WQQ \), 0, 0, x?’ x?‘ x?’
DR M M MR R R
TG F S SIS
S S oo
¥ N oV v v v.q’
vf: Y R LY <
s QV Qv
group
48 hour
200 -
150 %
100 1 % * * -

Cell Viability (% of control) o

8-
@
@
[
&

T L T T T T T
NS N N A\ Y A\
C v e e R QT RT N N
RV Y e S S
N N RO O
o oY o v N T
vf, O S RY G o
Q QY' QY'
group

Figure 6. Inhibition of the translocation of mitochondrial AKT1 ag-
gravates metabolic syndrome-related renal injuries. Cell viability in
HK2 cells was assessed using the CCK-8 assay after treatment with
various concentrations of palmitic acid alone (50, 100, 200 pLM) or in
combination with heat shock protein 90 (HSP90) inhibitors (1 WM PU-
H71 or 100 nM alvespimycin hydrochloride). The cells were collected
at 48 hours for analysis. The CCK-8 cell viahility assay was con-
ducted on HK-2 cells (a) posttreatment. Statistical significance is
indicated by *P < 0.05; **P < 0.01. ALV, alvespimycin hydrochloride;
CN, control; PA, palmitic acid.

DISCUSSION

This study elucidated the role of MetS in inducing the
translocation of activated AKT1 to mitochondria in
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proximal renal tubules. Mice with MetS exhibited
significant weight gain, impaired glucose handling, and
decreased energy expenditure. The MetS-related kid-
ney injuries were confirmed with markers of renal
damage and histological analysis. Transmission electron
microscopy analysis revealed an increased prevalence
of aberrant mitochondria and a reduction in both
cristae length and cristae density. Furthermore, pAKT1
accumulated in the mitochondria of renal tubules.
These findings suggest that mitochondrial AKT1 acti-
vation serves as a protective mechanism in response to
MetS, with its inhibition exacerbating renal tubular
cell injuries. Thus, mitochondrial AKT1 signaling in
renal tubules is pivotal in the progression of kidney
failure associated with MetS.

MetS-Related Kidney Diseases

The risk of chronic kidney disease in patients with MetS
increases annually with the age of onset of the disease.
Through regression analysis, it has been confirmed that
the risk of chronic kidney disease is independent of
traditional risk factors for kidney diseases, such as hy-
pertension, diabetes mellitus, and dyslipidemia.””*'
Although the exact mechanisms by which MetS leads
to kidney disease have not been fully elucidated, insulin
resistance has been identified as the central pathogenic
mechanism of MetS and its associated renal disease.””
The atherosclerosis risk in communities study identi-
fied insulin resistance as an independent and significant
factor in the development of chronic kidney disease in
humans.”” The prevention of renal and vascular end-
stage disease study, demonstrated that higher fasting
insulin levels were associated with age-related decline in
renal function in a parabolic shape.”* As demonstrated
in this study, glucose handling was impaired in HFD-
induced MetS. In addition, insulin resistance was
significantly elevated in the MetS group. Furthermore,
MetS decreased the respiratory exchange rate and
thermogenesis.

The Character of Renal Proximal Tubular Cells
of MetS-Related Kidney Injuries

Research by D’Agati has shown that the renal pathology
of MetS ranges from focal segmental glomerulosclerosis
to overall glomerular hypertrophy and podocyte hy-
perplasia, along with matrix accumulation and a
reduction in normal podocyte density.”” We also
observed similar glomerular changes in our MetS rodent
models (Figure 3g). The primary mechanisms by which
MetS impacts the kidney include glomerular hyper-
filtration, endothelial dysfunction, and glomerular hy-
pertension, often driven by hyperinsulinemia.***’
Hyperfiltration results from increased renal plasma
flow and heightened filtration fraction, frequently
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Figure 7. The role of tubular mitochondrial AKT1 in MetS. In the schematic diagram of the role of mitochondrial AKT1 in MetS-related kidney
injuries, MetS increases insulin resistance, proteinuria, and renal tubular injuries. There are increasing aberrant mitochondria, decreased
cristae length, and cristae numbers of MetS-related kidney injuries. Inhibition of the translocation of mitochondrial AKT1 aggravated renal

tubular injuries. MetS, metabolic syndrome.

observed in the early stages of MetS. Endothelial
dysfunction caused by chronic oxidative stress and
systemic inflammation disrupts the glomerular filtration
barrier, allowing proteinuria to develop.”® Moreover,
glomerular hypertension because of systemic hyper-
insulinemia and sodium retention further exacerbates
glomerular These glomerular changes
contribute to the characteristic hypertrophy and scle-
rosis associated with MetS-related nephropathy.

However, the interstitium, though traditionally
thought to be secondarily affected because of glomerular
damage, is increasingly recognized as an independent
target of injury in MetS.” Chronic metabolic stressors
such as hyperglycemia, insulin resistance, and dyslipi-
demia directly impair tubular and interstitial function.
Tubular injury, driven by mitochondrial dysfunction,
leads to adenosine triphosphate (ATP) depletion, reac-
tive oxygen species (ROS) generation, and subsequent
oxidative damage.’’ These mitochondrial defects also
contribute to inflammation, fibrosis, and eventual
interstitial damage, which can occur independently or
in parallel with glomerular injury.

In MetS-related kidney injuries, subsequent studies
have found that in addition to the known glomerular
changes, proximal tubular cells have also been found to
play an important role. The study by Tobar et al. found
that the proximal tubular epithelial cells in MetS ne-
phropathy are hypertrophied and thickened.” Owing
to their physiological functions, proximal renal tubular
cells play an important role in renal hemodynamics and
metabolic management. As MetS progresses, proximal
tubular cells will compensatorily increase sodium and
albumin reabsorption through the mTOR signaling
pathway.’” The PI3K/AKT/mTOR signaling pathway is

P 29
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crucial in maintaining cellular homeostasis and
responding to metabolic stress.”’ When proteinuria
occurs in the urine, the endocytic uptake of albumin
by renal tubular cells activates phosphatidylinositol 3-
kinase to regulate mTOR signaling.’* mTOR plays an
important role in signal regulation. It not only has a
significant regulatory role in cell growth and apoptosis
but is also a key regulatory protein of mitochondrial
metabolism.” Our study results align with previous
research, demonstrating not only glomerulopathy but
also renal tubular injuries, particularly alterations in
renal proximal tubules, as observed in our MetS rodent
models depicted in Figure 3f.

The Role of Mitochondria in MetS-Related
Kidney Injuries

The kidney is one of the most energy-demanding or-
gans in the human body.’® Nutrient-sensing pathways
directly influence mitochondrial energy production
when exposed to external stress stimuli such as
oxidative stress, hypoxia, or energy deficiency. Alter-
ations or reductions in ATP production, coupled with
mitochondrial dysfunction, lead to the generation of
high levels of ROS, disrupting the homeostasis of kid-
ney cells. ROS can activate various cell death path-
ways, including apoptosis, necrosis, and autophagy.
ROS promote the release of cytochrome C from mito-
chondria, triggering the activation of caspases and the
apoptotic signaling cascade.’” Both proximal and distal
tubular cells of the kidney are essential for their
reabsorption functions and their role in gluconeogen-
esis under conditions such as starvation, metabolic
acidosis, steroid treatment, and elevated catecholamine
levels.”® The majority of renal mitochondria reside in
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the proximal tubules. A mitochondrion serves as a
significant cellular organelle that metabolizes nutrients
for ATP production. In MetS, mitochondrial dysfunc-
tion is implicated in the pathogenesis of oxidative
stress and systemic.”” Our findings indicate that mito-
chondrial dysfunction is evident in renal proximal
tubules affected by MetS-related kidney injuries.

Whereas study focuses on mitochondrial
dysfunction in MetS-related kidney injuries, similar
mechanisms are observed in other forms of tubular
injury, including ischemia-reperfusion injury and
nephrotoxic ~ drug-induced  AKI.  Mitochondrial
dysfunction is a shared driver of these pathologies,
characterized by ATP depletion, excessive ROS pro-
duction, and impaired oxidative phosphorylation. For
example, our previous study demonstrated that tubular
mitochondrial AKT1 activation occurs during ischemia-
reperfusion injury, contributing to chronic kidney dis-
ease progression.'” In addition, we have shown that
mitochondrial ATP synthase dysfunction plays a critical
role in maleic acid—induced AKI, resulting in energy
depletion and tubular cell apoptosis.'®

Mitochondrial AKTI1 regulates cellular oxidative
phosphorylation, ROS, and cell survival."’ Impaired
mitochondrial AKTI1 signaling uncoupled respiration
and lowered ATP production, as shown in our previous
study."” Although renal tubular apoptosis is a common
finding in various models of renal injuries, the signaling
pathways upstream from mitochondria were not
entirely clear.”’ The apoptosis and subsequent loss of
tubular cells have been identified as pivotal factors in
the progression of renal injuries./12 Moreover, tubular
repair and regeneration is proposed as a significant
event in the recovery from such injuries.'®"”***
Although sublethal injuries may potentially be revers-
ible, the death of tubular cells invariably results in the
permanent loss of tubular function.”” The loss of mito-
chondrial cross-membrane electrochemical gradient is a
critical checkpoint that initiates apoptosis.”® Mitochon-
drial leakage, regulated by mitochondrial AKT1I, likely
represents a decisive juncture in the determination be-
tween cell survival and apoptotic cell death.””*® Our
study results offer new insights into the role of mito-
chondria in mitigating kidney injury associated with
MetS. Inhibition of mitochondrial AKT1 during MetS
resulted in eventual tubular cell death (Figure 6).

our

Limitations

MetS is a multifaceted condition encompassing a diverse
range of pathophysiological processes. These complex-
ities make it challenging for any single animal model to
fully recapitulate all aspects of MetS and its associated
complications. We employed the HFD-fed C57BL/6
mouse model, a widely used and well-established model
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to induce features of MetS, such as obesity, glucose
dysregulation, and insulin resistance. To address this
limitation, we conducted complementary experiments
using DB/DB mice, a genetic model of diabetes and
obesity, to validate our findings. Future studies could
incorporate additional MetS-mimicking models to cap-
ture the broader spectrum of renal injury mechanisms
associated with MetS.

CONCLUSION

Our study addresses a significant knowledge gap about
the involvement of proximal renal tubule mitochondria
in MetS-related kidney injuries through the activation
and translocation of AKTI1 into mitochondria. This
mechanism of renal protection suggests a novel target
for developing strategies to improve the prevention
and treatment of acute and chronic kidney injuries.
Future research should explore new approaches to
enhance AKTI activity in proximal tubule mitochon-
dria to prevent MetS-related kidney injuries better.
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