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Diabetes is considered as a metabolic disease in which insulin secretion and functions are disturbed
and characterized by hyperglycemia. L-carnitine is synthesized in most mammals and plays critical role in
fatty acid oxidation and energy production. Data about the L-carnitine hypoglycemic effects are controver-
sial. We evaluated long-term oral L-carnitine administration effects on blood glucose, insulin and adiponec-
tin levels, as well as expression of AMPK, APPLI and PPARy genes in liver of STZ-induced diabetic rats.
Group 1 (control), did not receive any treatment, group 2 received 50 mg/kg STZ by i.p injection, group 3
received single dose of 50 mg/kg STZ by i.p injection and also 600 mg/kg/day L-carnitine orally for 5 weeks.
Our results showed that L-carnitine long-term oral supplementation significantly reduced blood glucose and
normalized insulin levels in diabetic rats. Also, we found that L-carnitine significantly increased AMPK and
APPLI expression, and showed a mild elevation of PPARy expression. In sum, we suggest that long-term L-
carnitine supplementation has beneficial effects on diabetic rats which showed hypoglycemic effects. Prob-
ably the beneficial effects of L-carnitine are contributed to the upregulation of insulin sensitizers such as
AMPK and adiponectin.
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iabetes is a worldwide chronic disorder
D which considered as one of the most preva-
lent metabolic complication. It is characteri-
zed by remarkable elevation of blood glucose levels

and methionine, in liver, brain and kidney of most
mammals [3, 4]. L-carnitine facilitates long-chain
fatty acids transportation into the mitochondria as
acylcarnitine and helps fatty acids to entered beta-

and disturbed lipid homeostasis [1, 2]. In 2013, about
382 million individual burden diabetes and it has
been estimated that this number will increase and
reach about 592 million by 2035 [2].

L-carnitine (B-hydroxy-y-N-trimethyl ammo-
nium butyrate) is a non-nutrient supplement that
is synthesized from essential amino acids, lysine

oxidation pathway. In mitochondria, these fatty ac-
ids were oxidized and produced coenzyme A (CoA).
These obtained CoA entered to tricarboxylic acid
(TCA) cycle and generate energy in the mitochon-
drial respiratory chain. Therefore, L-carnitine has
an important role in fatty acids energy release and is
very important for lipid metabolism [5].
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Following L-carnitine supplementation, fat uti-
lization was promoted and TG levels were decreased
[6]. It was reported that diabetic rats have reduced
serum L-carnitine levels [7]. Cha Y. S. reviewed
L-carnitine metabolic actions and has reported that
L-carnitine affects obesity and blood glucose, but re-
sults obtained from other studies were controversial
and L-carnitine some effects remained uncertain [8].
Hadadinezhad S. and colleagues showed that L-car-
nitine attenuated fasting blood glucose but there
was no effect on hemoglobin A . and C-peptide in
patients with diabetes mellitus [9]. Also, it has been
reported that high dose of L-carnitine reduced dia-
betes severity and also improved cardiac function
[10]. Xia Y. et al. showed that oral administration
of L-carnitine to mice was increased -oxidation of
fatty acids and also in liver maintained mitochon-
drial function [11].

Adiponectin promotes liver AMPK (AMP-ac-
tivated protein kinase) activity and results in fatty
acid p-oxidation and promotes glucose uptake. Fi-
nally, these metabolic changes result in the promo-
tion of insulin sensitivity [12]. Anti-diabetic drugs,
thiazolidinediones (TZDs), activate peroxisome
proliferator-activated receptor-gamma (PPARy) and
consequently increase insulin sensitivity. PPARy ac-
tivation promotes insulin sensitivity and improves
insulin receptor signaling in diabetes [13, 14]. TZDs
may affect insulin sensitivity by AMPK activation
[12].

According to previous studies, L-carnitine
showed valuable effects in diabetes and it has been
reported that reduced glucose and lipid levels. But
data about hypoglycemic effects of L-carnitine
in diabetes are inconsistent [1, 10, 15, 16] and the
mechanism of L-carnitine beneficial effects are not
fully understood, therefore, we designed this study
to evaluate oral L-carnitine supplementation effects
on adiponectin and insulin circulating levels and
also, expression of AMPK, PPARy and APPLI (adap-
tor protein containing pleckstrin homology domain,
phosphotyrosine binding (PTB) domain and leucine
zipper motif) genes in liver of STZ-induced diabetic
rats.

Materials and Methods

Materials. Streptozotocin (STZ, S0130) and L-
carnitine (C0283) were purchased from Sigma. Adi-
ponectin (KRP0041) and insulin (ERINS) measured
by specific ELISA kits.

Preparation of reagents. STZ prepared in cit-
rate buffer (0.1 N, pH 4.5) and introduced to animals

by a single i.p injection and L-carnitine was pre-
pared in phosphate buffer (pH 7.4) and administrated
orally to diabetic rats.

Methods. All animal procedures were conduc-
ted in accordance with the requirements of European
Convention for the protection of Vertebrate Animals
Used for Experimental and Other Scientific
Purposes (Strasbourg, 1986). Twenty four male
Wistar rats (190-210 g weight and 75-95 days of
age) were randomly selected and after a week ac-
climatization were divided into three groups (n = 8).
Group 1 control did not receive any treatment,
group 2 received a single dose of STZ (50 mg/kg)
by i.p injection to induce diabetes, group 3 received
a single dose of STZ (50 mg/kg) by i.p injection and
also 600 mg/kg/day L-carnitine orally for 5 weeks.
Before beginning the L-carnitine treatment we make
sure that the animals in groups 2 and 3 were diabe-
tic, for this reason, 72 h after STZ injection the blood
glucose was measured and animals that showed
blood glucose more than 250 mg/dl after 12 h fasting
were entered to the study. At the end of the study
(after 35 days) and after 12 h fasting overnight, ani-
mals were anesthetized with ether and sacrificed, the
blood samples were collected and maintained 1 h at
room temperature and centrifuged and then serum
was collected to measure the glucose, adiponectin,
and insulin levels. Also, the liver tissues were dis-
sected and washed with cold saline and immediately
frozen by liquid nitrogen and kept in -80 °C [8, 15].

Determination of serum adiponectin and insu-
lin levels. Specific ELISA kits were used to assay
adiponectin and insulin in serum. All measurements
were according to the manufacturer’s protocol.

Semi-quantitative RT-PCR. About 75 mg
of liver tissue was removed from storage for total
RNA extraction. Liver tissue homogenization was
performed by Ultrasonic Processor (Hielscher,
UP200H). Total RNA was extracted by guanidine
isothiocyanate—phenol—chloroform method (RNX
plus reagent). For cDNA synthesis, 500 nanograms
of total RNA was used by M-MuLV reverse tran-
scriptase and oligo-dT primers. PCR was performed
in Bio-Rad MJ Mini Personal thermal cycler. PCR
reaction contained 200 nanograms of cDNA, 50 pM
of target gene forward and reverse primers, 10 ul
PCR master mix, the final volume was 20 pl. Each
gene’s expression performed duplicate. The PCR cy-
cles were as follow; 95 °C for 10 min, then 30 cycles
of 94 °C for 45 s, 60 °C for 1 min, and 45 s at 72 °C,
and 5 min final extension at 72 °C. For analysis of
the PCR products, we performed agarose gel elec-
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Table 1 Sequences of RT- PCR primers

Transcript Forward primer (5'-3") Reverse primer (5'-3") ];r;)edg;;r
AMPK AGAGAACGTGTTGCTGGACG  TGGAGGCGAGGTAGAACTCA 608
APPLI TTTCTTAGGAAGGGGCTGCG  TGGCATCAGCGAGTTGAGTT 450
PPARYy TGATGCACTGCCTATGAGCAC TGAGACATCCCCACAGCAAG 561
GAPDH ACCACAAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 452

trophoresis on 2% agarose gel (100 v, 45 min), then
by using gel documentation instrument. Primers
(Table 1) were purchased from Sinagen (Sinagen
Inc., Tehran, Iran). Bands were visualized and were
quantified by using Image J software [17].

Statistical analysis. Statistical analyses were
performed by SPSS 19 software (SPSS Inc., Chica-
go, USA). The data are expressed as mean + SEM.
For comparison between groups, we used one-way
analysis of variance (ANOVA) followed by the
Tukey’s post hoc test.

Results and Discussion

Our results showed that long-term L-carnitine
supplementation reduces blood glucose signifi-
cantly. Also, L-carnitine leads to significant eleva-
tion of adiponectin levels in diabetic rats, there was
a mild but significant elevation of insulin after L-
carnitine administration. Body weight was signifi-
cantly reduced in the diabetic control group and the
diabetic group which received L-carnitine compared
to control group (Table 2). Also, L-carnitine showed
remarkable effects on AMPK, APPLI and PPARy
gene expression, and up regulated these genes com-
pared to diabetic group (Figure, A-C).

Diabetes is one of the most prevalent metabolic
diseases which affect many people worldwide [1].
L-carnitine is an endogenous vitamin-like compound

which synthesized by most mammals and is very
important for glucose and lipid homeostasis. It was
reported that L-carnitine levels were remarkably
reduced in diabetes models [1, 10, 15, 18]. It was
also demonstrated that L-carnitine in serum and
cardiac tissue of diabetic animal were reduced [19].
But data about L-carnitine hypoglycemic effects
are controversial. Abdel-Razek H. reported that
s.c. administration of L-carnitine improved glucose
utilization in diabetic rats [1]. It demonstrated that
long term L-carnitine supplementation reduced TG
and cholesterol but hyperglycemia was still present
in diabetic rats [15]. On the other hand, Bazotte R. B.
and Lopes-Bertolini G. showed that L-carnitine
administration showed no significant effects on
blood glucose and total cholesterol but normalized
blood TG levels in diabetic rats [16]. Rodrigues B.
and colleagues were suggested that high dose of
L-carnitine reduced diabetes severity and also
improved cardiac function [10]. We showed that
long-term supplementation of L-carnitine (600 mg/
kg/day, orally) after five weeks, significantly
improved some parameters in STZ-induced diabetic
rats. We found that L-carnitine attenuated blood
glucose levels compared to the diabetic non-treated
group which are in contrast with Patel J. et al. and
Bazotte R. B. and Lopes-Bertolini G. studies.

Table 2. Body weight, glucose, insulin and adiponectin levels and L-carnitine supplementation effects on

these parameters in diabetic rats

Groups Body weight, g Glucose, mg/dl | Insulin, mIU/I Adiponectin,
day zero day 35 ug/ml
Control 201.8 £ 7.1 221.5+70 89.2 +3.1 12.4+0.82 9.82 +£0.31
Diabetes 2054 +70 171.4 + 11.0* 277 £ 11* 3.34+0.41* 4.55 +0.35%
Diabetes +
L-Carnitine 203.0 £ 7.7 188.3 + 11.2* 170.0 + 8.9*# 6.6+£0.61** 9.11 £ 0.44*

The data are expressed as mean + sem. *Statistically significant compared to control group, # statistically significant

compared to Diabetes control group (n = 8)
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Expression of AMPK (A), APPLI (B) and PPARy (C) genes as evaluated by RT-PCR. Data are expressed as
mean+SEM. * Statistically significant compared to the control group, # statistically significant compared to
the diabetes group. P < 0.05 was considered as significant (n = 8)

The previous study demonstrated that L-car-
nitine has remarkable anti-diabetic effects and it
probably correlated to L-carnitine antioxidant activi-
ty [18]. In the diabetic animal model, 500 mg/kg L-
carnitine which was administrated by i.p injection
for a month showed anti-oxidant activity [20]. There-
fore, anti-diabetic and hypoglycemic effects of L-
carnitine could be partly related to its anti-oxidative
effects.

Oral administration of L-carnitine increased
beta-oxidation of fatty acids and also in liver main-
tained mitochondrial function. Long-chain acylcar-
nitine has detergent effects on mitochondria mem-
brane. L-carnitine supplementation reduces the
chance of long-chain acylcarnitine accumulation in

mitochondria space and therefore, protects mem-
brane against destruction. Diabetes is along with
oxidative stress which affects antioxidative defense
against ROS [11, 21]. Therefore, mitochondria pro-
tective effects of L-carnitine can be considered as L-
carnitine beneficial effects observed in STZ-induced
diabetic rats.

Adiponectin levels were extensively studied in
diabetes and other metabolic diseases. Adiponectin
was decreased in diabetes, insulin resistance and
atherosclerosis and also reduced adiponectin levels
related to diabetes and other metabolic complica-
tions development. Also, it was reported that PPAR
activators improved diabetes and this effect was
adiponectin-dependent [22-24]. We found that L-
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carnitine long-term administration to diabetic rats
improved diabetes and this was related to adiponec-
tin levels in serum which significantly increased
after L-carnitine supplementation. As beneficial ef-
fects of adiponectin over diabetes are well proved,
therefore, elevated adiponectin levels compared to
diabetes control group in our study could be conside-
red as responsible for beneficial effects of long-term
L-carnitine supplementation in diabetes.

PPARy activation in liver attenuates intracel-
lular lipid contents, promotes insulin sensitivity, im-
prove insulin receptor signaling in diabetes, increase
insulin secretion and inhibit gluconeogenesis. Also,
TZDs which are strong insulin sensitizers’ drugs, act
via PPARy agonism [13, 14]. Besides TZDs benficial
effects in diabetes there are some deteriorating ef-
fects following TZDs administration which include
hepatotoxicity and hepatic failure [25]. Our results
showed that PPARy gene expression elevated by
L-carnitine supplementation in diabetic rats, there-
fore L-carnitine exerts insulin-sensitizing effects by
upregulation of PPARY.

AMPK is an energy sensor which plays a pivo-
tal role in energy homeostasis. AMPK responds to
AMP:ATP ratio in cells. AMPK activates catabolic
pathways such as fatty acids beta-oxidation, and in-
hibits synthetic pathways such as lipogenesis and
gluconeogenesis in the liver [14]. Adiponectin exerts
its function by binding to membrane receptors and
following adiponectin binding to its receptor, the in-
tracellular domain of receptors recruit APPL1 [26].
Deepa S. S. and Dong L. Q. showed that APPL1 is
implicated in adiponectin signaling in the liver [27]
and also, Mao X. and colleagues showed that adi-
ponectin stimulates interaction of APPL1 with adi-
ponectin receptors [28]. We showed that L-carnitine
administration to diabetic rats increased 4APPLI gene
expression. It has been reported that L-carnitine sup-
plementation in non-diabetic subjects increased adi-
ponectin levels [29], here we found that L-carnitine
oral administration was able to increase adiponectin
levels in diabetic rats. Therefore, elevated adiponec-
tin interacts with its receptor and recruits APPL1
which involved in downstream effects of adiponec-
tin such as AMPK activation and insulin sensitizing
effects.

Finally, we hypothesized that L-carnitine long-
term supplementation to STZ-induced diabetic rats
exerts hypoglycemic and possibly indirect insulin-
sensitizing effects. We assumed that these effects are
mediated via serum adiponectin elevation which in
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turn elevated AMPK and PPARy which net effects of
these factors resulted in reduced blood glucose and
increased insulin sensitivity. Therefore, L-carnitine
supplementation can account for as a good therapeu-
tic and hypoglycemic candidate in diabetic subjects.
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JliabeT — meTaboJliyHE 3aXBOPIOBAHHS, SKE
XapaKTepU3yeEThCs TOPYIIECHHSIM — CeKpewii Ta
¢GyHKUOii 1HCYNiHY 1, SIK HACHiJIOK, PO3BUTKOM
rinepraikemii. L-KapHiTHH, 1m0 CHHTE3YyETbCS B
opraHi3Mi OiJBIIOCTI CCaBLiB, BiJirpae KIOYO-
By pOJib B OKHCJICHHI XUPHUX KHCIOT 1 € JKepe-
gom eneprii. [ani mpo rimormikemiuyHuil edekt
L-xapHiTHHY cynepewiuBi. Y poOOTi BHBYAIH
JOBIOCTPOKOBUH e(eKT MepopalibHO BBEICHO-
ro L-kapHiTHHY Ha piBeHb TJIIOKO3M, 1HCYIiHY Ta
AJUIOHEKTHHY B KPOBI, 8 TAKOX EKCIIPECil0 reHiB
AMPK, APPLI i PPARy B mnediHIi aia0eTUYHUX
mrypiB. Camuis mrypis (190-210 r) O6yno Bumaako-
BUM YMHOM pO3JiJieHO Ha Tpu rpynu (n = 8). Tra-
puHH rpynH 1 (KOHTPOJIB) HE OTPUMYBAIH HiSIKUX
npernaparis, y Tpymi 2 B TBapHH AiabeT CIPHUNHIO-
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BaJIM BBEJCHHSIM 50 MI/KT CTPENTO30TOLUHY (B/4
iH’eK1is), y rpymi 3 mrypaM BBOJWIH CTPETO30TO-
nuH (50 MI/KT, B/4 1H’€KIlisE OHOPA30BO), a TAKOK
L-xapHiTia (600 MI/Kr/meHp mnepopaibHO) IPOTS-
roM 5 TWXKHIB. BUsIBICHO, 1110 TpuBajie BBEACHHS
L-xapHITHHY 3HaYHO 3HUKYBAJIO PiBEHb TIIOKO3H
B KPOBi 1 HOpMaJTi3yBaJIo PiBeHb 1HCYJiHY B LIypiB
i3 nmiabetoM. BuBUYeHHSs excnpecii TeHiB MoKa3alo,
mo L-kapHITHH iCTOTHO 30iMBLIYBaB EKCIPECito
AMPK i APPLI i He3HaYHOK MIpOIO ITiJIBUIIYBaB
excripecito PPARy. TakuM YHHOM, IOKa3aHO, LIO0
TpUBaJie 3aCTOCYBaHHA L-KapHITHHY IiTIOLIE
BIJIMBAE Ha Jia0CTHUYHUX IIYpPiB, BHUSIBJISIOUH
CEHCHUOINI3yI0uy Ta T1MOrTKeMIYHy Aito.

KnmouoBi cmoBa: L-xapHiTHH, cTpenTo-
30TOLMH, miaber, amunoHektuH, AMPK, APPLI,
PPARYy.
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Jmnabet — meTabonmyeckoe 3a00eBaHue, KO-
TOPOE XapaKTePU3YESTCS HAPYIICHUEM CEKPEIUH U
(byHKIIMHM MHCYJIHMHA U, KaK CIIEJCTBHE, Pa3BUTHEM
runepriaukeMud. CUHTE3UPYIOUIUICS B OpraHu3Me
OO0JIBIIMHCTBA MIIEKOTTUTAIOMNX L-KapHUTHH, UTpa-

€T KJIIOYEBYIO POJIb B OKHCIICHUH KU PHBIX KUCIOT U
SIBIISIETCSl UCTOYHUKOM SHEpruu. [laHHbIE O THIIO-
rmkeMuaeckoM 3¢ dexre L-kapHUTHHA TPOTHBO-
pednBbl. B paboTe nzydanu 10ATocpoaHbId 3P PexT
TIEPOPAIBHO BBEACHHOTO L-KapHUTHHA Ha YPOBEHB
[JIIOKO3bl, MHCYJMHA W aJUINOHEKTHHA B KPOBH, a
Takxe skcrpeccuto renoB AMPK, APPLI u PPARy
B TICYCHU KPBIC CO CTPENTO30TOIMHUHY TUPOBaH-
veIM auabetoMm. Camirel kpbic (190-210 1) ObLTH
CITydallHBIM 00pa3oM pa3/ieleHbl Ha TPU TPYIIIBI
(n = 8). JKuoTtHsle B rpymnme 1 (KOHTpOJIb) HE MO-
JydYajdy HUKaKUX MPernaparoB, y KUBOTHBIX I'PyI-
16l 2 BeI3bIBAIH Aua0eT BBegeHueM S0 MI/KT cTperl-
TO30TOIHMHA (B/Op MHBEKIINA), B TPYIIE 3 Kpbicam
OTHOKPATHO BBOIWJIN CTPETO30TOMHH (50 MTI/KT,
B/Op mHBeKnHs), a Takxke L-xkapautura (600 Mr/kr/
JICHb, IEPOpaJIbHO) B TeueHue 5 Heaenb. OOHapyxe-
HO, YTO JAJIMTENIbHOE BBeleHHE L-KapHUTHHA 3HA-
YUTENFHO CHUKAJIO YPOBEHb TIIOKO3bl B KPOBH H
HOPMAaJTM30BaJI0 YPOBEHb WHCYJIMHA Y KPBIC C JTHa-
o6etoM. Kpome Toro ycranoBiieHo, 4To L-KapHUTHH
CYyHIECTBEHHO yBenuuuBall skcnpeccuro AMPK u
APPL] W HE3HAUUTENIbHO TMOBBIIIAN KCIPECCHIO
PPARy. Takum o0pa3oM, MokKa3zaHO, YTO JIJTUTEIb-
HOE TpuMeHeHue L-kapHUTHHA OJIar0TBOPHO BIIHSI-
€T Ha KPBIC CO CTPENTO30TONHHIHIYIITHPOBAHHBIM
MabeToM, TIPOSIBIISISI CEHCHOMITU3UPYIOIIEe U THTIO-
IIIMKEMHUYECKOe ACHCTBHE.

KnmoueBbie cmoBa: L-kapHUTHH, CTpen-
TO30TOLMH, AuadeT, agunonekTu, AMPK, APPLI,
PPARy.
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