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Background/Aims: Accumulating evidence indicates that L-carnitine (LC) pro-
tects against multiorgan damage through its antioxidant properties and preserva-
tion of the mitochondria. Little information is available about the effects of LC on 
renal fibrosis. This study examined whether LC treatment would provide reno-
protection in a rat model of unilateral ureteral obstruction (UUO) and in vitro. 
Methods: Sprague-Dawley rats that underwent UUO were treated daily with LC 
for 7 or 14 days. The influence of LC on renal injury caused by UUO was evaluated 
by histopathology, and analysis of gene expression, oxidative stress, mitochon-
drial function, programmed cell death, and phosphatidylinositol 3-kinase (PI3K)/
AKT/forkhead box protein O 1a (FoxO1a) signaling. In addition, H2O2-exposed 
human kidney cells (HK-2) were treated with LC. 
Results: LC treatment inhibited expression of proinflammatory and profibrotic 
cytokines, and was followed by a significant attenuation of tubulointerstitial in-
flammation and fibrosis. The increased oxidative stress caused by UUO was as-
sociated with mitochondrial dysfunction and excessive apoptosis and autophagy 
via PI3K/AKT/FoxO1a-dependent signaling, and this was abrogated by adminis-
tration of LC. In H2O2-exposed HK-2 cells, LC decreased intracellular production 
of reactive oxygen species, and suppressed expression of profibrotic cytokines and 
reduced the number of apoptotic cells.
Conclusions: LC protects against the progression of tubulointerstitial fibrosis in 
an obstructed kidney. 

Keywords: L-carnitine; Unilateral ureteral obstruction; Oxidative stress; Autopha-
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L-carnitine treatment attenuates renal tubuloint-
erstitial fibrosis induced by unilateral ureteral  
obstruction
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INTRODUCTION

Chronic kidney disease (CKD) is a major human health 
problem worldwide. The United States Renal Data Ser-
vice annual reports indicate that the overall prevalence 
of CKD in the general population is up to 14% and that 

it is increasing annually [1]. Progression of CKD to end-
stage renal disease (ESRD) requires costly renal replace-
ment therapy. Therefore, minimizing this clinical di-
lemma may improve the quality of life of people with 
CKD and reduce the economic burden on society. Renal 
tubulointerstitial fibrosis (TIF) is the final common end-
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ing and histological feature of CKD that leads to ESRD. 
Unilateral ureteral obstruction (UUO) is a reproducible 
rodent experimental model of TIF, characterized by in-
terstitial inflammation, overproduction of extracellular 
matrix, tubular dilatation, atrophy, and fibrosis. The 
molecular mechanisms underlying renal TIF are mul-
tifactorial. Studies have suggested that upregulation of 
the profibrotic cytokine transforming growth factor-β1 
(TGF-β1) and inflammatory mediators, oxidative stress, 
and programmed cell death (apoptosis and autophagy) 
play important roles [2,3]. 

L-carnitine (LC, L-β-hydroxy-γ-N-trimethylaminobu-
tyric acid), a quaternary ammonium compound, primari-
ly acts as an essential cofactor for the β-oxidation of fatty 
acids by promoting the transport of long-chain fatty acids 
across the mitochondrial membrane in the form of acyl 
carnitine esters. The products of the β-oxidation (two car-
bon molecules) are then used by the Krebs cycle to pro-
duce adenosine triphosphate as a form of stored energy. 
Therefore, LC inhibits free radical generation, which 
contributes to the maintenance of fatty acid β-oxidation 
in mitochondria and protects tissues from damage by 
renewal of oxidized membrane lipids [4]. Moreover, LC 
has been considered to be a direct scavenger of O2- and 
H2O2. Therefore, LC may possess antioxidant properties 
beyond its action on lipid metabolism. There is over-
whelming evidence that LC confers benefits in diabet-
ic podocyte injury [5] and myocardial infarction [6]. We 
have demonstrated that LC treatment ameliorates cyclo-
sporine-induced pancreatic and renal injury [7]. Similar 
nephroprotection by LC is also seen in ischemia-reper-
fusion [8], contrast-induced nephropathy [9], hyperten-
sion-associated renal fibrosis [10], cisplatin nephropathy 
[11], and nephrotic syndrome [12]. 

In this context, we hypothesized that LC may protect 
against UUO-induced TIF. To test this hypothesis, we 
studied the effects of LC by measuring oxidative stress, 
mitochondrial function, programmed cell death, and 
phosphatidylinositol 3-kinase (PI3K)/AKT/forkhead box 
protein O 1a (FoxO1a) signaling in a well-known rat 
model of UUO and in H2O2-treated HK-2 cell lines.

METHODS

Establishment of UUO model and treatment schedule
All animal care and experimental procedures in this 
study were reviewed and approved by the Animal Ex-
perimentation Ethics Committee of Yanbian Univer-
sity Health Science Center (YBU-2017-2-3). Follow-
ing acclimatization for 1 week, weight-matched male 
Sprague-Dawley rats weighing 220 to 240 g were housed 
in individual cases with a 12-hour artificial light-dark 
cycle and permitted free access to standard chow and 
water. The rats were randomly assigned to five groups: 
Sham operation (Sham, n = 6); UUO 7 days (UUO7; n = 
8); UUO + LC7 (n = 8); UUO 14 days (UUO14; n = 8); and 
UUO + LC14 (n = 8). Induction of UUO was performed as 
described previously [13]. Briefly, rats were anesthetized 
with pentobarbital (40 mg/kg) and a flank incision was 
made. After exposure of the kidneys and ureters, the left 
ureter was ligated with 4-0 silk, followed by suture of 
the incision. Sham operation was performed similarly, 
but without ligation of the left ureter. Administration of 
LC (200 mg/kg/day intraperitoneal) was started 24 hours 
later and continued for 14 days, and sham-operated rats 
were injected intraperitoneally with sterile saline at a 
dose of 1 mg/mL/day. After 7 or 14 days of treatment, rats 
were euthanized and the obstructed kidneys were rapid-
ly harvested for further examination.

LC (Sigma Aldrich C0158) was diluted in sterile saline 
to a final concentration of 200 mg/mL. The dose of LC 
treatment used in this study was chosen based on that 
used in previous study [14].

Measurement of renal function
Renal function, including serum creatinine (Scr), blood 
urea nitrogen (BUN), and cystatin C (CysC), was mea-
sured by a quantitative enzyme colorimetric method 
(Roche Cobas 8000 Core ISE, Roche Diagnostics, Mann-
heim, Germany).

Antibodies
The antibodies used in this study for immunohisto-
chemistry and immunoblotting were as follows: ec-
todermal dysplasia 1 (ED-1, Serotec Inc., Oxford, UK), 
osteopontin (OPN, #ab8448, Abcam, Cambridge, UK), 
transforming growth factor-β1 (TGF-β1, R&D Systems, 
Minneapolis, MN, USA), connective-tissue growth factor 
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(CTGF, #ab125943, Abcam), matrix metalloproteinase-2 
(MMP-2, #ab38929, Abcam), macrophage chemotactic 
protein-1 (MCP-1, Santa Cruz Biotechnoogy Inc., Santa 
Cruz, CA, USA), toll-like receptor-2 (TLR-2, Santa Cruz 
Biotechnoogy Inc.), heme-oxygenase-1 (HO-1, #ab13248, 
Abcam), superoxide dismutase-1 (SOD1, #ab16831, Ab-
cam), superoxide dismutase-2 (SOD2, #ab13534, Abcam), 
nicotinamide adenine dinucleotide phosphate oxidase 
2 (NOX-2, #ab31092, Abcam), nicotinamide adenine 
dinucleotide phosphate oxidase 4 (NOX-4, #ab109225, 
Abcam), translocase of the outer mitochondrial mem-
brane 20 (TOMM20, #ab186734, Abcam), nicotinamide 
adenine dinucleotide dehydrogenase (ubiquinone) 1 
alpha subcomplex 10 (NDUFA10, #ab96464, Abcam), 
succinate dehydrogenase complex subunit A (SDHA, 
#ab66484, Abcam), dynamin-related protein 1 (DLP1/
Drp1, BD Transduction Laboratories, Lexington, KY, 
USA), optic atrophy protein 1 (OPA1, #ab90857, Abcam), 
B-cell lymphoma-2 (Bcl-2, #ab59348, Abcam), Bcl2-asso-
ciated X (Bax, #ab32503, Abcam), cleaved caspase-3 (Mil-
lipore, Billerica, MA, USA), LC3B (#ab192890, Abcam), 
Beclin-1 (#ab62557, Abcam), P62 (#ab56416, Abcam), PI3K 
(#ab180967, Abcam), AKT (protein kinase B, #ab8805, 
Abcam ), phospho-AKT (#ab38449, Abcam), FoxO1a 
(#ab70382, Abcam), phospho-FoxO1a (#ab131339, Ab-
cam), α-smooth muscle actin (α-SMA, #ab5694, Abcam), 
β-actin (#ab8226, Abcam).

Histopathology
Harvested kidney specimens were rapidly fixed in peri-
odate-lysine-paraformaldehyde solution and embed-
ded in wax. Following dewaxing, 4-μm sections were 
conducted and stained with Masson’s trichrome and 
hematoxylin. The quantitative analysis of TIF was per-
formed using a color image auto-analyzer (TDI Scope 
Eye Version 3.6 for Windows, Olympus, Seoul, Korea). 
A minimum of 20 fields per section was evaluated by 
counting the percentage of injured area under × 100 
magnification. Histopathological analysis was fulfilled 
in randomly selected cortical fields of sections by a pa-
thologist blinded to the assignment of the treatment 
groups.

Immunohistochemistry 
Immunohistochemistry was performed as described 
previously [7]. Twenty different fields in each section 

at × 400 magnification were analyzed using a color im-
age analyzer (TDI Scope Eye Version 3.0 for Windows, 
Olympus, Tokyo, Japan).

Transmission electron microscopy
The procedure of transmission electron microscopy was 
performed as we previously detailed [15]. Kidney tissues 
were post-fixed with 1% osmium oxide (OsO4) and em-
bedded in Epon 812 following fixation in 2.5% glutar-
aldehyde in 0.1 M phosphate buffer. Ultrathin sections 
were cut and stained with uranyl acetate/lead citrate, 
and photographed with a JEM-1200EX transmission 
electron microscope (JEOL Ltd., Tokyo, Japan). Using 
an autoimage analyzer, the number and size of mito-
chondria were measured in 20 random unoverlapped 
proximal tubular cells (TDI Scope Eye Version 3.0 for 
Windows, Olympus, Tokyo, Japan).

Immunoblotting
Immunoblotting was performed as described previous-
ly [7]. Appropriate kidney specimens were selected to 
perform immunoblotting analysis according to protein 
loading lines as follows: sham (n = 6); UUO7 (n = 7); UUO 
+ LC (n = 7); UUO14 (n = 8); UUO + LC14 (n = 8). Imag-
es were analyzed with an image analyzer (Quantity One, 
Bio-Rad Tachnical Service Department, Hercules, CA, 
USA). Optical densities were obtained using the sham 
group as 100% reference and normalized with β-actin.

In situ TUNEL assay
Apoptosis in tissue sections was identified using the 
ApopTag in situ Apoptosis Detection Kit (Sigma-Aldrich, 
Millipore). The number of terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL)-positive 
cells was counted on 20 different fields in each section 
at × 400 magnification.

Enzyme-linked immunosorbent assay
A twenty-four-hour urine for each rat was collect-
ed and centrifuged. The supernatants were applied 
to determine the concentrations of the DNA adduct 
8-hydroxy-2�-deoxyguanosine (8-OHdG) using a com-
petitive enzyme-linked immunesorbent assay (Japan 
Institute for the Control of Aging, Shizuoka, Japan) ac-
cording to the manufacturer’s instruction. All samples 
were performed in triplicate and averaged.
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Cell culture and treatment
HK-2 cells from an immortalized human proximal 
tubular epithelial cell line were grown in Dulbecco’s 
modified Eagle’s medium/Nutrient F12 (DMEM/F12; 
HyClone, GE Healthcare Life Science, Logan, UT, USA) 
supplemented with 10% fetal bovine serum (FBS; Gibco, 
Thermo Fisher Scientific Inc., Waltham, MA, USA), 100 
U/mL penicillin, and 100 μg/mL streptomycin (Gibco; 
Thermo Fisher Scientific Inc.). The cells were cultured 
in a humidified incubator with 5% CO2 at 37°C. For some 
experiments, cells were pretreated with different con-
centrations of LC (10 or 100 μM) for 1 hour, and then 
treated with H2O2 (500 μM) with or without treatment 
with LC for 24 hours.

Cell viability assay
HK-2 cell viability was examined using cell counting 
kit-8 (CCK-8; Dojindo, Kumamoto, Japan) according to 
the manufacture’s instructions. Approximately 1.0 × 104 
cells/well were seeded in a 96-well plate. After treatment 
with H2O2 and/or LC, 10 μL of CCK-8 solution were add-
ed to each well and incubated at 37°C for 3 hours. Ab-
sorbance was measured as the optical density at 450 nm 
(VersaMax Microplate Reader, Molecular Devices, LLC, 
Sunnyvale, CA, USA).

Measurement of ROS production 
The levels of intracellular reactive oxygen species (ROS) 
were measured using 2�,7�-dichlorodihydrofluorescein 
diacetate (H2-DCFDA, Invitrogen, Carlsbad, CA, USA)
according to the manufacture’s instructions. HK-2 cells 
were seeded at a density of 2.0 × 105 cells/well in a 6-well 
plate. After treatment with H2O2 or LC for the indicated 
time, cells were washed with phosphate-buffered saline 
and then incubated with H2-DCFDA for 30 minutes. 
Fluorescence was measured using a FACSCalibur flow 

cytometer (BD Biosciences, San Jose, CA, USA).

Apoptosis assay
Annexin V-positive HK-2 cells were detected using An-
nexin V-FITC apoptosis detection kit (Biosharp, Hefei, 
China) according to the manufacturer’s protocol. Brief-
ly, HK-2 cells were seeded and incubated with 500 μM 
H2O2 with or without LC (100 μM) for 24 hours, and the 
samples were analyzed using a FACSCalibur flow cytom-
eter (BD Biosciences). Apoptotic cells were examined as 
a percentage of the total cell count. The percentage of 
apoptotic cells was calculated as the number of propid-
ium iodide (PI)-positive and Annexin-V positive cells 
divided by the total number of cells. Three independent 
experiments were performed.

Statistical analysis
Data are presented as mean ± SEM. Multiple compar-
isons between groups were conducted using one-way 
analysis of variance and the Bonferroni post hoc test us-
ing SPSS software version 21.0 (IBM, Armonk, NY, USA). 
Statistical significance was accepted at p < 0.05.

RESULTS

Effect of LC on renal function
Table 1 summarizes the renal function in each of the 
treatment groups. Neither UUO nor LC influenced re-
nal function, as shown by Scr, BUN, and CysC.

LC decreases UUO-induced tubulointerstitial fibrosis
Gross examination of the kidneys 7 days after UUO in-
dicated kidney enlargement, hydronephrosis, ureter-
ectasis, and a significant thinning of the renal cortex, 
changes that had developed further by day 14 (Fig. 1A). 

Table 1. Renal function in the experimental groups

Parameter Sham (n = 6) UUO7 (n = 8) UUO + LC7 (n = 8) UUO14 (n = 8) UUO + LC14 (n = 8)

Scr, mg/dL 0.28 ± 0.07 0.27 ± 0.04 0.26 ± 0.05 0.30 ± 0.07 0.31 ± 0.05

BUN, mg/dL 103.68 ± 11.39 106.51 ± 7.99 106.31 ± 9.36 114.94 ± 12.42 109.11 ± 7.03

CysC, mg/L 2.50 ± 0.17 2.61 ± 0.20 2.70 ± 0.31 2.72 ± 0.22 2.66 ± 0.25

Values are presented as mean ± SEM.
Sham, sham operation; UUO, unilateral ureteral obstruction; LC, L-carnitine; Scr, serum creatinine; BUN, blood urea nitro-
gen; CysC, cystatin C.
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Trichrome and hematoxylin-eosin staining demon-
strated that rats that had undergone UUO displayed 
tubular basement membrane thickening, necrosis, vac-
uolization and atrophy (Fig. 1B and 1C), swelling of the 
tubular epithelium and interstitium, inflammatory cell 
infiltration, and mild TIF formation at day 7. After 14 
days of UUO, renal histopathology was characterized by 
extensive tubular vacuolization and atrophy, a massive 
inflammatory cell influx, and moderate-to-severe TIF 
(Fig. 2). The sites of severe TIF were notably surrounded 
by areas of tubular vacuolization and atrophy (Fig. 1B, 
1C and Fig. 3B, 3C). As evaluated with our quantitative 
analysis system, UUO induced a gradual increase in TIF 
at days 7 (22.10% ± 3.83%/0.5 mm2 vs. 2.14% ± 0.95%/0.5 
mm2, p < 0.01) and 14 (28.47% ± 5.69%/0.5 mm2 vs. 2.14% 
± 0.95%/0.5 mm2, p < 0.01) compared with sham opera-

tion, whereas LC treatment decreased TIF formation at 
both time points compared with UUO alone (17.62% ± 
4.98%/0.5 mm2 vs. UUO7, p < 0.01; 23.39% ± 3.71%/0.5 mm2 
vs. UUO14, p < 0.05) (Fig. 1D). At a molecular level, UUO 
significantly upregulated TGF-β1 and connective-tissue 
growth factor (CTGF) expression and induced MMP-2 
overexpression at day 7 and this upregulation increased 
at day 14. All changes were reversed by administration 
of LC (Fig. 4).

LC decreases UUO-induced tubulointerstitial in-
flammation
Inflammation plays an important role in the renal fi-
brosis induced by UUO [16,17]. To address the effect of 
LC on inflammation, we evaluated inflammatory medi-
ators by immunohistochemistry and immunoblotting. 

Figure 1. Representative photographs of gross findings (A) and photomicrographs of Masson trichrome (B) and hematoxy-
lin-eosin staining (C), and quantitative analysis (D). UUO, unilateral ureteral obstruction; LC, L-carnitine. ap < 0.01 vs. sham, 
bp < 0.05 vs. UUO7, cp < 0.05 vs. UUO14.
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As shown in Figs. 2 and 3, constitutive expression of 
ED-1 and OPN in sham-operated kidneys was low, but 
was clearly increased in the obstructed kidneys at day 
7 (ED-1: 23.44 ± 4.97/0.5 mm2 vs. 2.15 ± 0.84/0.5 mm2, p < 
0.01; OPN: 13.24 ± 2.23/0.5 mm2 vs. 3.41 ± 1.17/0.5 mm2, p 
< 0.01), and was further increased at day 14 (ED-1: 31.63 ± 
4.68/0.5 mm2 vs. 23.44 ± 4.97/0.5 mm2, p < 0.01; OPN: 19.63 
± 2.67/0.5 mm2 vs. 13.24 ± 2.23/0.5 mm2, p < 0.01). Immu-
noblotting showed that UUO caused a significant up-
regulation of macrophage chemotactic protein-1 (MCP-
1) and toll-like receptor-2 (TLR-2) expression at day 7, 
and further upregulation was observed at day 14 (Fig. 4). 
Overexpression of these inflammatory mediators was 
markedly decreased by LC treatment.

LC decreases UUO-induced oxidative stress
Oxidative stress caused by UUO is well known to be 

closely associated with dysregulation of oxidant and 
antioxidant enzymes. In this study, immunoblotting re-
vealed that LC treatment counteracted oxidative stress 
injury by upregulating SOD1 and SOD2 expression but 
downregulating NAPDH oxidase (NOX)-2 and NOX-4 
compared with UUO alone (Fig. 5). Interestingly, UUO 
increased hemoxygenase (HO)-1 protein expression, 
and this was further increased following LC administra-
tion. This is consistent with previous reports by Chen 
et al. [18] and Qiao et al. [19] suggesting that induction 
of HO-1 is an adaptive response to UUO injury and that 
a further increase in HO-1 expression induced by LC 
plays a protective role. In addition, LC reduced 8-OHdG 
concentrations in serum (UUO7 + LC vs. UUO7: 46.14 
± 3.39 ng/mL vs. 60.12 ± 7.32 ng/mL; UUO14 + LC vs. 
UUO14: 50.52 ± 5.19 ng/mL vs. 71.16 ± 8.35 ng/mL, p < 0.05, 
respectively) (Fig. 6A) and urine (UUO7 + LC vs. UUO7: 

Figure 2. Representative photomicrographs of immunohistochemistry for ectodermal dysplasia 1 (ED-1) (A) or osteopontin 
(OPN) (B) and quantitative analyses (C). UUO, unilateral ureteral obstruction; LC, L-carnitine. ap < 0.01 vs. sham, bp < 0.05 vs. 
UUO7, cp < 0.05 vs. UUO14.
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Figure 3. Representative photomicrographs of transmission electron microscopy illustrating the characteristics of renal in-
jury in unilateral ureteral obstruction (UUO) with or without L-carnitine (LC) treatment and quantificative analyses of mito-
chondrial number and size. (A) Tubular basement membrane thickening (arrow) and interstitial collagen deposition; (B) tubu-
lar vacuolization and atrophy; (C) collagen fibers within tubulointerstitium (starlikes); (D) swelling of the tubular epithelium 
and interstitium, with massive inflammatory cell infiltration (circle); (E) apoptotic bodies (arrow); (F) myelin body (arrow); (G) 
autophagosome (arrows); (H) mitochondrial fission; (I) mitochondrial fussion; (J) mild tubular basement membrane thicken-
ing after LC treatment; (K) improved collagen deposition within the tubulointerstitium by LC; (L) LC treatment decreases the 
UUO-induced inflammatory cells infiltration within the tubulointerstitium. (M) Quantitative analyses of mitochondrial area 
and the number of mitochondria. ap < 0.01 vs. sham, bp < 0.05 vs. UUO, cp < 0.05 vs. UUO14.
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131.54 ± 12.31 ng/day vs. 158.26 ± 21.47 ng/day; UUO14 + LC 
vs. UUO14: 150.38 ± 14.67 ng/day vs. 181.46 ± 23.37 ng/day, 
p < 0.05, respectively) (Fig. 6B). 

LC improves UUO-induced mitochondrial dysfunction
Transmission electron microscopy showed that UUO 
damaged mitochondrial structures, as indicated by 
swelling of disorganized cristae, fragmented mitochon-
dria (fission), and mitochondrial fussion (Fig. 3H and 3I). 
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Figure 5. (A) Representative photomicrographs of immu-
noblotting analysis of oxidant and antioxidant proteins. 
Immunoblotting and quantitative analyses of (B) superoxide 
dismutase 1 (SOD1), (C) SOD2, (D) hemoxygenase 1 (HO-1), 
(E) nicotinamide adenine dinucleotide phosphate oxidase 2 
(NOX-2), and (F) NOX-4. UUO, unilateral ureteral obstruc-
tion; LC, L-carnitine.ap < 0.01 vs. sham, bp < 0.05 vs. UUO7, 
cp < 0.05 vs. UUO14.

Figure 6. Effect of L-carnitine (LC) on -hydroxy-2�-deoxyguanosine (8-OhdG) concentration in serum (A) and urine (B). UUO, 
unilateral ureteral obstruction. ap < 0.01 vs. sham, bp < 0.05 vs. UUO7, cp < 0.05 vs. UUO14.
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By our quantitative analysis system, LC treatment pre-
served the number and size of mitochondrial structure 
integrity (Fig. 3). Quantitative immunoblotting analy-
sis indicated that expression of TOMM20, NDUFA10 
(one of the subunits of complex I), and SDHA was sig-
nificantly suppressed in obstructed kidneys compared 
with sham-operated kidneys, whereas the expression of 
these molecules was restored by treatment with LC (Fig. 
7). Moreover, LC decreased expression of Drp1 (fission 
protein), but increased expression of both the long form 
and short form of OPA1 (fussion protein). These find-
ings suggest that LC may improve mitochondrial func-
tion in rat kidneys after UUO.

LC inhibits UUO-induced programmed cell death
Both of type I (apoptosis) and type II programmed cell 
death (autophagy) are involved in renal fibrosis of ob-
structed kidneys. By electron microscopy (Fig. 3E) and 
TUNEL assay (Fig. 8A), we observed that UUO induced 
typical apoptotic bodies in renal cells and an increase in 
the number of TUNEL-positive cells, and this trend was 
inhibited at both time points by addition of LC. At a mo-

lecular level, LC regulated the ratio of expression of Bcl-2 
and Bax and suppressed cleaved caspase-3 expression to-
ward levels required for cell survival (Fig. 8B). Addition-
ally, establishment of UUO was associated with exces-
sive autophagy. Using electron microscopy, autophagic 
components such as lipid droplets, myelinbodies, au-
tolysosomes, and autophagosomes in UUO rat kidneys 
were observed (Fig. 3G). By immunoblotting analysis, we 
found that LC decreased expression of autophagy-relat-
ed genes such as LC3B, Beclin-1, and P62 (Fig. 9). This 
finding was consistent with our previous data demon-
strating the inhibitory effect of LC on autophagy [7].

LC deactivates PI3K/AKT/FoxO1a signaling pathway 
in UUO 
To explore the mechanism of the effect of LC on renal 
fibrosis after UUO, we evaluated expression of com-
ponents of the PI3K/AKT/FoxO1a signaling pathway 
by immunoblotting. As shown in Fig. 10, UUO led to 
activation of PI3K/AKT/FoxO1a protein expression at 
days 7 and 14, whereas their expression was inhibited by 
LC treatment. Our results indicated that LC treatment 
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Figure 7. (A) Representative photomicrographs of immuno-
blotting analysis of a series of mitochondrial function. Im-
munoblotting and quantitative analyses of (B) translocase of 
the outer mitochondrial membrane 20 (TOMM20), (C) nico-
tinamide adenine dinucleotide dehydrogenase (ubiquinone) 
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tein 1 (Drp1), (F) short, and (G) long isoform of optic atrophy 
protein1 (OPA1). UUO, unilateral ureteral obstruction; LC, 
L-carnitine. ap < 0.01 vs. sham, bp < 0.05 vs. UUO7, cp < 0.05 
vs. UUO14.
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attenuates renal fibrosis induced by UUO through the 
PI3K/AKT/FoxO1a-dependent signaling pathway.

Effect of LC on H2O2-treated HK-2 cells
The HK-2 cell line was treated with H2O2 to mimic the 
animal model of UUO-induced hypoxia. Addition of 
LC inhibited intracellular ROS production (Fig. 11A) 
and apoptotic cells (Fig. 11B) and dose-dependently im-
proved cell viability in H2O2-treated HK-2 cells (Fig. 11C) 
(p < 0.001). Moreover, LC treatment suppressed expres-
sion of profibrotic cytokine TGF-β1, CTGF, and α-SMA 
(Fig. 12). In parallel with our results in vivo, this in vitro 
study demonstrated that LC treatment exerts antioxi-
dant effects subsequently inhibit HK-2 cell death.

DISCUSSION

This study clearly demonstrated that LC administration 
attenuated the progression of TIF in a rat model of UUO 

by downregulating the expression of proinflammatory 
and profibrotic cytokines. The effect of LC was associ-
ated with lessening oxidative stress, improving mito-
chondrial function, and modulating programmed cell 
death via the PI3K/AKT/FoxO1a signaling pathway. In 
vitro experiments demonstrated that LC inhibited ROS 
production and apoptotic cell death and improved cell 
viability. Our study illustrated for the first time that LC 
protects against renal fibrosis of an obstructed kidney.

Inflammation plays a critical role in kidney damage 
because it precedes renal scarring. The inflammatory 
response initiates a protective response against injuri-
ous stimuli; however, unremitting inflammation drives 
excessive deposition of extracellular matrix protein in 
the tubulointerstitial space, leading to irreversible fibro-
sis. Several proinflammatory and profibrotic cytokines 
originating from renal tubular epithelial cells, myofi-
broblasts, and infiltrating macrophages are involved in 
this process [20]. Of these, macrophages are the major 
source of fibrosis-associated chemokines and cytokines 
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such as MCP-1, chemokine receptors, adhesion mole-
cules, and TGF-β1. Chemokines and TGF-β1 in turn re-
cruit inflammatory cells, resulting in a vicious cycle of 
inflammation. In this study, we found that LC treatment 
decreased the number of ED-1-positive cells and sup-
pressed expression of the inflammatory mediators OPN, 
MCP-1, and TLR-2 and the fibrotic cytokines TGF-β1 
and CTGF at 7 and 14 days after UUO, and that this was 
accompanied by a significant attenuation of MMP-2 
expression and the severity of TIF. Thus, LC may have 
anti-inflammatory and antifibrotic effects in this rat 
model of UUO.

It is unclear how LC abrogates inflammation and fi-
brosis in this model, but the process may be multifac-
torial. UUO-induced hypoxia is well known to trigger 
oxidative stress, which ultimately results in renal in-
flammation and fibrosis. This concept is supported by 
studies showing that methionine sulfoxide reductase A 

deficiency exacerbates the progression of UUO-induced 
renal fibrosis by upregulating collagen deposition [21], 
an effect that is alleviated in soluble epoxide hydro-
lase-knockout mice [22] or by administration of the an-
tioxidant vitamin E [23]. LC directly inhibited NOX-in-
duced oxidative stress and intracellular ROS generation 
in rat renal epithelial cells (NRK-52E) and in HK-2 cells 
[24]. We have previously demonstrated that LC decreas-
es intrarenal 8-OHdG expression and thereby protects 
against cyclosporine-induced renal injury [7]. In the 
present study, we observed that LC augmented antiox-
idant protein expression, but decreased oxidant protein 
expression in obstructed kidneys, thereby minimizing 
oxidative stress. Moreover, LC suppressed H2O2-in-
duced ROS production in HK-2 cell lines. These find-
ings are consistent with previous reports demonstrat-
ing the antioxidant capacity of LC in liver [25], heart [26], 
brain [27], and in diabetes [28], and implying that the 
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amelioration of tubulointerstitial inflammation and fi-
brosis by LC in obstructed kidneys may be related to its 
antioxidant actions.

It is also apparent that LC attenuates renal inflam-
mation and fibrosis through preserving an intact mito-
chondrial network. The mitochondria are intracellular 
organelles that play a pivotal role in maintaining cel-
lular energy homeostasis, and are also a major source 
of ROS. Under pathological conditions, mitochondrial 
dysfunction can cause inflammation, oxidative damage, 
and subsequent programmed cell death (apoptosis and 
autophagy). Therefore, oxidative stress, mitochondrial 
abnormality, and programmed cell death are interre-
lated. Previous studies have indicated that LC counter-
acts age-related alterations in mitochondrial biogenesis 
and dynamics in the brain of old rats [27] and improves 
mitochondrial function in mice with high-calorie diet/ 
streptozotocin-induced type 2 diabetes [14]. The results 
of the present study demonstrated that UUO destroyed 
mitochondrial architecture and function, that mito-

chondrial dysfunction was paralleled by excessive apop-
tosis and autophagy and dysregulation of the expression 
of a series of genes, and that all these effects were re-
versed by administering LC. Moreover, LC treatment 
induced a dose-dependent improvement in the viability 
of H2O2-treated HK-2 cells, and inhibited apoptotic cell 
death. Taken together, these findings suggest that alle-
viation of apoptosis and autophagy by LC is closely asso-
ciated with preservation of the mitochondrial network.

Our results revealed that LC treatment not only mark-
edly reduced the severity of TIF, but also suppressed 
expression of profibrotic cytokines (e.g., TGF-β1, CTGF, 
and α-SMA); however, there were no significant differ-
ences in renal function among the experimental groups. 
This unexpected finding was also observed in another 
study: e.g., Moosavi et al. [29] reported that LC could de-
crease oxidative stress and suppress energy metabolism 
but did not improve renal function. A comparison of the 
two animal models shows that Moosavi et al. [29] used 
a rat model characterized by the release of obstruction 
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after 24 hours of UUO induction and a relatively short 
treatment period (22 hours), whereas our UUO model 
produced TIF and renal function recovered over 7 to 14 
days because of compensatory function from the con-
tralateral kidney [30]. These findings raise the possibility 
that the effectiveness of LC in UUO is dependent on the 
period of drug treatment. Our result is consistent with 
those of previous studies by Shirazi et al. [31] and Moosa-
vi et al. [32] that demonstrated the renoprotective effect 
of LC on the obstructed kidney. 

FoxO transcription factors belong to a family of 
stress-responsive regulators of various downstream 
target genes that govern the expression of proteins in-
volved in cellular proliferation, apoptosis, longevity, 
cancer, antioxidant defense, and regulation of the cell 
cycle and metabolism [33-35]. The FoxOs are regulated 
by posttranslational modifications such as phosphor-
ylation, acetylation, and ubiquitination through the 
PI3K/AKT pathway, and phosphorylation of FoxOs in-
duces inactivation and nuclear exclusion of FoxOs [36]. 
It has been reported that the activation and subcellular 
localization of FoxOs are mediated by ROS, and that in 
turn, FoxOs regulate several antioxidant enzymes such 
as manganese superoxide dismutase and catalase, thus 
protecting cells from oxidative stress [37]. As a result, the 
PI3K/AKT/FoxO1a signaling pathway plays an import-
ant role in ROS-associated diseases including CKD. In 
this study, we found that LC inhibited the expression of 
PI3K, phosphorylated AKT and phosphorylated FoxO1a 
in obstructed kidneys, and that this was concomitant 
with a decrease in oxidative stress. Therefore, it is like-
ly that LC provides antioxidant effects in this model by 
modulation of the PI3K/AKT/FoxO1a signaling pathway.

In clinical practice, LC supplementation is often used 
to manage carnitine deficiency caused by genetic disor-
ders, or chronic hemodialysis, or chronic heart failure 
[38]. However, LC may have diverse uses because it pos-
sesses antioxidant activity. For example, administration 
of LC improves cardiovascular injury in patients on he-
modialysis, as well as in myocardial infarction patients 
with angina pectoris, left-ventricular enlargement or 
dilation, and arrhythmias. In addition, LC ameliorates 
hepatic steatosis in nonalcoholic fatty liver disease and 
diabetes [39]. These benefits are reflected in a variety of 
animal models [26,40]. Based on our results and previ-
ous reports, we propose that treating CKD patients with 

LC as early as possible may result in additional benefits 
beyond carnitine supplementation. Future clinical trials 
are needed to resolve this issue.

In summary, this study showed that LC treatment 
prevented tubulointerstitial inflammation and fibrosis 
in a UUO model. Inhibition of oxidative stress and pro-
grammed cell death together with an improvement in 
mitochondrial function via the PI3K/AKT/FoxO1a sig-
naling pathway may be one mechanism underlying the 
renoprotective effects of LC. This study may provide a 
rationale for the clinical use of LC in CKD patients.
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