
Short communication

Are anti-inflammatory properties of lipoic acid

associated with the formation of hydrogen sulfide?

Magdalena Dudek1, Anna Bilska-Wilkosz2, Joanna Knutelska3, Szczepan

Mogilski1, Marek Bednarski3, Ma³gorzata Zygmunt3, Ma³gorzata Iciek2,

Jacek Sapa3, Dominik Bugajski3, Barbara Filipek1, Lidia W³odek2

1
Department of Pharmacodynamics,

3
Department of Pharmacological Screening, Jagiellonian University,

Collegium Medicum, Medyczna 9, PL 30-688 Kraków, Poland

2
Chair of Medical Biochemistry, Jagiellonian University, Collegium Medicum, Kopernika 7, PL 31-034 Kraków,

Poland

Correspondence: Magdalena Dudek, e-mail: magda.dudek@uj.edu.pl

Abstract:

Background: Lipoic acid (LA) was shown to possess anti-inflammatory properties. In this study, we present evidence supporting

the hypothesis that the anti-inflammatory properties of LA are associated with the formation of hydrogen sulfide (H2S).

Methods: The study was conducted on male albino Swiss mice. The animals were treated with carrageenan by subcutaneous (sc) in-

jection into the right hind paw to induce acute inflammation. Animals were treated intraperitoneally (ip) with LA (30, 50 and 100

mg/kg) or indomethacin (20 mg/kg) 30 min before carrageenan administration. The control group was given ip the vehicle (1%

Tween 80) 30 min before carrageenan administration. Additional experiment involved ip combined treatment of mice with gliben-

clamide (10 mg/kg) or glibenclamide (10 mg/kg) and LA (100 mg/kg) 30 min before carrageenan administration. LA, indomethacin

and glibenclamide were suspended in 1% Tween 80. At 1, 2 and 3 h after treatment with carrageenan the degree of the paw edema

was evaluated by the measurement of the paw volume using aqueous plethysmometer.

Results: Injection of carrageenan into the mouse hind paw increased paw volume. The increase in paw edema was completely sup-

pressed by pretreatment with LA. The reduction of paw edema by LA was abolished by pretreatment with the KATP channel antago-

nist, glibenclamide.

Conclusion: Our findings demonstrate for the first time in vivo that the anti-inflammatory activity of LA might be connected with

the formation of H2S.
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Introduction

Lipoic acid (LA, 1,2-dithiolano-3-pentanoic acid;

C8H14O2S2) is a naturally occurring dithiol compound

endogenously synthesized from cysteine and octanoic

acid in the mitochondria of the liver and other tissues.

LA functions in vivo as a cofactor of pyruvate dehydro-

genase, a-ketoglutarate dehydrogenase and branched-

chain a-ketoacid dehydrogenase. Exogenous LA can

be reduced to dihydrolipoic acid (DHLA) by several

enzymes, including mitochondrial dihydrolipoyl de-

hydrogenase [EC 1.8.1.4], which utilizes NADH, and

cytoplasmic NADPH-dependent reductases: gluta-

thione reductase [EC 1.8.1.7] and thioredoxin reduc-
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tase [EC 1.8.1.9] [1]. Exogenous LA has been shown

to exhibit pharmacological properties. At present, LA

is a medication recommended mainly for the treat-

ment of diabetic neuropathy [4]. Studies currently in

progress support its use in the treatment of other dis-

eases (cardiovascular, neurodegenerative, autoim-

mune diseases, cancer, AIDS) [3, 6, 10, 35, 42, 46].

Literature data have indicated that LA can also act as

an anti-inflammatory agent [7, 8, 19, 36].

However, the cellular and biochemical mechanisms

that mediate the pharmacological effects of LA are

not fully understood. The biological effects of LA are

primarily associated with its antioxidant properties.

The oxidized (LA) and reduced (DHLA) forms create

a potent redox couple that has one of the lowest stan-

dard biological redox potentials (E0 = –0.29 V). Due

to low redox potential of LA/DHLA system, DHLA

participates in reactions neutralizing reactive oxygen

species (ROS) as well as in reduction of the oxidized

forms of other antioxidants. Although DHLA is the

predominant form possessing antioxidant activity,

also LA can inactivate ROS. The reaction of LA with

ROS is a one-electron reaction that leads to the forma-

tion of LA radical cation (LA+); the redox potential of

LA/LA+ system equals 1.1 V [26]. Though LA has

long been thought to be an antioxidant, it has also

been shown to modulate mitogen-activated protein ki-

nase activity [40], lower endothelin 1 expression [34],

affect second messengers in signal transduction cas-

cade leading to the nuclear factor NF-kB [37] and

peroxisome proliferator-activated receptor (PPAR)

activation [11, 26], increase endothelial nitric oxide

synthase (eNOS) activity [37], activate phase II de-

toxification via the transcription factor Nrf2 [38],

lower expression of matrix metallopeptidase 9

(MMP-9) [22] and attenuate the expression of pro-

inflammatory cytokines [12, 54].

Our previous studies demonstrated for the first time

in vivo that the biological action of LA may also con-

tribute to its influences on sulfane sulfur metabolism

[5]. “Sulfane sulfur ”is the term for compounds con-

taining sulfur-bonded sulfur. These compounds are

characterized also by the presence of reactive sulfur

atom, occurring in the 0 or –1 oxidation state, which

is covalently bound to another sulfur atom. Sulfur

with such properties easily leaves structure of the

compound to react with cyanide ion, to deposit as ele-

mental sulfur or to be reduced to hydrogen sulfide

(H2S). In other words, according to recent literature

data, endogenously produced hydrogen sulfide H2S

may be stored in the form of sulfane sulfur [23, 33,

43–45].

Several studies have indicated that H2S acts as an

anti-inflammatory agent. Some anti-inflammatory and

anti-nociceptive effects of H2S seem to be mediated

via activation of ATP sensitive K+ channels (KATP).
Fiorucci et al. showed that H2S reduced NSAID-

induced gastropathy by suppressing leukocyte adher-

ence via opening KATP channels [18]. It was demon-

strated that the activation of those channels could pro-

tect neurons and astrocytes against ischemia, trauma,

and neurotoxic agents [9, 50].

In this study, we present evidence supporting the

hypothesis that the anti-inflammatory properties of

LA are associated with H2S formation. This study

aimed to investigate the anti-inflammatory effect of

LA in the model of carrageenan-induced acute inflam-

mation in mice in the presence and absence of gliben-

clamide, a KATP channel blocker.

Materials and Methods

Animals

The experiments were carried out on male albino

Swiss mice (body weight 20–26 g). The animals were

housed in constant temperature facilities exposed to

12 : 12 h light-dark cycle and maintained on a stan-

dard pellet diet, tap water was available ad libitum.

Control and experimental groups consisted of eight

animals each. All experiments were conducted ac-

cording to the guidelines of the Animal Use and Care

Committee of the Jagiellonian University (Kraków,

Poland).

Chemicals

The drug lipoic acid was obtained from Wörwag

Pharma Company (Germany). Glibenclamide, Tween

80 and indomethacin were gifts from Sigma Aldrich

Company (USA). Carrageenan was purchased from

FMC BioPolymer Corporation (USA). All the other

reagents were of analytical grade and were obtained

from Polish Reagent Company (Poland).
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Experimental procedures

Carrageenan-induced paw edema in mice

The study was conducted on 6-week-old male albino

Swiss mice according to the method of Winter with

Yazawa modification [49, 52], which measured the

volume of right hind paw of animals. Carrageenan

(0.05 ml of a 1% w/v solution, prepared in sterile sa-

line) was subcutaneously (sc) injected into the right

hind paw of mice. Paw volume was measured prior to

any treatment, immediately before carrageenan ad-

ministration at intervals of 1 h to 3 h thereafter using

aqueous plethysmometer (Plethysmometer 7140, Ugo

Basile). Groups of at least 8 animals each were treated

intraperitoneally (ip) with LA (30, 50 and 100 mg/kg),

or an NSAID as a positive control (indomethacin,

20 mg/kg), 30 min before carrageenan administration.

The control group was given the vehicle (1% Tween

80; 0.25 ml) 30 min before carrageenan administra-

tion. Additional experiment involved ip combined

treatment of groups of 8 animals each with glibencla-

mide (10 mg/kg) or glibenclamide (10 mg/kg) and LA

(100 mg/kg), 30 min before carrageenan administra-

tion. LA, indomethacin and glibenclamide were sus-

pended in 1% Tween 80.

The results are the means of the percentage change

from baseline (before carrageenan injection) as calcu-

lated from the formula:

K
V V

V

t o

o
= ´

–
100

where K = the percentage change, V0 = initial paw

volume, Vt = volume at time t, t = time after which

the measurements were made.

Statistical analysis

All statistical calculations were carried out with the

GraphPad Prism 5 program. The statistical signifi-

cance was calculated using Student’s t-test. Differ-

ences were considered statistically significant at p £ 0.05:

* p £ 0.05, ** p £ 0.02, *** p £ 0.01, **** p £ 0.001.

Results

Intraplantar injection of 0.05 ml of 1% carrageenan

into the mouse hind paw induced a time-dependent in-

crease in the paw volume compared with the baseline

(before carrageenan injection). The edema reached its

peak at 3 h (186.71% of the initial volume) (Fig. 1).

The increase in paw edema was completely suppressed
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Fig. 1. The effect of lipoic acid (LA) indomethacin and glibenclamide
on paw edema induced by 1% carragenan injection (0.05 ml/paw) in
mice. The Figures show the percent change in paw volume in relation
to the initial volume (before carrageenan injection). (A) LA and indo-
methacin suppress edema formation in the mice paw. The subcuta-
neous (sc) injection of carrageenan into the mouse hind paw resulted
in a significant edema formation over the ensuing 3 h. Intraperitioneal
(ip) pretreatment with LA (30 min before sc carrageenan administra-
tion) significantly reduced paw edema, exactly as the conventional
non-steroidal anti-inflammatory drug – indomethacin, did. Data are
expressed as the mean ± SEM of 8 animals per group. Students
t-test, differences significant vs. control group, i.e., carrageenan
group – * p < 0.05, **** p < 0.001. IND 20 – indomethacin 20 mg/kg
b.w.; LA30 - LA 30 mg/kg b.w.; LA50 – LA 50 mg/kg b.w.; LA100 – LA
100 mg/kg b.w. (B) The reduction of paw edema by LA was abol-
ished by pretreatment with the KATP channel antagonist, glibencla-
mide, whereas glibenclamide alone did not alter carrageenan-in-
duced edema formation. Data are expressed as the mean ± SEM of
8 animals per group. glibenclamide – glibenclamide alone (10 mg/kg
b.w.; ip 30 min before sc carrageenan administration) glibenclamide
+ LA – combined treatment with glibenclamide (10 mg/kg b.w. ip)
and LA (100 mg/kg b.w. ip), 30 min before sc carrageenan admini-
stration

A

B



by intraperitoneal pretreatment with LA (Fig. 1A,

Tab. 1). The maximal anti-inflammatory effect of LA

was observed at 100 mg/kg at 3 h after carrageenan

injection (59.9% inhibition) (Tab. 1). The doses of LA

of 50 and 100 mg/kg and the dose of indomethacin of

20 mg/kg caused 31.34, 45.34 and 25.16% inhibition,

of carrageenan-produced edema, respectively, as

measured after 2 h, whereas the doses of LA of 30 and

50 mg/kg and the dose of indomethacin of 20 mg/kg

elicited 16.06, 38.84 and 29.5% inhibition of carra-

geenan-produced edema, respectively, after 3 h (Tab. 1).

It indicates that already 2 h after inflammation induc-

tion, LA at doses of 50 and 100 mg/kg showed a higher

activity than indomethacin at a dose of 20 mg/kg

(Tab. 1).

The reduction of paw edema by LA (100 mg/kg

b.w.) was abolished by pretreatment with the KATP
channel antagonist, glibenclamide (10 mg/kg ip,

30 min before carrageenan), whereas glibenclamide

alone did not alter the formation of carrageenan-

induced edema (Fig. 1B).

Discussion

Carrageenan-induced inflammation in the rodent paw

represents a classical model of edema formation and

hyperalgesia, which has been extensively used in the

development of nonsteroidal anti-inflammatory drugs

(NSAID) [16]. The results of the present study re-

vealed that intraperitoneal pretreatment of mice with

both LA and the reference NSAID, indomethacin, re-

duced paw edema formation in mice, and that LA

showed a higher activity than indomethacin. This was

partially confirmed by the studies of other authors,

which also indicated that LA reduced carrageenan-

induced paw edema formation in rodents. In 2011,

Odabasoglu et al. showed that oral administration of

LA reduced paw edema formation in rats [32]. Similar

results were also obtained by El-Shitany et al., who

administered LA locally sc into the hind paw pad of

rats [17]. However, in both the above-mentioned re-

ports, the anti-inflammatory action of LA was weaker

than that of indomethacin. The authors of both studies

suggested that the main mechanism of anti-

inflammatory action of LA was based on its antioxi-

dant properties [17, 32].

However, in this paper, we focused our attention on

the link between LA and hydrogen sulfide (H2S) pro-

duction. Together with nitric oxide (NO) and carbon

monoxide (CO), H2S is now recognized as a member

of the growing family of the endogenous gaseous me-

diators, involved in important physiological processes

[18, 27, 41].

H2S is produced via several pathways, the most

prominent of which is that involving the conversion

of L-cysteine to H2S catalyzed by two pyridoxal-5’

phosphate-dependent (vitamin B6) enzymes: cys-

tathionine b-synthase (CBS; EC 4.2.1.22) and cys-

tathionine g-lyase (CSE; EC 4.4.1.1). Recent findings

suggest also that physiological concentrations of H2S
are able to modulate inflammatory reaction in various

models. It can upregulate anti-inflammatory genes,

such as heme oxygenase-1 [55]. Kimura et al. showed

that H2S enhanced the production of reduced glu-

tathione (GSH), and at the same time was able to di-

rectly suppress oxidative stress [24]. The studies by

Hirata et al. conducted in the dextran sodium sulfate

(DSS)-induced colitis model indicated that the inhibi-

tion of endogenous H2S generation significantly en-

hanced the increase in the disease activity index,

which was determined by weight loss, stool consis-

tency, and intestinal bleeding [20]. H2S donors have

been reported to reduce lipopolysaccharide (LPS)-

induced tumor necrosis factor-a (TNF-a) release by

microglia [21, 25]. In summary, multicenter studies

have indicated that like LA, H2S can act as an anti-

inflammatory agent.

Our present hypothesis that LA/DHLA system

plays a significant role in processes connected with

the production of H2S is based not only on reports of

others authors but also on our previous studies which

revealed a significant increase in sulfane sulfur level

and rhodanese (thiosulfate/cyanide sulfurtransferase,
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Tab. 1. The percent inhibition of carrageenan-induced paw edema in
mice

Compounds Inhibition after

1 h 2 h 3 h

IND20 40.27 25.16 29.50

LA30 –13.88 3.95 16.06

LA50 22.61 31.34 38.84

LA100 35.94 45.34 59.90

IND 20 – indomethacin 20 mg/kg b.w., ip; LA30 – LA 30 mg/kg b.w.,
ip; LA50 – LA 50 mg/kg b.w., ip; LA100 – LA 100 mg/kg b.w., ip



TST, EC 2.8.1.1) activity in the heart, liver and kidney

of rats that had previously been treated ip with LA [5].

However, the link between LA/DHLA system and the

sulfur metabolism was suggested for the first time al-

ready 50 years ago. Namely, in 1963, Villarejo and

Westley evidenced in vitro that sulfane sulfur was an

acceptor in DHLA reactions catalyzed by TST, yield-

ing DHLA hydropersulfide, which after H2S release

produced LA [48]. In 2011, Mikami et al. demon-

strated on mitochondrial fraction of the mouse brain

that in a similar manner as for TST, DHLA was also

a substrate of 3-mercaptopyruvate sulfurtransferase

(3-mercaptopyruvate/cyanide sulfurtransferase, MST,

EC 2.8.1.2) to produce H2S [29]. Cloning data

showed that TST and MST were the evolutionarily re-

lated enzymes [30, 31]. In summary, many studies

have indicated that the LA/DHLA system and produc-

tion of H2S may be linked. It was also confirmed by

the results of our present study, which indicated that

LA did not decrease the carrageenan-induced paw

edema in mice co-treated with glibenclamide, a KATP
channel blocker, which strongly suggests that the

anti-inflammatory properties of LA might be associ-

ated with formation of H2S.

Carrageenan-induced inflammation in the rodent

paw is a commonly used model of local inflammation

useful for the studies concerning the role of H2S in in-

flammatory reaction. Zanardo et al. have observed

that carrageenan-induced paw edema in rats was sup-

pressed by compounds that donated H2S: disodium

sulfide (Na2S) and sodium hydrogen sulfide (NaHS),

and was enhanced by inhibitors of H2S synthesis.

Suppression of edema formation by H2S donors was

mimicked by KATP channels agonists and reversed by

their antagonists [53]. On the other hand, some papers

demonstrated the pro-inflammatory effects of H2S.

Bhatia et al. showed that DL-propargylglycine (PAG),

a CSE inhibitor, reduced edema formation in car-

rageenan-induced paw edema in rats [2]. However,

many effects of H2S are controversial. For example,

Deplancke and Gaskins indicated that H2S stimulated

cell proliferation [15], while Yang and al., in contrast,

showed that H2S inhibited cell proliferation [51]. Un-

doubtedly, the reason for fragmentary nature of our

current knowledge of biological and pharmacological

properties of H2S, and ambiguity and contradictions

in literature data rely on the fact that “the hydrogen

sulfide research era” has just begun.

Conclusion

The results of the present study revealed that intrape-

ritoneal pretreatment with LA reduced paw edema

formation in mice, which indicates that LA exhibits

anti-inflammatory properties. Considering LA safety

record [13, 14], it may have therapeutic applications

for the treatment of inflammatory diseases in humans.

In addition, our experiments demonstrated that LA

did not produce antiedematous effect in the presence

of glibenclamide, a KATP channels blocker, which in-

directly provides evidence that endogenous H2S acts

as an anti-inflammatory agent. In the light of these

findings, the obtained results suggest that the influ-

ence of LA on sulfane-sulfur metabolism, leading to

H2S release is one of putative mechanisms of its bio-

logical action.
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