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The adverse effects of long-term
L-carnitine supplementation on
liver and kidney function in rats

L Liu, D-M Zhang, M-X Wang, C-Y Fan, F Zhou, S-J Wang
and L-D Kong

Abstract
Levo-Carnitine (L-carnitine) is widely used in health and food. This study was to focus on the adverse effects of
8-week oral supplementation of L-carnitine (0.3 and 0.6 g/kg) in female and male Sprague Dawley rats. L-carnitine
reduced body and fat weights, as well as serum, liver, and kidney lipid levels in rats. Simultaneously, hepatic fatty
acid �-oxidation and lipid synthesis were disturbed in L-carnitine-fed rats. Moreover, L-carnitine accelerated reac-
tive oxygen species production in serum and liver, thereby triggering hepatic NOD-like receptor 3 (NLRP3)
inflammasome activation to elevate serum interleukin (IL)-1� and IL-18 levels in rats. Alteration of serum alkaline
phosphatase levels further confirmed liver dysfunction in L-carnitine-fed rats. Additionally, L-carnitine may poten-
tially disturb kidney function by altering renal protein levels of rat organic ion transporters. These observations
may provide the caution information for the safety of long-term L-carnitine supplementation.
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Introduction

Levo-Carnitine (L-carnitine), the biologically active

form of carnitine, plays a vital role in acyl-CoA trans-

port from cytosol to mitochondrial matrix for fatty

acid �-oxidation. In 1986, US Food and Drug Admin-

istration (FDA) suggest 1 g of L-carnitine/day for 2–4

months in the treatment of primary carnitine defi-

ciency. Nowadays, L-carnitine is also introduced into

the diet of infants who are unable to synthesize L-car-

nitine in early years. Consequently, it is imperative to

add L-carnitine to the diet for humans or pets to con-

trol body weight. Studies from the National Institutes

of Health have demonstrated that L-carnitine supple-

mentation has no major side effects except some

minor symptoms including vomiting, nausea, diar-

rhea, cramps, and a ‘‘fishy’’ body odor, as well as

occasionally muscle weakness and seizures in

humans, and also suggest an appropriate dose of 3 g

L-carnitine/day for controlling body weight.1

In fact, body fat reduction induces some metabolic

disturbances including insufficient energy storage,

subcutaneous adipose tissue dysfunction, and cell

membrane damage of crucial tissues and organs.2

L-carnitine supplementation promotes insulin secre-

tion to disturb serum glucose homeostasis in lean

male participants compared with obese humans, with-

out change of serum levels of non-esterified fatty

acids,3 questioning its regulatory role in fatty acid

�-oxidation and energy metabolism. Recently, dietary

L-carnitine supplementation is considered to be a risk

factor for cardiovascular disease in both mice and

humans.4 Ingesting red meat containing high percen-

tages of L-carnitine, omnivorous human subjects are

more likely to suffer from atherosclerosis than vegans

or vegetarians.4 Similar results for the impact of diet-

ary L-carnitine supplementation on the extent of ather-

osclerosis are also observed in mice.4 Efficiency and

State Key Laboratory of Pharmaceutical Biotechnology, School of
Life Sciences, Nanjing University, Nanjing, People’s Republic of
China

Corresponding author:
L-D Kong, State Key Laboratory of Pharmaceutical Biotechnology,
School of Life Sciences, Nanjing University, Nanjing, 210093, Peo-
ple’s Republic of China.
Email: kongld@nju.edu.cn

Human and Experimental Toxicology
2015, Vol. 34(11) 1148–1161

ª The Author(s) 2015
Reprints and permission:

sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0960327115571767

het.sagepub.com

http://www.sagepub.co.uk/journalsPermissions.nav
http://het.sagepub.com


safety of dietary L-carnitine supplementation on

health status are doubted recently.

It is noted that mitochondrial fatty acid �-oxidation

acceleration produces a large amount of reactive

oxygen species (ROS) that trigger NOD-like receptor

family, pyrin domain-containing 3 (NLRP3) inflam-

masome. The NLRP3 inflammasome activation acts

as a danger signal subsequently inducing maturation

and secretion of pro-inflammatory cytokines interleu-

kin (IL)-1� and IL-18, playing a crucial role in inflam-

mation response, as well as liver and kidney damage.5–10

Kidney is an important organ for homeostatic regula-

tion of L-carnitine and other organic ion levels.

Renal organic cation/carnitine transporters OCTN-1

(encoded by SLC22A4) and OCTN-2 (encoded by

SLC22A5) mediate reabsorption and distribution of

L-carnitine.11–12 OCTN-2�/� mice show severe carni-

tine deficiency, early signs of inflammation, and gut

injury.13 Lipopolysaccharide-induced inflammation

downregulates OCTN-1 and OCTN-2 messenger RNA

(mRNA) expression in mammary gland of both early

lactation and mid-lactation rats.14 In inflammatory

bowel disease patients, intestine OCTN-2 mRNA

expression is significantly decreased.15 These observa-

tions demonstrate the possible role of inflammatory sig-

naling in regulating L-carnitine transporter expression.

In addition, organic cation transporters OCT-1 (encoded

by SLC22A1) and OCT-2 (encoded by SLC22A2)

expressed in renal proximal tubules are responsible

for excretion of organic cations and most exogenous

drugs. Inflammatory cytokines downregulate OCT-1

mRNA expression in primary human hepatocytes.16

Lipopolysaccharide-induced inflammation and reduc-

tion of renal OCT-1 and OCT-2 mRNA and protein

levels are also detected in Wistar Hannover rats.17

Expression change of OCTN-2, OCT-1 and OCT-2

causes renal L-carnitine and organic ion imbalance

to aggravate the progression of renal failure.18 These

observations indicate that a long-term supplementa-

tion of exogenous L-carnitine possibly causes lipid

disorder and inflammation, which may be associated

with dysregulation of organic ion transporters to

induce metabolic disturbance and tissue function dis-

turbance. Thus, it is important to reevaluate the safety

of L-carnitine supplementation.

Materials and methods

Materials

L-carnitine (99.28%) was purchased from Aoduofuni

Biotech (Nanjing, People’s Republic of China). Assay

kits of triglycerides (TG), total cholesterol (TC), free

fatty acids (FFA), creatinine, blood urea nitrogen

(BUN), and alkaline phosphatase (AKP) were

obtained from Jiancheng Biotech (Nanjing, People’s

Republic of China). An enzyme-linked immuno-

sorbent assay (ELISA) kit for very low-density lipo-

protein (VLDL) assay was obtained from Cusabio

(Wuhan, People’s Republic of China). An ELISA kit

for ROS assay was purchased from Yanhui Biotech

(Shanghai, People’s Republic of China). ELISA kits

for IL-1� and IL-18 assays were purchased from IBL

(Suite P, Minneapolis, USA). Oil red O reagent was

purchased from Sigma Aldrich (St Louis, Missouri,

USA). Antibodies of rOCT-1 and rOCT-2 were

obtained from SaiChi Biotech (Beijing, People’s

Republic of China), of rOCTN-1 and rOCTN-2 were

obtained from Alpha Diagnostic Intl Inc. (San Antonio,

Texas, USA); of peroxisome proliferator-activated

receptor a (rPPAR-a), carnitine palmitoyltransferase

1 (rCPT-1) and rCPT-2, sterol regulatory element bind-

ing protein-1c (rSREBP-1c), acetyl coenzyme A car-

boxylase 1 (rACC-1) and rACC-2, fatty acid synthase

(rFAS), stearoyl-CoA desaturase-1 (rSCD-1), rNLRP3,

apoptosis-associated speck-like protein (rASC), and

rCaspase-1 were obtained from Santa Cruz Biotech

(Dallas, Texas, USA). Glyceraldehyde-3-phosphate

dehydrogenase (rGAPDH) monoclonal antibody

(KC-5G5) was from Kangcheng Biotech (Shanghai,

People’s Republic of China). Goat anti-rabbit-

immunoglobulin G (IgG) horseradish peroxidase

(HRP) (SB-200) was obtained from Jingmei Biotech

(Shanghai, People’s Republic of China). 3, 30,5,50-Tetra-

methylbenzidine (TMB) reagent was purchased from

Beyotime (Haimen, People’s Republic of China).

Methanol, ethanol, isopropyl alcohol, chloroform,

dimethyl sulfoxide, sodium chloride, formalin, xylene,

paraffin, and neutral balsam were of analytical grade

and purchased from Sinopharm Chemical Reagent

(Shanghai, People’s Republic of China).

Animals

Healthy adult Sprague Dawley rats, weighing 180–

250 g (female) and 350–400 g (male), were purchased

from the Experimental Animal Center of Nanjing

Medical University (Nanjing, People’s Republic of

China; production license: SCXK2008-0004). Rats

were housed in plastic cages and maintained with free

access to water and food, with ambient temperature

(22 + 2�C), relative humidity of 50 + 10%, and

12-h light per day (07:00 a.m.–07:00 p.m.).
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Female and male rats were randomly divided

into three groups (n ¼ 15 per group), receiving

water (vehicle) and L-carnitine (0.3 and 0.6 g/kg)

by oral gavage once daily at 02:00–03:00 p.m. for

consecutive 8 weeks as a long-term treatment,

respectively. In humans, daily requirement of

L-carnitine either through diet or endogenous synth-

esis is suggested to be approximately 2 g/day.19 The

recommended dosage of L-carnitine is 1–3 g for

clinical and weight loss purposes without explicit

restriction of administration time by FDA and the

National Institutes of Health. As the average body

weight is 60 kg for human, oral ingestion dosage

of L-carnitine is about 3 g/kg/day. On the basis of

body surface area calculation in animal experiments,

equivalent dosage for rats is about 18 g/kg/day. The

average oral administration dosage of L-carnitine for

pharmacological analysis in rats is 0.1-0.6 g/kg/day

for about 30 days.20 Thus, according to these reports

and our preliminary study, the tested dosages of

L-carnitine in this study were 0.3 and 0.6 g/kg/day,

respectively.

All procedures on animals were made in strict

accordance with the Institutional Animal Care Com-

mittee at the Nanjing University and the China Coun-

cil on Animal Care at Nanjing University (SYXK

(SU) 2009—0017).

Collection of blood, urine, and tissue samples

Rat body weight was measured weekly. Rats were

placed in individual metabolic cages for 24 h urine

collection. Each urine sample was centrifuged

(2000g) at 4�C for 10 min to remove the particulate

contaminants and record the volume. The superna-

tant samples were used for creatinine and BUN

assays, respectively. At the end of experimental

period, the rats were killed by decapitation at

9:00 a.m.–10:00 a.m. after a 12-h fast (9:00

p.m.–9:00 a.m.) to avoid the fluctuation of hor-

mone levels due to circadian rhythms. Blood sam-

ples were centrifuged (3000g) at 4�C for 10 min to

get serum frozen at �80�C for biochemical assays.

Body fats in white adipose tissue (WAT) from

subcutaneous (scapular, rump, and ventral) and

intra-abdominal (omental, mesenteric, and retroper-

itoneal) layers were stripped and weighed, respec-

tively. Simultaneously, liver and kidney cortex

tissues were rapidly separated on ice-plate and

stored at �80�C until biochemical, histopathologi-

cal staining, and Western blot analyses.

Determination of lipid levels in serum, liver,
and kidney

Tissue lipids were extracted according to the method

described by our previous report.9 Briefly, liver and

kidney tissues were homogenized with chloroform/

methanol (2/1). The homogenate was centrifuged

(12,000g) at 4�C for 10 min to get liquid phase for

assays. TG, TC, VLDL, and FFA levels in serum, as

well as TG, TC, and VLDL levels in liver and kidney

were determined using standard diagnostic kits,

respectively.

Determination of serum and liver ROS levels

Liver tissues were weighed and homogenized in 10%
(wt/vol) sodium chloride on ice and then centrifuged

at 3000g for 10 min at 4�C. The supernatants were

collected for ROS assay. Serum and hepatic ROS lev-

els were determined by commercially available

ELISA kit according to the manufacturer’s instruc-

tion. This ELISA kit comprises a monoclonal anti-

ROS antibody, which reacts with the substances such

as hydroxyl radicals, superoxide anion radicals,

hydrogen peroxide, and other ROS.

Determination of serum IL-1� and IL-18 levels as
well as liver and kidney function parameters

Serum IL-1� and IL-18 levels were measured using

commercial ELISA kits, respectively. Serum AKP

level was detected as liver function parameter using

the method of diagnostic kit. Serum and urine creati-

nine and BUN levels, the major kidney function para-

meters, were determined spectrophotometrically

following the protocols of kits, respectively.

Histopathological staining analysis of liver and
kidney tissues

Liver and kidney were removed and snap-frozen

immediately at �70�C. Liver and kidney specimens

were cut in 6 mm-thick section on a cryostat and

mounted on 3-aminopropyltriethoxysilane-coated

glass slide. Each section was washed by distilled

water and then stained with oil red O reagent for

5–10 min to detect fat accumulation in tissues.

Western blot analysis

The liver and kidney cortex tissues were homoge-

nized on ice in 10% (wt/vol) of homogenate solution

in 1 mL radioimmunoprecipitation assay buffer and
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centrifuged at 3000g for 15 min at 4�C. The superna-

tant was centrifuged for an additional 20 min at

12,000g at 4�C to get supernatant for further analyses,

respectively. Its protein concentrations were deter-

mined by Bradford protein assay with bovine serum

albumin as a standard.

After resolution of liver and renal proteins (equal

loading for each sample) by 10% sodium dodecyl

sulfate (SDS)–polyacrylamide gel electrophoresis

(PAGE), these protein samples were electrophoretically

transferred onto polyvinylidene difluoride membranes

(Millipore, Billerica, Massachusetts, USA), which were

then blocked with 5% skim milk and subsequently incu-

bated with primary antibody described above and goat

anti-rabbit IgG HRP antibody. Immunoreactive bands

were visualized by TMB reagent. Relative quantifica-

tion for protein products were calculated by normaliza-

tion to the amount of rGAPDH levels.

Statistical analysis

All data were expressed as mean+ SD and analyzed by

a one-way analysis of variance, followed by the post hoc

least significant difference test to determine the level of

significance. A value of p < 0.05 was considered statis-

tically significant. Figures were obtained by the Graph-

Pad Prism 5 statistical analysis software (GraphPad

Software, Inc., San Diego, California, USA).

Results

L-Carnitine supplementation reduced body and
fat weights as well as serum TG, TC, VLDL,
and FFA levels in rats

As shown in Figure 1, body weights of both female

(Figure 1(a)) and male (Figure 1(b)) rats fed with 0.3

and 0.6 g/kg L-carnitine were slowly declined through-

out the experimental period compared with the control

group. There was no significant difference in water and

food intakes among control and L-carnitine-fed rats

(data not shown). Moreover, weights of WAT (includ-

ing scapular, rump, ventral, omentum, mesenterium,

and peritoneum) were significantly decreased in L-

carnitine-fed rats compared with the control group at

the end of 8 weeks (Figure 1(c)).

Side effects of 8-week L-carnitine supplementation

on lipid metabolism were characterized by serum

lipid level reduction. As shown in Table 1, 0.3 and

0.6 g/kg L-carnitine-fed female and male rats devel-

oped significant reduction of serum TG, TC, VLDL,

and FFA levels, the latest was decreased almost

40% with that of control group, indicating that L-car-

nitine supplementation may probably cause lipid

metabolism disorder in rats.

L-carnitine supplementation significantly
decreased lipid levels by disturbing lipid
metabolism-related proteins in the liver of rats

L-carnitine supplementation at 0.3 and 0.6 g/kg

remarkably decreased liver TG, TC and VLDL con-

tents in female and male rats compared with the con-

trol group (Table 2). This induction of hepatic lipid

level reduction by L-carnitine supplementation was

further confirmed in the results of oil red O staining

analyses (Figure 2(a)). Small and large lipid deposits

were positively detected in the cytoplasm of liver

cells of non-L-carnitine-fed female and male rats.

L-carnitine at 0.3 g/kg significantly decreased lipid

deposits, while at 0.6 g/kg almost completely

removed liver lipid droplets in these animals.

Therefore, hepatic protein levels of key enzymes

and regulators in lipid metabolism in L-carnitine-fed

rats were examined. L-carnitine at 0.3 and 0.6 g/kg

significantly upregulated hepatic protein levels

of rPPAR-a (Figure 2(b)), rCPT-1 (Figure 2(c)),

rCPT-2 (Figure 2(d)) and rOCTN-2 (Figure 2(e)) in

female and male rats, exhibiting fatty acid �-oxidation

acceleration. Furthermore, 0.3 and 0.6 g/kg L-carnitine-

fed female and male rats developed reduction in pro-

tein levels of hepatic rSREBP-1c (Figure 2(f)),

rACC-1 (Figure 2(g)), rACC-2 (Figure 2(h)),

rFAS (Figure 2(i)) and rSCD-1 (Figure 2(j)) show-

ing lipid synthesis inhibition. These alterations

may be associated with hepatic lipid metabolism

disorder in L-carnitine-fed animals.

Hepatic lipid metabolism disorder associated liver

dysfunction in L-carnitine-fed rats was illustrated by

serum parameter of liver function analysis. As shown

in Table 1, serum AKP level was significantly

increased in both female and male rats fed with 0.6

g/kg L-carnitine. These data confirm the potential

existence of liver dysfunction in rats induced by

8-week exogenous L-carnitine supplementation.

L-carnitine supplementation induced whole body
and hepatic oxidative stress and triggered hepatic
NLRP3 inflammasome activation with elevation
of serum IL-1� and IL-18 levels in rats

As shown in Figure 3(a) to (b), serum and liver ROS

levels were increased dramatically in 0.3 and 0.6 g/kg
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L-carnitine-fed female and male rats compared with

the control group. In parallel, 8-week L-carnitine

intake significantly upregulated hepatic rNLRP3,

rASC and rCaspase-1 protein levels in both female

and male rats (Figure 3(c) and (d)). Simultaneously,

significant elevation of serum IL-1� (Figure 3(e)) and

IL-18 (Figure 3(f)) levels was observed in these ani-

mals. These results suggest that L-carnitine-induced

ROS in fatty acid �-oxidation may cause hepatic

inflammation in rats.

L-carnitine supplementation decreased renal lipid
levels and caused kidney function disturbance
in rats

Oil red O staining showed renal lipid depletion in

L-carnitine-fed female and male rats (Figure 4(a)),

in parallel with significant reduction of renal TG,

TC, and VLDL levels (Table 2). Moreover, signif-

icant reduction of serum BUN level was detected

in these rats (Table 1), without alteration of

creatinine levels in serum and urine, as well as

BUN in urine (data not shown). Kidney performs

the essential function in mediating conservation,

reabsorption and excretion of L-carnitine and other

organic ions. Inflammation may change expression

levels of organic ion transporters.13–17 In this

study, L-carnitine greatly increased serum and urin-

ary L-carnitine levels in both female and male rats

at an obvious dose-dependent manner (Figure 4(b)

and (c)). Importantly, 8-week supplementation of

L-carnitine significantly decreased protein levels

of its special transporter rOCTN-2 in both groups

(Figure 4(d)) but failed to alter renal expression
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Figure 1. Effects of L-carnitine supplementation on body and fat weights in female and male Sprague Dawley rats. The
animals were gavaged daily with water as control (Veh) and 0.3 and 0.6 g/kg L-carnitine for 8 weeks, respectively. Body fats
in WAT were from subcutaneous (scapular, rump, and ventral) and intra-abdominal (omental, mesenteric, and retro-
peritoneal) layers. Data were shown as mean + SD (n ¼ 15) *p < 0.05; **p < 0.01 compared with the control.
WAT: white adipose tissue.
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levels of major proteins participating in lipid meta-

bolism (data not shown). Thus, L-carnitine-

mediated renal rOCTN-2 downregulation may be

associated with renal lipid level reduction in rats.

Furthermore, L-carnitine at 0.3 and 0.6 g/kg signif-

icantly suppressed renal rOCTN-1, rOCT-1 and

rOCT-2 protein levels in female and male rats (Fig-

ure 4(e) to (g)), suggesting that L-carnitine may

have influence on renal reabsorption/excretion of

L-carnitine, exogenous drugs or other toxic ions.

These results demonstrate the potential induction

of 8-week exogenous L-carnitine supplementation

on rat kidney metabolism change, resulting in

potential pressures on kidney function.

Discussion

It is generally accepted that L-carnitine as a nutrition

element or weight control agent is used in foods for

healthy humans. Recently, Koeth et al. evaluates

pathological risks associated with the rapidly growing

practice of L-carnitine consumption.4 High dietary

Table 1. Effects of L-carnitine supplementation on serum lipid, AKP and BUN concentrations in female and male Sprague
Dawley rats.

Serum

Group
Dose
(g/kg)

TG
(mg/dL)

TC
(mg/dL)

VLDL
(mmol/L)

FFA
(mmol/L)

AKP
(U/L)

BUN
(mmol/L)

Female
Control Vehicle 61.46 + 7.55 78.31 + 7.09 8.63 + 0.89 1.56 + 0.19 57.34 + 7.55 7.81 + 1.55
L-carnitine 0.3 51.05 + 5.27b 67.37 + 8.17c 6.44 + 0.58b 1.12 + 0.35c 62.81 + 1.98 5.99 + 1.08c

0.6 48.40 + 6.70b 70.84 + 9.37d 6.00 + 0.77b 1.03 + 0.39b 92.81 + 3.72b 6.00 + 0.85b

Male
Control Vehicle 73.54 + 6.47 94.58 +10.57 9.60 + 1.01 1.72 + 0.35 116.82 + 3.87 6.41 + 0.81
L-carnitine 0.3 59.00 + 12.24b 75.27 + 8.75b 6.99 + 0.97b 1.02 + 0.31b 145.57 + 5.62 5.47 + 0.54c

0.6 58.92 + 6.78b 74.82 + 8.21b 5.78 + 0.89b 0.93 + 0.19b 155.23 + 4.18d 5.33 + 0.54b

TG: total triglyceride; TC: total cholesterol; VLDL: very low-density lipoprotein; FFA: free fatty acid; AKP: alkaline phosphatase;
BUN: blood urea nitrogen.
aValues are mean + SD (n ¼ 15).
bp < 0.001: compared with control.
cp < 0.01: compared with control.
dp < 0.05: compared with control.

Table 2. Effects of L-carnitine supplementation on liver and kidney lipid levels in female and male Sprague Dawley rats.

Liver Kidney

Group
Dose
(g/kg)

TG
(mg/g wet

tissue)

TC
(mg/g wet

tissue)

VLDL
(mg/g wet

tissue)

TG
(mg/g wet

tissue)

TC
(mg/g wet

tissue)
VLDL

(mg/g wet tissue)

Female
Control Vehicle 12.77 + 0.93 7.98 + 0.62 244.9 + 16.3 8.47+1.51 4.28+0.62 0.2449+0.0163
L-carnitine 0.3 10.72 + 1.70b 6.04 + 1.24c 137.3 + 19.4b 6.56+1.16b 3.72+0.74d 0.2032+0.0229b

0.6 8.88 + 2.75c 6.22 + 1.05c 203.2 + 22.8c 6.62+0.89b 3.61+0.89d 0.2027+0.0244c

Male
Control Vehicle 13.28 + 0.89 5.36 + 1.32 233.8 + 26.3 9.04+0.89 4.20+0.54 0.2338+0.0263
L-carnitine 0.3 10.25 + 0.89c 4.29 + 0.77d 177.0 + 26.7c 6.97+0.81c 3.52+0.46b 0.1974+0.0271b

0.6 11.33 + 1.24c 4.26 + 0.58b 197.4 + 27.1b 6.77+0.58c 3.62+0.27b 0.1912+0.0108c

TG: total triglyceride; TC: total cholesterol; VLDL: very low-density lipoprotein.
aValues were mean + SD (n ¼ 15).
bp < 0.01: compared with control.
cp < 0.001: compared with control.
dp < 0.05: compared with control.
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Figure 2. Effects of L-carnitine supplementation on lipid deposits and expression levels of lipid metabolism-related
proteins in the liver of female and male Sprague Dawley rats. The animals were gavaged daily with water as control
(Veh) and 0.3 and 0.6 g/kg L-carnitine for 8 weeks, respectively. Liver frozen sections by oil red O staining from these
groups at a magnification of �200 (a). Hepatic protein levels of rPPAR-a (b), rCPT-1 (c), rCPT-2 (d), rOCTN-2 (e),
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Figure 2. (continued). rSREBP-1c (f), rACC-1 (g), rACC-2 (h), rFAS (i) and rSCD-1 (j) were detected in rats, which were
normalized by the abundance of rGAPDH protein and then represented relative to the mean value of control, respec-
tively. Data were shown as mean + SD (n ¼ 4). *p < 0.05; **p < 0.01; ***p < 0.001: compared with the control.
rPPAR-a: peroxisome proliferator-activated receptor a; rCPT-1: carnitine palmitoyltransferase 1; rCPT-2: ; rOCTN-2:
carnitine palmitoyltransferase 2; rSREBP-1c: sterol regulatory element binding protein-1c; rACC-1: acetyl coenzyme A
carboxylase 1; rACC-2: acetyl coenzyme A carboxylase 2; rFAS: fatty acid synthase; rSCD-1: stearoyl-CoA desaturase-1;
rGAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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Figure 3. Effects of L-carnitine supplementation on serum and liver ROS levels as well as hepatic rNLRP3, rASC, and
rCaspase-1 protein levels in female and male Sprague Dawley rats. The animals were gavaged daily with water as control
(Veh) and 0.3 and 0.6 g/kg L-carnitine for 8 weeks, respectively. Serum and liver ROS levels (a and b), hepatic rNLRP3,
rASC, and rCaspase-1 protein levels (c and d) as well as serum IL-1� and IL-18 levels (e and f) in rats were showed,
respectively. Protein levels were normalized by the abundance of rGAPDH protein and then represented relative to the
mean value of control, respectively. Data were shown as mean + SD (n¼ 6 for ROS, IL-1�, and IL-18 determination; n¼
4 for Western blot analysis). *p < 0.05; **p < 0.01; ***p < 0.001: compared with control.
ROS: reactive oxygen species; rNLRP3: NOD-like receptor 3; rASC: apoptosis-associated speck-like protein; IL-1�:
interleukin-1�; IL-18: interleukin 18; rGAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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L-carnitine supplementation in humans or mice is

demonstrated to have close association with cardio-

vascular disease risk. Short-term supplementation of

L-carnitine is dose dependently detrimental to isolated

rat hearts before ischemia, having close relationship

with incomplete fatty acid �-oxidation.21 These

observations indicate the potential adverse effects of

L-carnitine. It is known that adipose tissues participate

in a wide range of physiological processes. WAT has

the function of keeping the body warm and protecting

the organ, which is being considered as a part of endo-

crine system involved in lipid metabolism.22 Reduc-

tion of an excessive body fat causes metabolic

disturbance and tissue injury.2 This study further con-

firmed that oral administration of 0.3 and 0.6 g/kg

L-carnitine for 8 weeks induced an obvious body

weight reduction as well as WAT weight loss in sub-

cutaneous and intra-abdominal tissues of rats, being
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Figure 4. Effects of L-carnitine supplementation on renal lipid deposits, serum and urinary L-carnitine levels as well as
renal rOCTN-1, rOCTN-2, rOCT-1 and rOCT-2 protein levels in female and male Sprague Dawley rats. The animals
were gavaged daily with water as control (Veh) and 0.3 and 0.6 g/kg L-carnitine for 8 weeks, respectively. Kidney sections
by oil red O staining from these groups at a magnification of�200 (a). Serum and urinary L-carnitine levels (b and c) as well
as renal protein levels of rOCTN-2 (d), rOCTN-1 (e), rOCT-1 (f), and rOCT-2 (g) in rats were showed, respectively.
Protein levels were normalized by the abundance of rGAPDH protein and then represented relative to the mean value of
control, respectively. Data were shown as mean + SD (n ¼ 6 for L-carnitine determination; n ¼ 4 for Western blot
analysis). *p < 0.05; **p < 0.01; ***p < 0.001: compared with control.
rOCTN-1: renal organic cation/carnitine transporter 1; rOCTN-2: renal organic cation/carnitine transporter 2; rOCT-1:
organic cation transporter 1; rOCT-2: organic cation transporter 2.
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consistent with other reports of the efficacy of L-car-

nitine supplementation for weight control.22,23

Accordingly, the results of biochemical parameter and

histological analysis from this study revealed signifi-

cant decline of lipid levels in serum, liver and kidney

in L-carnitine-fed rats. Therefore, it is more important

to investigate the possible disturbance of L-carnitine

on major tissue function and metabolism in normal

organisms.

The acceleration of fatty acid �-oxidation is the

major biological activity of L-carnitine in clinical use

or daily supplementation for overweight humans or

animals. In this study, significant change of serum

FFA levels revealed that L-carnitine promoted hepatic

fatty acid �-oxidation in female and male rats. In fatty

acid �-oxidation, the translocation of long-chain fatty

acyl-CoA from cytosol to mitochondria is the rate-

limiting step, which is catalyzed by CPT-1 and

CPT-2 and regulated by ACC-2. PPAR-a as a nuclear

hormone receptor is responsible for lipid metabolism

by inducing mitochondrial fatty acid �-oxidation and

directly upregulates OCTN-2 expression and

increases L-carnitine uptake via OCTN-2 in liver.24

ACC-1, ACC-2, FAS and SCD-1 are crucial enzymes

for de novo synthesis of lipids. Moreover, SREBP-1c

is recognized as a key regulator of fatty acid and TG

synthesis in the liver of rodents and humans. In this

study, L-carnitine elevated protein levels of rPPAR-a,

rCPT-1 and rCPT-2 as well as reduced protein levels

of rSREBP-1c, rACC-1, rACC-2, rFAS and rSCD-1

in the liver of female and male rats. These expression

changes caused hepatic fatty acid �-oxidation accelera-

tion and lipid synthesis suppression in L-carnitine-fed

rats, being consistent with hepatic histopathological

changes revealed by oil red O staining analysis. Mean-

while, upregulation of hepatic rOCTN-2 protein levels

increased L-carnitine uptake and further accelerated

liver lipid metabolism disorder in these rats.

On the other hand, lipid oxidation acceleration

generates adenosine triphosphate mainly in liver
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Figure 4. (continued)
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mitochondria via the electron transport chain, while

ROS are produced correspondently.25 There is a link

between ROS-related mitochondrial malfunction

and chronic inflammatory diseases. The NLRP3

inflammasome is a molecular platform triggered by

a variety of situations of cellular ‘‘danger,’’ includ-

ing ROS overproduction.5–6 In this study, L-carnitine

activated hepatic NLRP3 inflammasome compo-

nents, being consistent with serum and liver ROS

overproduction in rats. Therefore, high ROS levels

produced by L-carnitine-mediated fatty acid �-oxi-

dation triggered liver NLRP3 inflammasome activa-

tion. More importantly, serum levels of IL-1� and

IL-18, two inflammatory injury biomarkers, were

increased significantly in L-carnitine-fed female and

male rats, disturbing liver function and injury.

Abnormally high serum AKP level is recognized as

a biomarker of liver injury or some degree of cellular

integrity.26 In this study, high serum AKP levels

were observed, confirming liver dysfunction and

injury in L-carnitine-fed female and male rats. These

results firstly demonstrated that 8-week exogenous

L-carnitine supplementation-induced liver side

effects included hepatic lipid metabolism disorder,

ROS-mediated NLRP3 inflammasome activation,

and inflammation response in female and male rats.

Moreover, 8-week supplementation of L-carnitine

altered serum BUN levels in different sexual groups.

Since L-carnitine alters the expression of glutamate

dehydrogenase, which is involved in urea cycle, it

seems likely that changes in BUN levels are indepen-

dent from the effects of L-carnitine on kidney function

but is caused by altered urea production in the liver.27

L-carnitine homeostasis is maintained by acquisition

of L-carnitine from dietary sources, modest endogen-

ous carnitine biosynthesis and efficient reabsorption

and excretion of L-carnitine in mammal kidney.28

OCTN-2 has a pivotal role in renal tubular reabsorp-

tion of L-carnitine and maintains blood L-carnitine

levels.29 In juvenile visceral steatosis mice, high

expression of OCTN-2 as well as low level of L-carni-

tine and lipids are simultaneously detected in spleen,

kidney, liver, heart, and brown adipose tissues.30–32

Inflammatory signaling is confirmed to regulate

expression of organic ion transporters.13–17 Downre-

gulation of OCTN-2 expression is observed in

patients with inflammatory disease15 and in rats with

lipopolysaccharide exposure.14 OCTN-2 knockout

mice develop intestinal and colonic inflammation to

cause gut injury.13 Being responsible for serum IL-

1� and IL-18 levels elevation, this study confirmed

that L-carnitine markedly downregulated renal

rOCTN-2 protein levels to promote elimination effi-

ciency of L-carnitine in both female and male rats,

which were consistent with renal lipid depletion as

well as TG, TC and VLDL level reduction. However,

L-carnitine failed to change renal expression levels of

major proteins participating in lipid metabolism in

rats. Therefore, 8-week exogenous L-carnitine supple-

mentation reducted renal lipid levels possibly by

alterating OCTN-2-mediated transmembrane trans-

port of FFAs in mitochondrial.

Inflammation is also associated with OCT-1 and

OCT-2 expression alterations with tissue injury. Sig-

nificant reduction of OCT-1 gene expression is

observed in vivo and in vitro models of liver inflam-

mation16,33 as well as rodent model of lung inflamma-

tion.34 Lipopolysaccharide also induces reduction of

rat kidney OCT-1 and OCT-2 mRNA and protein lev-

els during endotoxemia.17 Moreover, expression

reduction of renal rOCTN-1, rOCTN-2, rOCT-1 and

rOCT-2, as well as dysregulation of renal rPPAR-a,

rCPT-1, rACC-1 and rACC-2 are detected in aristo-

lochic acid-induced nephropathy with kidney injury

and lipid metabolic disorder in rats.35 This study

showed that L-carnitine altered renal rOCTN-1,

rOCT-1 and rOCT-2 protein levels in female and male

rats. These observations indicate that L-carnitine may

negatively affect renal reabsorption and excretion for

exogenous drugs or toxics and then probably disturb

renal metabolism function by its induction of sys-

tematic inflammation associated ROS in fatty acid

�-oxidation acceleration. Therefore, these results may

provide the evidence that 8-week exogenous L-carni-

tine supplementation-induced dysregulation of these

renal organic ion transporters may contribute to kid-

ney metabolism pressure with potential function dis-

turbance in female and male rats.

Conclusion

This study firstly demonstrated the adverse effects of

8-week oral supplementation of exogenous L-carnitine

on liver and kidney function in both female and male

rats. L-carnitine supplementation induced rat liver

inflammation response and injury possibly mediated

by hepatic fatty acid �-oxidation acceleration-related

ROS overproduction, NLRP3 inflammasome activation

and serum IL-1� and IL-18 elevation. Furthermore, this

systemic inflammation state of L-carnitine-fed rats may

aggravate kidney absorption and excretion balance for

L-carnitine or organic compounds in animals. For the
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application of L-carnitine in food supplementation,

more studies on L-carnitine supplementation-induced

adverse side effects with lipid metabolism disorder

and major organ function disturbance should be car-

ried out.
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