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Exercise training upregulates SIRT1 to
attenuate inflammation and metabolic
dysfunction in kidney and liver of diabetic
db/db mice
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Abstract

Background: Chronic inflammation and metabolic dysregulation may eventually cause tissue damage in obesity-
related diseases such as type 2 diabetes. The effects of SIRT1 on integration of metabolism and inflammation may
provide a therapeutic target for treatment of obesity-related diseases. We examined the underlying mechanism of
moderate intensity aerobic exercise on kidney and liver in obese diabetic db/db mice, mainly focusing on inflammation
and metabolic dysfunction.

Methods: Functional and morphological alterations and metabolic and inflammatory signaling were examined in type
2 diabetic db/db mice with or without exercise training (5.2 m/min, 1 h/day, and 5 days/week for a total of 8 weeks).

Results: Exercise training prevented weight gain in db/db + Ex mice, but it did not reduce glucose and insulin levels.
Exercise lowered serum creatinine, urea, and triglyceride levels and hepatic AST and ALT activity in db/db + Ex mice.
Reduced kidney size and morphological alterations including decreased glomerular cross-sectional area and hepatic
macrovesicles were observed in db/db + Ex mice compared with untrained db/db mice. Mechanistically, preventing
loss of SIRT1 through exercise was linked to reduced acetylation of NF-κB in kidney and liver of db/db + Ex mice. Exercise
increased citrate synthase and mitochondrial complex I activity, subunits of mitochondrial complexes (I, II, and V) and
PGC1α at protein level in kidney of db/db + Ex mice compared with non-exercise db/db mice. Changes in enzyme activity
and subunits of mitochondrial complexes were not observed in liver among three groups.

Conclusion: Exercise-induced upregulation of SIRT1 attenuates inflammation and metabolic dysfunction, thereby
alleviating the progression of diabetic nephropathy and hepatic steatosis in type 2 diabetes mellitus.
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Background
Chronic inflammation and metabolic dysregulation may
eventually cause tissue damage in metabolic diseases,
particularly obesity, type 2 diabetes mellitus (T2DM),
and cardiovascular disease [1]. Under pathophysiological
conditions, mitochondrial dysfunction results in over-
production of mitochondrial reactive oxygen species
(ROS) and further stimulates nuclear factor-kappa B
(NF-κB) activity, thus leading to cellular damage and tissue
dysfunction [2, 3]. Sirtuin 1 (SIRT1), a NAD+ dependent

deacetylase, functions as an energy sensor and integrates
cellular metabolism and inflammation via regulating down-
stream signaling pathways [4]. Therefore, downregulation
of SIRT1 may be one of the underlying mechanisms of
disease progression [5]. Loss of SIRT1 is associated with
upregulation of peroxisome proliferator-activated receptor
gamma coactivator 1-α (PGC-1α) and NF-κB acetylation,
thereby impairing mitochondrial biogenesis and triggering
inflammation in T2DM [6]. Previous studies have demon-
strated that activation of SIRT1 improves diabetes-related
chronic kidney disease [7] and nonalcoholic fatty liver dis-
ease [8]. The effect of SIRT1 on integration of metabolism

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

* Correspondence: hwliu@ntnu.edu.tw
Department of Physical Education, National Taiwan Normal University, 162,
Section 1, Heping E. Rd, Taipei City, Taiwan

Liu et al. Nutrition & Metabolism           (2019) 16:22 
https://doi.org/10.1186/s12986-019-0349-4

http://crossmark.crossref.org/dialog/?doi=10.1186/s12986-019-0349-4&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:hwliu@ntnu.edu.tw


and inflammation may provide a therapeutic target for
treatment of kidney disease and fatty liver disease.
Diabetic animal models reveal protective effects of

exercise in several tissues including kidney [9–12], liver
[13], skeletal muscle [13, 14], and blood vessels [15],
however protective effect of exercise dose not com-
pletely rely on its glucose-lowering effects. SIRT1 regu-
lates metabolism and inflammation in various tissues [4]
which can be the key regulator of exercise-mediated pro-
tection against diabetes at tissue level. In addition to
skeletal muscle [14], the protective effects of long-term
exercise training in the regulation of inflammation and
metabolic dysfunction via SIRT1 signaling pathway have
been less investigated in peripheral tissues such as kidney
and liver. Obese diabetic db/db mice exhibit albuminuria,
podocyte loss, and mesangial matrix expansion in kidney
[16] along with hepatic lipid accumulation [17]; the mouse
model is often used in T2DM research. Treadmill exercise
often used in animal models of obesity and diabetes, but
intensive exercise may lead to unfavorable outcome [18].
Elevated cortisol levels is associated with failure of gly-
cemic control in diabetic db/db mice performed high
intensity exercise (15 m/min for 30 min) [19]. Low in-
tensity aerobic exercise (5.2 m/min for 60 min) might
be more appropriate exercise prescription than high inten-
sity for diabetic db/db mice to reduce hormonal-metabolic
stress [10, 14].
We hypothesized that moderate intensity aerobic exer-

cise training delays the progression of diabetic nephrop-
athy and hepatic steatosis by restoring SIRT1-mediated
metabolic and inflammatory signaling in db/db mice, a
model of T2DM.

Methods
Materials
Primary antibodies: Inhibitor of kappa B alpha (IκBα)
(#4814), NF-κB p65 (#4764), phospho-NF-κB p65 (Ser536)
(#3033), and β-actin (#4967) were purchased from Cell sig-
naling (Danvers, MA). Acetyl-NFκB (Lys310) (ab19870),
NDUFB8 (ab110242), CII-30 kDa (ab14714), CIII-Core pro-
tein2 (ab14745), CIV subunit1 (ab14705), CVα subunit
(ab14748), PGC1α (ab54481), and SIRT1 (ab12193) were
purchased from Abcam (Cambridge, MA). Goat anti-rabbit
(#7074) and horse anti-mouse (#7076) HRP conjugated
secondary antibodies were purchased from Cell signaling
(Danvers, MA).

Experimental animals
Four-week-old male diabetic C57BLKS/J (db/db) mice
(n = 16) and their age-matched controls (m/m, n = 8) were
purchased from the National Laboratory Animal Center
(Taipei, Taiwan). Animal experiments were approved by the
National Taiwan Normal University Institutional Animal
Care and Use Committee (Approval Number: 105030).

Two mice per cage were housed in an air-conditioned
animal facility at 20 ± 2 °C, 50 ± 5% humidity, and 12 h
light/dark cycle with free access to water and normal chow
diet (LabDiet 5058, St. Louis, MO, USA). After 1 week
acclimatization, db/db mice were divided randomly into
two groups: db/db (n = 8) remained sedentary throughout
the study and db/db + Ex group (n = 8) received 8-week
moderate exercise training. Animals were anesthetized by
intraperitoneal injection of urethane (1500mg/1 kg BW)
followed by decapitation between 10 to 12 pm. Trunk blood
was collected from overnight fasted mice in nonheparinized
tubes. Serum was separated by centrifugation at 3000 rpm
for 15min and stored at − 20 °C. Kidneys were removed,
briefly rinsed with PBS, removed excess fluid and fat, and
weighed on a digital balance. Left kidney and left lobe of
liver were fixed with 4% paraformaldehyde. Right kidney
and the remaining liver tissue were stored at − 80 °C for
further analysis.

Exercise training
Moderate exercise training protocol used in the present
study has been shown to increase citrate synthase activ-
ity, a marker of the skeletal muscle oxidative adaptation
to aerobic exercise training, in db/db mice [10]. Eight
weeks moderate-intensity exercise (5.2 m/min, 1 h/day,
and 5 days/week for a total of 8 weeks) was started from
5-wk-old [14]. During the first week, mice ran on a
motorized treadmill (30 min with 0° slope) and exercise
duration was gradually increased from 30min to the
target of 1 h (0° slope). Mice were exercised at 9-11 am.
db/db and m/m mice remained sedentary were placed
on the treadmill belt for the same duration.

Biological markers
Diluted blood sample were measured by ACCU-CHEK
blood glucose meter (Roche, Basel, Switzerland). Serum
insulin and tumor necrosis factor α (TNFα) were mea-
sured by Milliplex® map kit (Millipore, Billerica, MA,
USA). For measurement of creatinine level, serum
samples (25 μl, 5 times diluted) were mixed with assay
buffer, creatinase, creatininase, enzyme mix, and creatin-
ine probe, incubated 60min at 37 °C, and then read at
570 nm. For measurement of urea level, serum samples
(25 μl, 50 times diluted) were mixed with assay buffer,
OxiRed probe, developer, enzyme mix, and converter
enzyme, incubated 60 min at 37 °C, and then read at
570 nm. For measurement of triglyceride (TG) levels,
serum samples (5 μl) were mixed with TG assay buffer,
TG probe, and enzyme mix, incubated 60 min at room
temperature, and then read at 570 nm [20]. Levels of
creatinine, urea, and TG were calculated following
manufacturer’s instructions (BioVision, Milpitas, CA,
catalog#K375, K625, and K622).
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Renal and hepatic histology
Histological examination was performed in the National
Laboratory Animal Center (Taipei, Taiwan). Embedded
liver blocks from m/m, db/db, and db/db + Ex groups
(n = 4/group) were cut into 5 μm sections and stained
with hematoxylin-eosin. Embedded kidney blocks from
m/m, db/db, and db/db + Ex groups (n = 4/group) were
cut into 5 μm sections and stained with Periodic acid–
Schiff (PAS). Images were observed under a microscope
and captured with a digital camera (Canon Inc., Tokyo,
Japan). Average glomerular area of kidney was deter-
mined using ImageJ with careful manual annotations
and 20–25 glomeruli per animal were counted.

Hepatic AST and ALT activity
For measurement of aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) activity, liver sam-
ples (~ 10mg) were homogenized in ice-cold assay buf-
fer. Tissue homogenates were mixed with assay buffer,
enzyme mix, developer, and substrate, incubated 60min
at 37 °C, and then measured in a microplate spectropho-
tometer (DYNEX, Chantilly, VA, USA). Hepatic enzyme
activity was calculated following manufacturer’s instruc-
tions (BioVision, Milpitas, CA, USA, catalog#K752 and
753) according to the manufacturer’s instructions [20].

Western blot analyses
Liver and kidney were cut into small pieces and homog-
enized in ice-cold RIPA buffer containing 1 mM phenyl-
methylsulfonyl fluoride and protease inhibitor cocktail
(Millipore, Billerica, MA). Total protein in the homogen-
ate was measured by the Bradford dye-binding method
(Bio-Rad, Hercules, CA). Homogenates of liver and
kidney were separated by SDS-PAGE, transferred to
nitrocellulose membrane, and incubated with appropriate
antibodies. Protein bands were visualized using chemilu-
minescence kit (Millipore, Billerica, MA) and quantified
by using the LAS-4000 mini biomolecular imager (GE
HealthCare Life Sciences, Pittsburgh, PA, USA).

Mitochondrial enzyme activity
Crude mitochondrial fraction was extracted from gastro-
cnemius muscle, kidney, and liver using mammalian
mitochondrial isolation kit (BioVision, Milpitas, CA,
USA, catalog#K288) followed by manufacturer’s instruc-
tions. Protein concentration was measured by the Bradford
dye-binding method (Bio-Rad, Hercules, CA, USA). For
measurement of citrate synthase activity in muscle, kidney,
and liver, mitochondrial extract (5 μg) was mixed with assay
buffer, developer, and substrate mix and then immediately
read at 412 nm for 40min at 5min interval. For measure-
ment of mitochondrial complex I activity in kidney and
liver, mitochondrial extract (5 μg) was mixed with assay
buffer, decylubiquinone, and dye and then immediately read

at 600 nm for 5min at 30s interval. For measurement of
mitochondrial complex IV activity, mitochondrial extract
(5 μg) was mixed with reduced cytochrome c and then
immediately read at 550 nm for 30min at 30 s interval [14].
Citrate synthase activity, mitochondrial complex I (NAD-
H:ubiquinone oxidoreductase) activity, and IV (cytochrome
oxidase) activity were calculated following manufacturer’s
instructions (BioVision, Milpitas, CA, catalog#K318, K968,
and K287).

Statistical analysis
Data are expressed as means ± SEM. The statistical
significance of the differences among m/m, db/db,
and db/db + Ex groups was determined by one-way
ANOVA and following post hoc assessment by Student-
Newman-Keuls Method correction for multiple com-
parisons (SigmaPlot 12.0, San Jose, CA, USA). Different
lowercase letters indicate significant differences among
groups.

Results
Effects of exercise training on body weight, glucose, insulin,
and TNFα
Citrate synthase activity in skeletal muscle is used as a
marker of physiological adaptation to aerobic exercise
training. Moderate exercise training increased mitochon-
drial citrate synthase activity in gastrocnemius muscle of
db/db + Ex group compared with non-exercise group
(Fig. 1). Body weight in db/db and db/db + Ex groups
were higher than m/m mice (Table 1). A mild reduction
of body weight (− 7.0%) was observed in db/db + Ex
mice compared with non-exercise db/db mice (Table 1).
Blood glucose and serum insulin levels have been shown
to be increased 6- to 7- and 3- to 4-fold, respectively, in
db/db mice compared with m/m mice (Table 1). Blood
glucose and serum insulin levels were not affected by

Fig. 1 Effect of moderate exercise training on citrate synthase in
gastrocnemius muscle. Mitochondrial citrate synthase activity in
gastrocnemius muscle (n = 8/group). Values presented are
mean ± SEM. Significance (P < 0.05) among groups is denoted
by different letters
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aerobic exercise training (Table 1). Raising low levels of
serum TNFα was observed in db/db + Ex compared with
non-exercise group (Table 1).

Effects of exercise training on kidney and liver
Serum creatinine and urea levels are used as an index of
renal function. Raised serum creatinine and urea levels
were observed in diabetic db/db mice compared with m/m
mice (Fig. 2a, b). Kidney weight and glomerular area were
significantly increased in diabetic db/db mice (0.33 vs 0.4 g;
0.0195 vs 0.0367mm2) compared with m/m mice as shown
in Fig. 2 c-e. Exercise decreased serum creatinine and urea

Table 1 General parameters

m/m db/db db/db + Ex

Body weight (g) 24.5 ± 0.6a 44.4 ± 1.1b 41.3 ± 1.3c

Glucose (mg/dl) 85 ± 4a 551 ± 37b 605 ± 29b

Insulin (pg/ml) 1353 ± 90a 5077 ± 786b 5842 ± 755b

TNFα (pg/ml) 6.4 ± 0.4a 3.7 ± 0.3b 4.8 ± 0.3c

Values are mean ± SEM (n = 8). Significance (P < 0.05) among groups is
denoted by different letters

Fig. 2 Effect of moderate exercise training on kidney function and morphology. Serum levels of creatinine (a) and urea (b) and kidney weight (c,
n = 8/group). Mean glomerular area of kidney (d, n = 4/group). PAS-stained kidney sections (e) from m/m (a), db/db (b), and db/db + Ex mice (c)
(400X). Arrows point to the modest mesangial expansion seen in db/db mice. Values presented are mean ± SEM. Significance (P < 0.05) among
groups is denoted by different letters
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levels, renal size and glomerular area in db/db + Ex group
(Fig. 2a-e).
Elevated liver enzyme activity such as ASL and ALT

may indicate hepatic inflammation or damage. Increased
serum TG levels, elevated hepatic AST and ALT activity,
and displayed macro and micro vesicles (Fig. 3a-d) in liver
were observed in db/db mice compared with m/m mice.
Exercise attenuated serum TG levels and hepatic AST and
ALT activity in db/db + Ex group (Fig. 3a-c). Exercise spe-
cifically decreased macro vesicles but had minimal effects
on micro vesicles in liver of db/db + Ex group (Fig. 3 d).

Effects of exercise on metabolic inflammation; SITR1 and
NFκB signaling
SIRT1, a master regulator of energy metabolism, is as-
sociated with exercise training-induced mitochondrial

biogenesis. SIRT1 also exhibits an anti-inflammatory ef-
fect through deacetylation of NF-κB, thus preventing
nuclear translocation of NF-κB and pro-inflammatory
gene expression. Decreased SIRT1 expression, increased
acetylation and phosphorylation of NF-κB and were ob-
served in kidney of diabetic db/db mice compared with
non-diabetic m/m mice (Fig. 4a-d). Downregulation of
SIRT1 and activation of NF-κB via acetylation and phos-
phorylation were partially normalized by moderate exercise
training in kidney of db/db + Ex mice (Fig. 4a-d). Com-
pared with non-diabetic m/m mice, db/db mice showed
increased expression of IκBα, while exercise decreased
IκBα expression in db/db + Ex group (Fig. 4e).
Reduced SIRT1 and IκBα expression was associated with

increased acetylation and phosphorylation of NF-κB in liver
of db/db mice compared with m/m mice (Fig. 5a-e).

Fig. 3 Effect of moderate exercise training on serum TG, liver function, and morphology. Serum levels of TG (a), hepatic AST (b) and ALT (c)
activity (n = 8/group). Hematoxylin and eosin-stained liver sections (d) from m/m (a), db/db (b), db/db + Ex mice (c) (400X). Arrows indicate the
accumulation of TG as macro or micro vesicles
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Exercise training inhibited acetylation and phosphorylation
of NF-κB via upregulating SIRT1 and IκBα expression in
liver of db/db + Ex mice (Fig. 5a-e).

Effects of exercise training on mitochondrial function in
kidney and liver
Mitochondrial dysfunction contributes to the early devel-
opment of diabetic kidney disease and fatty liver disease.
Decreased enzyme activity including citrate synthase,
NADH: coenzyme Q oxidoreductase (mitochondrial com-
plex I), and cytochrome c oxidase (mitochondrial complex
IV) and markedly increased subunits of mitochondrial
complexes (I-V) were observed in kidney of db/db mice
compared with m/m mice as shown in Fig. 6 a-e. Slightly
increased PGC1α (+ 24%) was observed in kidney of
diabetic db/db mice compared with non-diabetic m/m
mice (p = 0.118, Fig. 6 f). Exercise training significantly in-
creased citrate synthase and mitochondrial complex I ac-
tivity, subunits of mitochondrial complexes (I, II, and V),

and PGC1α at protein level in kidney of db/db + Ex mice
compared with non-exercise db/db mice (Fig. 6a, b, d-f).
No differences in citrate synthase activity, mitochon-

drial complex IV activity, and subunits of mitochondrial
complexes and PGC1α were observed in liver among
three groups (Fig. 7a-e).

Discussion
Hyperglycemia-induced oxidative stress is mainly respon-
sible for the pathology of diabetic complications [21].
Aerobic exercise training has been considered as an ef-
fective treatment for the management of glycemic con-
trol in patients with T2DM. Nevertheless, recent
evidence from several diabetic animal studies indicates
that exercise exerts its protective effects on renal func-
tion [9, 10, 12], liver [13], muscle loss [14], and endo-
thelial function [15] dependently or independently of
glycemic control. The present study provides a novel
molecular mechanism by which moderate exercise

Fig. 4 Effect of moderate exercise training on SIRT1/NF-κB signaling pathway in kidney. Representative blots of SIRT1, acetyl-NF-κB p65 (Lys310),
phospho-NF-κB p65 (Ser536), NF-κB p65, and IκBα are shown (a). A quantitative bar graph of SIRT1 (b), acetyl NF-κB/NF-κB (c), phos NF-κB/NF-κB
(d), and IκBα (e). Protein levels in kidney are presented mean ± SEM (n = 6/group). Significance (P < 0.05) among groups is denoted by different
letters. Data are presented as fold change in protein levels normalized to m/m mice
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alleviates the progression of renal dysfunction and hep-
atic steatosis through SIRT1-mediated regulation of
metabolism and inflammation in diabetic db/db mice.
Increasing evidence suggests that NF-κB activation is

involved in the pathogenesis of diabetes-associated
complications [22]. SIRT1, a NAD+ − dependent deace-
tylase, exhibits anti-inflammatory effects through
NF-κB deacetylation [4]. Our results and other studies
[23, 24] indicate that activation of NF-κB is associated
with decreased SIRT1 expression in diabetic animal
models. Exercise-induced upregulation of SIRT1 and
inhibition of NF-κB acetylation were observed in the
present study. Targeting NF-κB activation via restoration
of SIRT1 expression for the modulation of acetylation sta-
tus has been confirmed in diabetic rodent models by pyri-
doxamine treatment [23] or dietary restriction [6]. The
results of this study support previous findings that ex-
ercise regulates tissue specific changes of SIRT1 and
other sirtuins expression and activity in many tissues

including skeletal muscle, brain, adipose tissue, and heart,
thereby preventing metabolic diseases or aging-related
disorders [25, 26].
In the canonical signaling pathway, IκBα phosphoryl-

ation and subsequently degradation can be triggered by
intra- and extracellular stimuli such as ROS and/or
TNFα, which leads to activation of NF-κB [22]. In the
present study, the effect of exercise on IκBα/NF-κB sig-
naling pathway in liver can be explained by the classic
mechanism. On the other hand, renal overexpression of
IκBα in db/db mice was not directly correlated with in-
hibition of NF-κB activity. Our results are in agreement
with a previous study indicating that overexpression of
IκBα is not associated with inhibition of NF-κB–DNA
binding activity [27]. In addition, in vitro study demon-
strates that phosphorylation of NF-κB at the Ser536
residue is not completely dependent on IκBα [28]. Last,
but most important, attenuated overexpression of IκBα
by exercise is linked to inhibition of NF-κB activity.

Fig. 5 Effect of moderate exercise training on SIRT1/NF-κB signaling pathway in liver. Representative blots of SIRT1, acetyl-NF-κB p65
(Lys310), phospho-NF-κB p65 (Ser536), NF-κB p65, and IκBα are shown (a). A quantitative bar graph of SIRT1 (b), acetyl NF-κB/NF-κB (c),
phos NF-κB/NF-κB (d), and IκBα (e). Protein levels in liver are presented mean ± SEM (n = 6/group). Significance (P < 0.05) among groups is
denoted by different letters. Data are presented as fold change in protein levels normalized to m/m mice

Liu et al. Nutrition & Metabolism           (2019) 16:22 Page 7 of 10



Fig. 6 Effect of moderate exercise training on mitochondrial function in kidney. Mitochondrial citrate synthase activity (a) and mitochondrial
complex I and IV activity in kidney (b-c, n = 8/group). Representative blots of mitochondrial complex I, II, III, IV, V, and PGC1α (d, f) are shown. The
protein levels in kidney are presented mean ± SEM (e-f, n = 6/group). Significance (P < 0.05) among groups is denoted by different letters. Data
are presented as fold change in protein levels normalized to m/m mice

Fig. 7 Effect of moderate exercise training on mitochondrial function in liver. Mitochondrial citrate synthase activity (a) and mitochondrial
complex IV activity (b) in liver (n = 8/group). Representative blots of mitochondrial complex I, II, III, IV, V, and PGC1α (c, e) are shown. The protein
levels in kidney are presented mean ± SEM (d-e, n = 6/group). Significance (P < 0.05) among groups is denoted by different letters. Data are
presented as fold change in protein levels normalized to m/m mice
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IkBα degradation is through ubiquitin-proteasome sys-
tem [29]. Hyperglycemia impairs proteasome function in
the diabetic kidney [30], whereas proteasome activity is
enhanced in skeletal muscle of diabetic db/db mice [31].
Proteasome function is likely to alter differently in differ-
ent tissues under certain pathological conditions. Taken
together, the difference of IkBα expression between liver
and kidney in db/db mice may depends on their rates of
degradation.
Mitochondrial dysfunction including reduced mitochon-

drial biogenesis and depressed mitochondrial respiratory
enzyme activity in skeletal muscle is the underlying mo-
lecular mechanism involved in the development of T2DM
(19). Disrupted renal mitochondrial homeostasis may in-
duce microvascular damage, promote inflammation and
fibrosis, and consequently contribute to progression of dia-
betic nephropathy [32]. In the present study, exercise train-
ing restored renal function via activation of citrate synthase
and NADH:ubiquinone oxidoreductase (complex I). More-
over, our data indicate that mitochondrial complex enzyme
activity is correlative increased with mitochondrial complex
expression in db/db + Ex mice. Exercise increases mito-
chondrial complex expression via the induction of PGC1α,
a key regulator of mitochondrial biogenesis. In agreement
with our finding, pharmacological activation of mitochon-
drial biogenesis by semisynthetic bile acid [24] or resvera-
trol, a chemical SIRT1 activator [33] has been shown to
improve renal function in diabetic animal models. There-
fore, targeting the pathway that regulates mitochondrial
function is likely to prevent the progression of diabetic
nephropathy. Furthermore, restored mitochondrial function
by exercise training could prevent overproduction of mito-
chondrial ROS and subsequently suppress activation of
NF-κB in kidney of diabetic db/db mice.
Increased mitochondrial biogenesis has been reported

in kidney of db/db mice [34], which is in contrast to pre-
vious studies using different animal models [11, 33].
Increased renal gluconeogenesis, renal glucose uptake,
and renal glucose uptake have been observed in T2DM
[35], suggesting that kidney requires more mitochondria
to produce energy to enable it to handle abnormal glu-
cose metabolism. Therefore, increased mitochondrial
biogenesis may be a physiological adaptation in response to
high energy demand in kidney. In this context, increased
mitochondrial complex expression may serve a protective
role in the kidneys during early diabetic nephropathy.
In the present study, hepatic enzyme activity and mito-

chondrial complex expression were not affected at early
age (13-wk-old), indicating that the progress of mitochon-
drial dysfunction is developed in a tissue-specific manner.
Simultaneous comparison of mitochondrial markers in
liver, glycolytic and oxidative muscle [36] and comparison
of liver, muscle, and epididymal adipose tissue [37], studies
have shown that changes in mitochondrial complexes at

protein level are not uniformly altered in diabetic db/db
mice compared with non-diabetic controls.
Impaired mitochondrial fatty acid oxidation is involved

in the development and pathogenesis of steatosis [38].
Here, hepatic mitochondrial function in db/db mice
remains intact at 13-wk-old. In line with our observa-
tion, normal hepatic mitochondrial respiratory capacity
and citrate synthase activity as well as hepatic lipid accu-
mulation have been observed concurrently in obese pa-
tients with and without type 2 DM compared with lean
controls [39]. In the present case, mitochondrial dysfunc-
tion may not be the main factor involved in the develop-
ment hepatic steatosis at this age. Exercise training
attenuates hepatic lipid accumulation, at least in part, via
lowering circulating triglyceride in diabetic db/db mice.

Conclusion
The present study demonstrated the beneficial effects of
moderate intensity aerobic exercise on kidney and liver
function in diabetic db/db mice. Decreased SIRT1 ex-
pression is associated with increased NF-κB (p65) acetyl-
ation, whereas exercise represses NF-κB activity via the
restoration of SIRT1 expression in kidney and liver. Fur-
thermore, exercise induces mitochondrial complex ex-
pression via induction of PGC1α to improve enzyme
activity in kidney. In conclusion, moderate intensity aer-
obic exercise is a promising intervention for counteract-
ing metabolic dysregulation and inflammatory processes
in type 2 DM.
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