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Abstract 
Diabetic nephropathy (DN) is a leading cause of chronic kidney failure. We hypothesized that mitochondrial Akt1 
dysfunction in renal proximal tubules plays a pathogenic role in DN development and that its activation may reverse DN 
progression. To study this signaling pathway, we generated a transgenic mouse model harboring a renal tubule-specific, 
tamoxifen-inducible, mitochondria-targeted constitutively active Akt1 (KMCAKT). Type 2 diabetes was induced by a 
high-fat, high-fructose diet (HFFD) for 40 weeks. Renal histology and function were evaluated, and glucose metabolism 
was assessed using dynamic glucose testing. We found that HFFD feeding resulted in the development of DN in control 
non-induced KMCAKT mice, whereas KMCAKT mice with constitutively active mitochondrial Akt1, induced by tamoxifen 
injection (TAM), exhibited a significant improvement in kidney dysfunction and histology. Urinary albumin, fasting 
plasma BUN levels, fibrosis, and Jablonski scores were all markedly improved in HFFD-TAM-KMCAKT mice compared with 
controls, while levels of α-smooth muscle actin (αSMA) and transforming growth factor-β1 (TGFβ1) were significantly 
reduced. HFFD-TAM-KMCAKT mice exhibited lower fasting blood glucose and improved oral glucose tolerance, while 
basal and stimulated insulin levels were higher, along with increased beta cell mass and insulin secretion (HOMA-β) 
compared with controls. Hyperglycemic clamp studies confirmed increased insulin secretion in HFFD-TAM-KMCAKT 
mice. We conclude that tubular mitochondrial Akt1 plays a key role in DN progression. Restoring tubular mitochondrial 
Akt1 signaling may represent a novel approach to reverse the development of chronic kidney disease. We also identified 
previously unrecognized metabolic cross talk between renal tubular mitochondrial Akt1 and pancreatic insulin 
secretion that may modulate systemic glucose homeostasis. 
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Introduction 
Chronic hyperglycemia can lead to the development of 
diabetic nephropathy (DN). DN is a serious and common 
complication of diabetes and remains a major cause 
of chronic kidney disease (CKD) and end-stage renal 
disease (ESRD) worldwide (1, 2). Diabetic kidney 
disease is associated with a high risk of cardiovascular 
disease (CVD) and mortality (3). As the global prevalence 

of diabetes continues to rise (4), the incidence of DN is 
expected to increase, imposing a growing public health 
and socioeconomic burden (5, 6). Despite advances in 
diabetes management, a substantial proportion of 
patients still progress to DN, and rates of progression to 
ESRD remain high (7, 8). This problem underscores the 
urgent need to elucidate the molecular mechanisms 
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driving DN progression and to identify novel molecular 
targets for the development of new therapeutic strategies. 

Early DN can be diagnosed by persistent 
microalbuminuria, reflecting early glomerular injury, 
and a subsequent progressive decline in estimated 
glomerular filtration rate (eGFR), indicating worsening 
renal function (1, 9). Histological changes are 
characterized by mesangial expansion due to the 
accumulation of extracellular matrix proteins, 
podocyte injury and loss, thickening of the glomerular 
basement membrane, nodular or diffuse 
glomerulosclerosis, and tubulointerstitial fibrosis (10). 
Together, these structural and functional changes 
reflect the complex pathogenesis of DN, involving 
metabolic, hemodynamic, and inflammatory 
mechanisms that collectively contribute to kidney injury. 

Mitochondria play a pivotal role in maintaining renal 
homeostasis, and their dysfunction is increasingly 
recognized as a key element in the development of CKD 
(11). In experimental DN, alterations in renal 
mitochondrial bioenergetics and structural dynamics 
occur early, preceding the development of albuminuria 
and histological abnormalities (12). Hyperglycemia 
promotes excessive mitochondrial reactive 
oxygen species (ROS) production, oxidative stress, and 
mitochondrial dysfunction (13, 14). This diabetes-induced 
mitochondrial dysfunction disrupts fatty acid oxidation 
in renal tubular epithelial cells, leading to lipotoxicity and 
tubular injury (15, 16). Concurrently, defects in 
mitochondrial quality control, characterized by 
impaired mitophagy and reduced biogenesis, further 
exacerbate mitochondrial dysfunction (17, 18, 19, 20). 
Additionally, increased mitochondrial DNA (mtDNA) 
release activates innate immune signaling pathways 
that amplify inflammation and accelerate DN 
progression (21). Consistent with these experimental 
findings, patients with DN exhibit reduced 
mitochondrial content and evidence of 
mitochondrial dysfunction (22). 

Activation of Akt1, a serine/threonine protein kinase, is a 
critical step in insulin receptor cytosolic signaling 
pathways and is essential for maintaining 
mitochondrial function. Notably in renal tubules, 
insulin stimulation results in robust translocation of 
activated Akt1 from the cytosol to the mitochondria, 
resulting in a 12-fold increase in its phosphorylated 
active form within mitochondria (23). Our previous 
work demonstrated that activation of mitochondrial 
Akt1 in the heart attenuates diabetic cardiomyopathy 
and improves whole-body metabolism (24). Similar to 
the myocardium, the kidney has exceptionally high 
energy demands, particularly within renal proximal 
tubular cells, which contain the highest mitochondrial 
density among renal cell types (25). Given the emerging 
evidence supporting the involvement of the kidney in 
metabolic syndrome, we postulate that mitochondrial 
Akt1 activation in the kidney may play a similarly 

protective role in diabetic kidney. We have previously 
demonstrated that Akt1 translocation into renal tubular 
mitochondria mitigates acute kidney injury and limits the 
subsequent development of CKD following 
ischemia–reperfusion injury (26). In contrast, inhibition 
of tubular mitochondrial Akt1 led to loss of mitochondrial 
cristae, disruption of ATP synthase subunit assembly, and 
severe mitochondrial dysfunction (24). 

In the present study, we sought to define the role of 
sustained tubular mitochondrial Akt1 signaling in an 
insulin-resistant model of DN and to determine how 
renal tubular mitochondria may influence whole-body 
glucose metabolism. To this end, we used an inducible, 
renal tubule-specific transgenic mouse model to 
selectively activate mitochondrial Akt1 signaling 
(KMCAKT) and demonstrated that proximal tubular 
mitochondrial Akt1 signaling confers protection against 
diet-induced DN and systemic metabolic dysregulation. 

Materials and methods 

Transgenic mouse model 
Animal care and experiments were performed according 
to procedures approved by the animal care committees of 
the City of Hope. A mitochondria-targeting constitutively 
active Akt1 construct was generated using strategies 
based on the approach we described previously (26). To 
generate a constitutively active mitochondrial Akt1 
(mcaAkt1), threonine T308 and serine S473 of Akt1 
cDNA were mutated to glutamic acid to mimic 
phosphorylation. For mitochondrial targeting, the 
human cytochrome c oxidase subunit 8A sequence 
(NP_004065.1; MSVLTPLLLRGLTGSARRLPVPRAKIHSL) 
was added to the 5′ end of the Akt1 cDNA. A 6× His-tag 
was added at the 3′ end for the detection of the resultant 
protein. The mitochondria-targeting sequence is cleaved 
after mitochondrial import (24, 26). 

We next cloned the mcaAkt1 construct into the ROSA26 
locus of C57BL/6J mice. The coding sequence was first 
cloned into pCALNL-dsRed, a gift from Dr Constance 
Cepko (Addgene, 13769), after the removal of the 
Ds-Red coding sequence. In pCALNL, a CMV immediate 
early gene enhancer and chicken beta-actin gene 
promoter/intron and beta-globin polyA signal drive the 
expression of a coding sequence. To mediate targeting to 
the ROSA26 (Gt (ROSA)26Sor) locus, mcaAKT1-pCALNL 
was cloned into pROSA26-1, a gift from Dr Philippe 
Soriano (Addgene, 21714), with the CAG promoter 
oriented opposite to the ROSA26 RNA transcript. 
Expression of mcaAkt1 begins following Cre-mediated 
deletion of a floxed Neo-SV40-PolyA sequence between 
the promoter and the coding sequence. JM8.N4 ES cells 
(derived from C57BL/6NTac mice) were electroporated 
with linearized targeting constructs, and 
32 G418-resistant clones per construct were screened 
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for homologous recombination. Targeting efficiency was 
53% for the mcaAkt1 construct. Correctly targeted ES cells 
were microinjected into C57BL/6J blastocysts, and the 
resulting male ROSA26-CAG-LNL-mcaAKT1 chimeras 
were bred with C57BL/6 mice to establish the lines used 
in this study (24, 26). Engineering of mES cells, genomic 
characterization, microinjection of blastocysts, and 
production of founder transgenic mice were carried 
out at the UC Irvine Transgenic Mouse Facility. To 
generate a transgenic mouse line with inducible 
overexpression of mcaAkt1 in the renal proximal 
tubular epithelial cells, ROSA26-CAG-LNL-mcaAkt mice 
were crossed with a well-studied Cre transgenic mouse 
strain, KSP-CreERT2 mice (Tg(Cdh16-Cre/ERT2)24Igr) on a 
congenic C57BL/6 background (purchased from The 
Jackson Laboratory), to generate KMCAKT mice (Fig. 1A). 

Mice were kept in a temperature-controlled environment 
and fed with laboratory chow ad libitum (normal chow 
diet, NCD; Envigo Teklad, USA, Envigo 2020X). 
Cre-mediated recombination was achieved by 
administration of tamoxifen (TAM; 100 mg/kg body 
weight/day i.p.) for 5 days at 8 weeks of age. Corn oil 
(CO) was injected as a vehicle control (Fig. 1B). Expression 
of the transgene was shown specifically in the renal 
tubules in our previous study (26). One month after 
initial TAM or CO injection, the mice were subjected to 
high-fat chow and fructose drinking water as described 
below (Fig. 1B). 

Diet-induced diabetes 
Mice were placed on a high-fat chow and fructose water 
diet (HFFD). High-fat chow contains 45% of calories from 

fat (Envigo Teklad, TD.08811). Cage water was replaced 
with a 30% fructose solution (Sigma, USA, F0127-5KG). The 
length of HFFD is specified per given experiment (Fig. 1B). 
Chow and water were replaced at two-week intervals. 
Male mice were used due to their susceptibility to 
diet-induced metabolic dysregulation and dysfunction, 
including insulin resistance, hyperglycemia, and DN. 

Body composition measurement 
Body composition was measured using 1H magnetic 
resonance spectroscopy (Echo Medical Systems, USA, 
EchoMRI-100). After calibration of the apparatus, mice 
were introduced into a clean and transparent plastic 
cylinder and placed into the apparatus to determine fat 
content, lean mass, and total body water. 

Urine collection 
Mice were placed individually in metabolic cages with 
free access to food and water for 24-h urine collection. 
Protease inhibitors (Roche, Switzerland, 4693116001) 
were added to prevent protein degradation. Urine 
samples were collected in two steps every 12 h and 
kept at 4°C until the 24-h collection was completed. 
Samples were centrifuged at 3,000 g for 5 min at 4°C to 
remove cellular debris, and supernatants were aliquoted 
and stored at −80°C until use. 

Western blot analysis 
Kidney tissues were homogenized on ice using cOmplete 
Lysis-M EDTA-free buffer (Roche, 4719964001) containing 

Figure 1 

Bigenic mice (KMCAKT) for renal tubule-specific mitochondria-targeting constitutively active Akt1, and study design. (A) Mitochondrial-targeted 
constitutively active Akt1 (mcaAkt1) was engineered as described in the Materials and methods section. A 6× His tag was fused in frame to the C-terminus 
of Akt1 cDNA. Mice harboring mcaAkt1 were crossed with KSP/CreERT2 mice to generate bi-transgenic mice (KMCAKT) for this study. (B) Eight-week-old 
KMCAKT mice were randomized into two groups – one injected with tamoxifen (TAM) to induce expression of mcaAkt1 and the other with corn oil (CO) as a 
vehicle control. Each group was then subdivided into either a normal chow diet (NCD) with regular water or a high-fat diet with fructose water (HFFD) starting 
at twelve weeks of age and maintained for up to 40 weeks. Tissues and plasma were collected for renal and metabolic analyses at the study endpoint. 
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2.5 mmol/L PMSF and protease inhibitors. Tissue 
homogenates were centrifuged at 10,000 g for 10 min 
at 4°C to remove cellular debris. Kidney protein lysates 
(15 μg per lane) were separated on 10% SDS-PAGE 
and electroblotted to polyvinylidene fluoride 
membranes (Millipore, USA). Membranes were 
incubated overnight at 4°C with the following 
specific primary antibodies: mouse anti-TGFβ1 
(Santa Cruz Biotechnology, USA, 130348, 1:1,000), mouse 
anti-αSMA (Invitrogen, USA, MA106110, 1:1,000), or 
rabbit anti-GAPDH (Cell Signaling Technology, 
USA, 2118, 1:1,000), followed by incubation with 
horseradish peroxidase-conjugated goat anti-mouse 
(Invitrogen, PI31432, 1:5,000) or goat anti-rabbit 
(Invitrogen, PI31466, 1:5,000) secondary antibodies. 
Signals were detected using a SuperSignal 
chemiluminescent substrate (Thermo Scientific, 
USA, 34579) and visualized using a Syngene G:BOX 
imaging system. 

Kidney histology and immunohistochemistry 
Kidneys were collected from mice anesthetized with 
ketamine/xylazine (100:8 mg/kg) and perfused with PBS 
followed by 4% paraformaldehyde. Tissues were fixed in 
4% PFA overnight at 4°C, embedded in paraffin, sectioned, 
and stained with periodic acid–Schiff and Masson’s 
trichrome. Images were obtained using a Zeiss 
LSM700 microscope. 

Urinary albumin assay 
Urinary albumin excretion was determined using a 
mouse albumin ELISA kit (Fortis Life Sciences, USA, 
E99-134) in accordance with the manufacturer’s 
instructions. Briefly, a 96-well plate coated with goat 
anti-mouse albumin antibody was incubated with 
diluted albumin standards and urine samples. After 
sample binding, unbound proteins were washed off, 
and a biotinylated detection antibody was added to 
bind the captured albumin. A streptavidin-conjugated 
horseradish peroxidase was then added to catalyze a 
colorimetric reaction with the chromogenic substrate 
TMB. The reaction produced a blue product, which 
turned yellow when the reaction was terminated by 
the addition of sulfuric acid (2 N H2SO4) solution. 
Absorbance at 450 nm was measured using a Tecan 
Spark plate reader. 

Urinary and plasma creatinine assay 
Urinary and plasma creatinine levels were measured by 
ELISA (Quidel, USA, MicroVueTM Creatinine EIA, 8009). 
Urine and plasma samples and standards were diluted 
with distilled water (1:40) and then loaded into a 96-well 
plate, followed by the addition of a color reagent. After a 
30-min incubation, measurements of optical density were 
taken at 450 nm using a Tecan Spark plate reader. 

Plasma BUN, TGFβ1, insulin, and 
lipid measurements 
Blood samples were collected in ice-chilled heparinized 
tubes. Blood was centrifuged at 10,000 g for 10 min at 4°C. 
Plasma was separated, aliquoted, and stored at −80°C. 
Plasma samples were analyzed for determining the 
levels of BUN (Urea Nitrogen Colorimetric Detection 
Kit K024-H1, Arbor Assays, USA), TGFβ1 
(mouse/human TGFβ1 Quantikine ELISA Kit DB100C, 
R&D Systems, USA), insulin (Ultra-Sensitive Mouse 
Insulin ELISA Kit, 2nd Gen 62100, Crystal Chem, USA), 
total cholesterol (#InfinityTM Cholesterol Kit 
812912, Thermo Scientific), and triglycerides 
(InfinityTM Triglycerides Kit 707440, Thermo Scientific) 
according to the manufacturer’s instructions. 

Measurement of blood glucose levels and oral 
glucose tolerance test (OGTT) 
Blood glucose concentration was determined using a 
glucometer (FreeStyle Lite, Abbott, USA) and FreeStyle 
blood glucose test strips. A gentle cut was made at the tip 
of the mouse’s tail to draw venous blood samples for 
measurement. OGTT was performed by oral glucose 
administration (2 g/kg) following food withdrawal for 
6 h. Values were recorded and expressed in milligrams 
per deciliter. 

Assessment of insulin resistance and 
pancreatic β-cell function 
Fasting blood glucose and plasma insulin levels were 
measured after a 6-h fast. Insulin resistance was 
calculated using the homeostasis model assessment of 
insulin resistance (HOMA-IR). Pancreatic β-cell function 
was analyzed with the homeostasis model assessment of 
β-cell function (HOMA-β) (27). 

Pancreatic tissue quantification 
For immunofluorescence imaging of pancreatic tissue, 
sections were deparaffinized and incubated in 10 mM 
sodium citrate (pH 8.5) at 95°C for 60 min. Sections 
were then blocked in 10% normal goat serum and 
incubated with rabbit anti-insulin (EPR17359, Abcam, 
UK) and mouse anti-glucagon (67286, Proteintech, USA), 
diluted in PBS containing (0.1% Triton X-100) overnight at 
4°C. The sections were then washed with PBS three times 
and incubated with goat anti-rabbit Alexa FluorTM 488 
(H+L) (A11008, Invitrogen) and goat anti-mouse Alexa 
FluorTM 647 (H+L) (A21235, Invitrogen). Slides were 
allowed to air-dry and coverslipped using ProLongTM 

Gold antifade reagent (P10144, Invitrogen). Images 
were obtained using a Zeiss LSM700 microscope. 
Quantification was performed with QuPath 0.5.1. 
Absolute β-cell mass was determined by multiplying 
the percent of insulin-positive area/pancreatic area 
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(from four consecutive levels of pancreatic tissue 150 μm 
apart) with total pancreas weight (28). Similarly, ɑ-cell 
mass was determined by quantifying glucagon-positive 
area of the pancreatic sections and used to calculate alpha 
cell-to-beta cell ratios. 

Hyperglycemic clamp 
A hyperglycemic clamp was performed in 5-h-fasted, 
chronically catheterized, conscious mice at the City of 
Hope Beckman Research Institute’s Comprehensive 
Metabolic Phenotyping Core. Briefly, carotid artery 
and jugular vein catheters were implanted for blood 
sampling and infusion 4 days prior to the study, as 
described in a previous study (29). Only mice that 
returned to within 10% of pre-surgical body weight 
were studied. Arterial blood glucose was measured 
every 10 min (∼5 μL whole blood), and a continuous 
infusion of 50% dextrose was adjusted as necessary to 
maintain hyperglycemia (250–300 mg/dL). Blood samples 
(∼100 μL each) were collected at −15, −5, 5, 10, 15, 30, 60, 
90, and 120 min to measure plasma insulin (Mouse Insulin 
ELISA Kit 10-1247-01, Mercodia, Sweden) and C-peptide 
(Mouse C-Peptide ELISA Kit 90050, Crystal Chem, Sweden) 
according to the manufacturer’s instructions. 

Statistical analysis 
Statistical analysis was performed with GraphPad Prism 
(10.0). All data are presented as mean ± SEM. An unpaired 
Student’s t-test was used to evaluate the differences 
between two groups. For comparisons between more 
than two groups, one-way ANOVA was used. The 
differences in hyperglycemic clamp measures 
(blood glucose level, glucose infusion rate, plasma 
insulin, and C-peptide) were assessed by two-way 
repeated measures ANOVA. A value of P < 0.05 was 
considered statistically significant. If a significant 
difference was identified, Tukey’s multiple comparison 
test was performed. 

Results 

Activation of tubular mitochondrial Akt1 
protected against development of 
HFFD-induced nephropathy 
KMCAKT mice were injected with tamoxifen 
(TAM) intraperitoneally to induce Cre-mediated 
recombination and transgene activation; corn oil (CO) 
injection was used as a vehicle control (Fig. 1A and B). To 
establish a high-fat/high-fructose diet (HFFD)-induced 
DN model, twelve-week-old male CO-KMCAKT and 
TAM-KMCAKT mice were placed on a HFFD diet for 
40 weeks, while control diet mice were fed 
standard chow and regular water (NCD) (Fig. 1B), as 
described in detail in the Materials and methods 
section. Body composition was analyzed to quantify 
adiposity in these mice. HFFD-fed mice exhibited 
increased body fat and elevated fasting plasma 
cholesterol without changes in food intake, water 
intake, or total body water compared with NCD-fed 
mice (Table 1). Collectively, these findings reflect 
increased adiposity, a hallmark of diet-induced 
obesity, which contributes to insulin resistance, 
hyperglycemia, and metabolic stress despite 
unchanged daily food and water intake. 

Compared with the NCD-fed KMCKAT mice, HFFD-fed 
KMCAKT mice exhibited increased urinary albumin 
excretion, whereas creatinine levels remained 
normal, indicating early nephropathy (Fig. 2A and B). 
Blood urea nitrogen (BUN) levels were also elevated 
following HFFD feeding (Fig. 2C). In 
HFFD-TAM-KMCAKT mice, elevations in albumin 
excretion and BUN were significantly attenuated 
compared with HFFD-CO-KMCAKT mice, indicating 
improved renal function (Fig. 2A and C). Transforming 
growth factor β1 (TGFβ1), which plays a pathogenic role 
in CKD progression, was increased in HFFD-CO-KMCAKT 
mice and reduced in HFFD-TAM-KMCAKT mice 
(Fig. 2D and E). Similarly, renal αSMA content, a 

Table 1 Changes in metabolic and plasma parameters of KMCAKT mice injected with corn oil (CO) or tamoxifen (TAM) and fed with 
normal chow diet (NCD) or high-fat and high-fructose diet (HFFD). 

Parameter NCD-CO NCD-TAM HFFD-CO HFFD-TAM 

Age (weeks) 32 32 32 32 
Duration of HFFD (weeks) 20 20 20 20 
Group size (n) 8 8 6 6 
Total body weight (g) 38.56 ± 1.29 41.21 ± 2.29 61.85 ± 1.71**** 59.80 ± 2.75ns 

Absolute body fat (g) 7.47 ± 0.63 11.74 ± 1.94 29.18 ± 0.74**** 27.11 ± 1.90ns 

Body lean mass (g) 30.12 ± 0.99 29.00 ± 0.53 33.65 ± 1.05* 33.43 ± 1.11ns 

Body total water (g) 25.92 ± 0.75 24.67 ± 0.37 27.03 ± 0.74 27.36 ± 0.83ns 

Food intake (g/day) 4.54 ± 0.28 3.95 ± 0.34 4.66 ± 1.01 3.15 ± 0.12ns 

Water intake (g/day) 4.76 ± 0.34 3.61 ± 0.48 4.86 ± 0.29 4.40 ± 0.34ns 

Plasma cholesterol (mg/mL) 49.45 ± 1.76 52.85 ± 2.58 143.1 ± 6.76**** 129.22 ± 4.72ns 

Plasma triglycerides (mg/mL) 72.33 ± 1.71 69.17 ± 2.36 65.47 ± 0.84* 67.23 ± 1.99ns 

Values are mean ± SEM. Statistically significant: *P < 0.05, **P < 0.005, ***P < 0.0005, or ****P < 0.0001 vs. age-matched NCD-CO-KMCAKT mice; ns, not 
significant vs. age-matched HFFD-CO-KMCAKT mice. 

E S B Salem et al. Journal of Endocrinology (2026) 270 e260143 
https://doi.org/10.1530/JOE-26-0143 

https://doi.org/10.1530/JOE-26-0143


Figure 2 

Activation of renal tubular mitochondrial Akt1 attenuates diet-induced diabetic nephropathy. (A) Significantly higher urinary albumin levels were observed 
in the HFFD-fed KMCAKT mice injected with corn oil (HFFD-CO-KMCAKT), which were attenuated in HFFD-fed KMCAKT mice with mitochondrial Akt1 
activation induced by tamoxifen injection (HFFD-TAM-KMCAKT). (B) Measurement of fasting plasma creatinine showed no significant changes among the 
four groups. (C) Fasting plasma BUN was elevated by HFFD and further elevated in HFFD-CO-KMCAKT mice compared with HFFD-TAM-KMCAKT mice. 
(D) Fasting plasma TGFβ1 were significantly higher in HFFD-CO-KMCAKT mice compared with HFFD-TAM-KMCAKT mice. (E, F) Western blot analyses 
confirmed increased protein expression of TGFβ1 and αSMA in the kidneys of HFFD-CO-KMCAKT mice after 40 weeks of HFFD, which was reduced by 
mitochondrial Akt1 activation in HFFD-TAM-KMCAKT mice. (G, H) Representative microscopic images of Masson’s trichrome- and PAS-stained kidney 
sections showed increased fibrosis, and Jablonski scores for renal injuries were elevated in HFFD-CO-KMCAKT mice after 40 weeks of HFFD. These effects 
were ameliorated by activation of mitochondrial Akt1 in HFFD-TAM-KMCAKT mice. Data are shown as mean ± SEM (n = 3–8). Statistical significance was 
determined by one-way ANOVA, *P < 0.05, **P < 0.005, ***P < 0.0005, or ****P < 0.0001 versus the control group. BUN, blood urea nitrogen; PAS, periodic 
acid–Schiff; ns, not significant. 
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marker of epithelial-to-mesenchymal transition, 
was increased in HFFD-CO-KMCAKT mice and 
decreased in HFFD-TAM-KMCAKT mice (Fig. 2F). 
Kidney fibrosis and Jablonski scores were analyzed 
to confirm histological changes. Masson’s trichrome 
staining revealed a significant increase in 
fibrosis and glomerulosclerosis in diabetic 
HFFD-CO-KMCAKT mice compared with age-matched 
NCD-CO-KMCAKT mice. These results confirmed 
that induction of type 2 diabetes was accompanied 
by kidney injury characteristic of DN following 
HFFD feeding. Activation of mitochondrial Akt1 
in TAM-HFFD-KMCAKT mice attenuated diet-induced 
renal fibrosis (Fig. 2G). As with the changes 
observed in renal fibrosis, activation of 
tubular mitochondrial Akt1 also improved 
the Jablonski score in HFFD-TAM-KMCAKT mice 
(Fig. 2H), which recapitulates an overall improvement 
in renal function with tubular mitochondrial Akt1 
activation. 

Activation of tubular mitochondrial Akt1 
improved glucose metabolism in diabetic mice 
At baseline, there was no significant difference in fasting 
blood glucose or body weight among the four groups of 
mice (Fig. 3A and B). HFFD-CO-KMCAKT mice exhibited 
progressively higher fasting blood glucose levels and 
body weight (Fig. 3A and B). Activation of tubular 
mitochondrial Akt1 in HFFD-TAM-KMCAKT mice 
improved fasting hyperglycemia but did not change 
body weight compared with HFFD-CO-KMCAKT mice 
(Fig. 3A and B). 

To further investigate glucose homeostasis, oral glucose 
tolerance tests (OGTTs) were conducted to analyze 
dynamic glucose changes. HFFD-CO-KMCAKT mice 
showed impaired glucose tolerance compared with 
NCD-CO-KMCAKT mice; both peak blood glucose levels 
and the area under the curve (AUC) were increased 
(Fig. 3C and D). Glucose intolerance was ameliorated in 
HFFD-TAM-KMCAKT mice, indicating that activation of 

Figure 3 

Renal tubule mitochondrial Akt1 activation improves diet-induced hyperglycemia and glucose intolerance without changes in body weight or insulin 
sensitivity. (A) Fasting blood glucose levels were comparable among the four groups of mice before HFFD feeding (week 0) but were significantly higher in 
HFFD-CO-KMCAKT mice compared with NCD-fed groups and HFFD-TAM-KMCAKT mice at weeks 12 and 24. (B) Body weights were comparable among the 
four groups of mice at week 0 but were significantly higher in the HFFD-fed groups compared with NCD-fed groups at weeks 12 and 24. (C) Oral glucose 
tolerance tests were performed in mice fed HFFD or NCD for 20 weeks. Blood glucose levels were significantly elevated in HFFD-CO-KMCAKT compared with 
HFFD-TAM-KMCAKT mice. (D) The AUC was higher in HFFD-CO-KMCAKT mice compared with NCD-fed groups and HFFD-TAM-KMCAKT mice. (E) Insulin 
resistance, assessed by HOMA-IR, was significantly elevated in HFFD-fed mice compared with NCD-fed mice and was unchanged between TAM- and 
CO-injected mice under HFFD. Data are shown as mean ± SEM (n = 6–22). Statistical significance was determined by one-way ANOVA, *P < 0.05, **P < 0.005, 
***P < 0.0005, or ****P < 0.0001 versus the control group. AUC, area under the curve; HOMA-IR, homeostasis model assessment of insulin resistance; OGTT, 
oral glucose tolerance test. 
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tubular mitochondrial Akt1 improved whole-body 
glucose metabolism. Because insulin action can be 
modulated by insulin sensitivity, insulin resistance was 
calculated. The results showed a significant increase in 
insulin resistance after HFFD feeding as expected, but 
HOMA-IR was not different between HFFD-CO-KMCAKT 
mice and HFFD-TAM-KMCAKT mice (Fig. 3E). This finding 
suggests that the glucose-lowering effects of 
tubular mitochondrial Akt1 were not due to changes in 
insulin sensitivity, but rather likely due to increased 
insulin secretion. 

Renal tubular mitochondrial Akt1 enhanced 
insulin secretion associated with increased 
β-cell mass in diet-induced diabetes 
Basal and postprandial insulin levels were measured 
during OGTTs to further characterize insulin dynamics. 
As anticipated, basal and postprandial insulin levels were 
increased in HFFD-fed mice compared with 
normal chow-fed mice. Moreover, basal and 
postprandial insulin levels were further increased in 
HFFD-TAM-KMCAKT mice compared with 
HFFD-CO-KMCAKT mice (Fig. 4A and B). Calculation 
of the HOMA-β index, a measure of insulin 
secretion, showed significant augmentation in 
HFFD-TAM-KMCAKT mice (Fig. 4C). Pancreas weight 
was greater in HFFD-TAM-KMCAKT compared with 
HFFD-CO-KMCAKT (Fig. 4D and E). In turn, β-cell mass, 
quantified by percentage area of insulin-positive staining 
of pancreatic tissue sections multiplied by pancreas 
weight, was also higher in HFFD-TAM-KMCAKT mice 
compared with HFFD-CO-KMCAKT mice (Figs 4F and 
Supplementary Figure S1A (see section on 
Supplementary materials given at the end of the 
article)). No difference in β-cell mass was measured 
between normal chow-fed groups (Supplementary Figs 
S1B and S1C). Percent area and number of islets per 
pancreas section were unchanged between 
HFFD-TAM-KMCAKT and HFFD-CO-KMCAKT mice 
(Supplementary Figs S1D, S1E and S1F). The alpha 
cell-to-beta cell ratio was also unchanged 
(Supplementary Fig. S1G). Together, these findings 
demonstrate that tamoxifen-induced mitochondrial 
Akt1 activation in kidney proximal tubules increased 
insulin secretion under metabolic stress. 

To confirm that improved whole-body glucose 
metabolism was mediated by enhanced pancreatic 
insulin secretion, hyperglycemic clamp measurements 
were performed. During the 2-h hyperglycemic clamp, 
both HFFD-CO-KMCAKT mice and HFFD-TAM-KMCAKT 
mice achieved and maintained the target hyperglycemic 
plateau (Fig. 4G and H). However, HFFD-TAM-KMCAKT 
mice showed a marked increase in insulin secretion. 
Plasma insulin levels were significantly higher 
in HFFD-TAM-KMCAKT mice at early time points 
(15 and 30 min) and remained elevated during the 
sustained phase of the clamp (60, 90, and 120 min) as 

compared to HFFD-CO-KMCAKT mice (Fig. 4I), 
demonstrating enhanced glucose-stimulated insulin 
secretion and improved responsiveness to 
hyperglycemia. A similar pattern was observed for 
plasma C-peptide levels (Fig. 4J), indicating a robust 
increase in endogenous insulin secretion. Despite the 
enhancement of insulin and C-peptide release, 
early-phase blood glucose concentrations (15–40 min) 
were higher in HFFD-TAM-KMCAKT mice before 
stabilizing to levels similar to HFFD-CO-KMCAKT mice 
during the later phase of the clamp (Fig. 4H). The glucose 
infusion rate was comparable between the two groups, 
suggesting that whole-body insulin sensitivity remained 
unchanged despite enhanced insulin secretion (Fig. 4G). 

Discussion 
DN remains a leading cause of CKD and subsequent 
ESRD worldwide (30, 31) despite advances in 
glucose-lowering and renoprotective therapies (32). 
In the present study, using a tamoxifen-inducible, 
renal tubule-specific mitochondria-targeted 
constitutively active Akt1 mouse model, we 
demonstrate that selective activation of 
mitochondrial Akt1 in renal proximal tubules confers 
robust protection against diet-induced DN and 
unexpectedly exerts systemic metabolic benefits by 
enhancing β-cell function without altering peripheral 
insulin sensitivity, body composition, or lipid 
metabolism. The presence of type 2 diabetes (T2D) 
and CKD is associated with a high future risk of CVDs 
that is similar to patients with prior myocardial 
infarction in comparison with diabetic patients 
without CKD (33). Moreover, CKD and CVD are very 
common in diabetic patients. A study among over 
500,000 adults with T2D demonstrated that less than 
10% had diabetes without accompanying CKD or CVD 
(34). Indeed, CKD and CVD exhibit a bidirectional 
relationship, where dysfunction in one organ worsens 
the other, leading to increased morbidity and mortality 
in individuals with T2D (35). Our findings suggest a 
cross talk between renal tubules and systemic 
metabolic homeostasis in an experimental model of 
diet-induced metabolic syndrome, which could be a 
new direction to uncover the complex interplays of 
the cardiovascular–kidney–metabolic syndrome. 

Renoprotective role of mitochondrial Akt1 
against diet-induced diabetic nephropathy 
Consistent with prior reports (36, 37), chronic exposure to 
high-fat and fructose feeding successfully induced 
obesity, insulin resistance, and hyperglycemia. With 
respect to kidney function, long-term HFFD resulted in 
albuminuria, renal fibrosis, and mesangial expansion, 
recapitulating key pathological features observed in 
human DN (10, 38, 39). Thus, our diet-induced mouse 
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Figure 4 

Tubular mitochondrial Akt1 activation enhances insulin secretion in diet-induced obesity and diabetes. (A) Basal plasma insulin levels after a 6-h daytime fast 
and (B) plasma insulin levels 15 min after oral glucose administration in mice fed NCD or HFFD for 24 weeks were measured. Basal and glucose-stimulated 
plasma insulin levels in HFFD-CO-KMCAKT mice were higher than in NCD-fed groups but were lower compared with HFFD-TAM-KMCAKT mice. (C) HOMA-β 
levels were higher in HFFD-TAM-KMCAKT mice compared with HFFD-CO-KMCAKT mice. (D, E) Absolute pancreas weight and pancreas weight normalized 
to body weight were higher in HFFD-TAM-KMCAKT mice compared with HFFD-CO-KMCAKT mice. (F) Absolute β-cell mass was higher in HFFD-TAM-KMCAKT 
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model can be used as an experimental model to 
study DN (36). 

HFFD-induced diabetic mice demonstrated a significant 
elevation of plasma markers of kidney dysfunction, 
BUN (40), and transforming growth factor beta (TGFβ1) 
(41, 42, 43, 44), as well as an increase in renal TGFβ1 
(45, 46) and alpha-smooth muscle actin (αSMA) (47) 
protein expression. TGFβ1 is a key profibrotic cytokine 
underlying the development of renal fibrosis in CKDs, 
including DN (48, 49). TGFβ1 induces 
epithelial–mesenchymal transition (50, 51), promotes 
tubular hypertrophy (52), and contributes to 
glomerular injuries (53). αSMA is a marker of activated 
myofibroblasts (54), which plays a critical role in the 
pathogenesis of renal fibrosis in CKD (55). Upon kidney 
injury, resident fibroblasts and pericytes differentiate 
into αSMA-positive myofibroblasts, which produce 
excessive extracellular matrix proteins, leading to 
scarring and tissue remodeling (56). In our study, 
tamoxifen-injected KMCAKT mice with activated 
mitochondrial Akt1 exhibited lower plasma 
concentrations of TGFβ1, along with lower expression 
of renal TGFβ1 and αSMA. Histological analysis of 
kidney tissue sections from diabetic mice revealed a 
significant increase in collagen deposition, glomerular 
basement membrane thickening, and tubular injury, 
confirming progressive renal structural damage and 
glomerulosclerosis, characteristic features of DN (10). 
These histological features were attenuated in 
TAM-KMCAKT mice. Renal tubular mitochondrial Akt1 
likely limited glomerulotubular damage by attenuating 
profibrotic signaling cascades in diabetes. These data 
support the renoprotective role of tubular 
mitochondrial Akt1 activation in slowing or reversing 
progression of DN. Furthermore, these findings 
corroborate the notion that mitochondrial dysfunction 
is a major cause of tubular injury and subsequent 
progression of DN across multiple animal models 
(17, 57, 58, 59). 

Akt1 signaling has long been recognized as a critical 
regulator of cell survival and metabolic adaptation in 
the kidney (23, 60). Our previous work demonstrated 
that mitochondrial translocation of Akt1 is an adaptive 
response to ischemia–reperfusion injury that preserves 
oxidative phosphorylation and limits mitochondrial ROS 
accumulation during acute kidney injury. Activation of 
tubular mitochondrial Akt1 delayed the development of 
CKD after acute ischemia–reperfusion injury, whereas 
inhibition exacerbated kidney injury (26). Consistent 
with this concept, a recent study showed that metabolic 

stress induces endogenous activated Akt1 translocation 
to proximal tubular mitochondria as an adaptive 
response in high-fat-diet and db/db mouse models, 
while blockade of this translocation reduced renal cell 
viability during high-fat exposure in vitro (61). Together 
with our gain-of-function findings, these results identify 
proximal tubular mitochondrial Akt1 activation as a 
critical adaptive and renoprotective signaling node that 
mitigates kidney tissue injury and preserves renal 
metabolic function. This observation is particularly 
relevant given the growing evidence that renal 
proximal tubule dysfunction is not merely a 
consequence of glomerular insult but may instead 
serve as a primary driver of DN progression (62, 63, 64). 

Metabolic role of tubular mitochondrial Akt1 in 
kidney–pancreas cross talk 
Interestingly, tubular mitochondrial Akt1 activation 
also improved systemic glucose homeostasis. 
Tamoxifen-induced mitochondrial Akt1 activation in 
HFFD-fed KMCAKT mice resulted in lower fasting blood 
glucose and improved glucose tolerance when compared 
to HFFD-fed CO-KMCAKT controls, despite no significant 
changes in total body weight, body fat mass, food/water 
intake, or insulin sensitivity. Enhanced basal HOMA-β 
(homeostasis model assessment of beta cell function) 
(27) and higher glucose-stimulated insulin secretion 
during OGTTs suggest improved pancreatic insulin 
secretion (65). Notably, the increase in insulin secretion 
was associated with an increased beta cell mass without a 
change in the alpha cell-to-beta cell ratio. Hyperglycemic 
clamp measurements, the gold standard of measuring 
insulin secretion in vivo (66), confirmed enhanced 
insulin and C-peptide secretion during both early and 
late phases of glucose stimulation. Diet-induced insulin 
resistance (HOMA-IR) (27, 65, 67) was comparable among 
HFFD-fed KMCAKT mice regardless of mitochondrial 
Akt1 activation, reinforcing the concept that tubular 
mitochondrial Akt1 modulation of insulin secretion 
was independent of insulin sensitivity. Our data 
suggest a novel renal tubular mitochondria–pancreas 
cross talk. Since β-cell dysfunction is a critical 
determinant of glycemic homeostasis in type 2 diabetes 
(68, 69, 70), the recognition of tubular 
mitochondria–pancreas cross talk may have important 
implications for further understanding the dysregulation 
of glucose metabolism in diabetes. 

The mechanism by which tubular mitochondrial Akt1 
modulates pancreatic output remains unknown. 

Figure 4 (Continued) 

mice compared with HFFD-CO-KMCAKT mice. (G, H) During the hyperglycemic clamp, mice received a glucose infusion to maintain blood glucose levels 
at ∼280 mg/dL for 2 h. (I, J) Plasma insulin and C-peptide levels were measured over time and were significantly higher in HFFD-TAM-KMCAKT mice 
compared with HFFD-CO-KMCAKT mice. Data are shown as mean ± SEM (n = 5–8). Statistical significance was determined by an unpaired Student’s t-test, 
one-way ANOVA, and two-way ANOVA, *P < 0.05, **P < 0.005, ***P < 0.0005, or ****P < 0.0001 versus the control group. HOMA-β, homeostasis model 
assessment of β-cell function. 
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The kidney is increasingly recognized as an endocrine 
and metabolic organ capable of influencing systemic 
glucose metabolism through gluconeogenesis, 
sodium–glucose co-transport system, inflammatory 
signaling, and mitochondrial-derived metabolites 
(63, 71, 72, 73). Improved tubular mitochondrial 
function may reduce renal oxidative stress and 
inflammation. 

Additionally, reduced glucotoxicity may alleviate β-cell 
stress and promote β-cell health, thereby creating a more 
favorable systemic condition for insulin secretion. 
Kidney–pancreas cross talk may also involve a 
circulating kidney-derived soluble factor that directly 
modulates β-cell function or improves systemic 
metabolic/inflammatory stress to reduce renal injury. 
Further studies are necessary to elucidate the 
mechanistic link between tubular mitochondrial Akt1 
and the pancreas. Our findings support a new 
paradigm in which renal mitochondrial health may 
influence whole-body metabolic homeostasis, 
extending beyond its traditional roles in renal function 
and blood pressure regulation (74). This concept is 
consistent with recent studies demonstrating 
bidirectional communication between kidney function 
and systemic glucose homeostasis and energy 
metabolism (75). 

Limitations 
Whereas our KMCAKT model provides 
compartment-specific renoprotective effects of 
mitochondrial Akt1 activation, other studies have 
reported that sustained cytoplasmic Akt1 activation has 
been linked to maladaptive pathways, including 
fibroblast proliferation, extracellular matrix deposition, 
and tubular apoptosis, which contribute to renal fibrosis 
(76). Further studies should be performed to delineate the 
spatial compartmental coordination of overall Akt1 
signaling effects in renal tubules. Second, the molecular 
mediators downstream of renal tubular mitochondrial 
Akt1 activation remain to be determined and warrant 
future investigation. Third, only male mice were used in 
the present study. Therefore, potential sex-dependent 
differences in proximal tubular mitochondrial Akt1 
signaling, diabetic kidney injury, and systemic 
metabolic responses have not been assessed. Finally, 
the role of tubular mitochondrial Akt1 in human 
metabolic syndrome requires validation with properly 
designed human studies. 

Conclusion 
This study identifies renal proximal tubular 
mitochondrial Akt1 as an important regulator of both 
kidney function and, remarkably, systemic glucose 
metabolism in diet-induced diabetes. Activation of 
tubular mitochondrial Akt1 not only protects against 

DN progression but also enhances insulin secretion 
without altering insulin sensitivity or body 
composition. These findings reveal a previously 
unrecognized kidney–pancreas cross talk mediated 
by mitochondrial Akt1 signaling. If this paradigm can 
be confirmed in human DN, targeting renal 
mitochondrial Akt1 signaling in proximal tubules 
may represent a novel opportunity to develop 
therapeutic strategies for the prevention and 
management of DN and the regulation of systemic 
glucose homeostasis. 
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