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Abstract:

Background: The epidemic of diabetes mellitus type 2 forces to intensive work on the disease medication. Metformin, the most

widely prescribed insulin sensitizer, exerts pleiotropic actions on different tissues by not fully recognized mechanisms. Hydrogen

sulfide (H2S) is involved in physiology and pathophysiology of various systems in mammals and is perceived as a potential agent in

the treatment of different disorders. The interaction between biguanides and H2S is unknown. The aim of the study is to assess the in-

fluence of metformin on the H2S tissue concentrations in different mouse organs.

Methods: Adult SJL female mice were administered intraperitoneally 100 mg/kg b.w. per day of metformin (group D1, n = 6) or

200 mg/kg b.w. per day of metformin (group D2, n = 7). The control group (n = 6) received physiological saline. The measurements

of the free and acid-labile H2S tissue concentrations were performed with Siegel spectrophotometric modified method.

Results: There was a significant progressive increase in the H2S concentration along with the rising metformin doses as compared to

the control group in the brain (D1 by 103.6%, D2 by 113.5%), in the heart (D1 by 11.7%, D2 by 27.5%) and in the kidney (D1 by

7.1%, D2 by 9.6%). In the liver, massive H2S accumulation was observed in the group D1 (increase by 420.4%), while in the D2

group only slight H2S level enhancement was noted (by 12.5%).

Conclusion: Our experiment has shown that metformin administration is followed by H2S tissue concentrations increase in mouse

brain, heart, kidney and liver.
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Introduction

The prevalence of diabetes is distressingly increasing,

affecting over 340 millions people worldwide to date,

and has great social and economical repercussions [2].

The biguanide metformin is the most widely pre-

scribed insulin sensitizer and the drug of choice in

most of type 2 diabetic patients [1]. The pleiotropic

actions of metformin exceed the glucose production

and utilization regulation and concern other cardio-

metabolic abnormalities commonly met in type 2 dia-

betes by the mechanisms that are not fully understood

[6, 16]. Recent years studies have promoted hydrogen
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sulfide (H2S) from a dangerous industrial and envi-

ronmental toxin to a crucial co-regulator of various

physiological processes in mammals [15]. Moreover,

H2S has been also shown to be involved in the devel-

opment of different clinical disorders with a perspec-

tive of H2S-based agents to be used in the treatment of

cardiovascular and other systems’ diseases in the near

future [19, 26].

H2S has been shown to have a protective role in dia-

betes including i.a. the prevention of pancreatic b cells

from apoptosis, antioxidative properties and anti-

atherogenic effects [27]. Noteworthy, the action of H2S
in diabetes pathophysiology is highly complex and not

always clearly beneficial what can be illustrated by the

result of the research on insulin sensitivity. In the study

of Manna and Jain, H2S caused an increase in phos-

phatidylinositol-3,4,5-trisphosphate (PIP3) and activat-

ing phosphoinositide 3-kinase (PI3K)/serine/threo-

nine protein kinase (AKT) in 3T3L1 adipocytes what

promoted glucose utilization [20]. In the experiment

of Feng et al., PI3K pathway was involved in the in-

hibitory effect of H2S on glucose uptake in rat adipo-

cytes [8]. On the contrary, Patel and Shah concluded

that H2S does not have any role in the development of

insulin resistance in Wistar rats [24].

The interaction between biguanides and the endoge-

nous H2S is unknown. The aim of the study is to assess

the influence of metformin on the endogenous tissue H2S
concentrations in mouse brain, heart, kidney and liver.

Materials and Methods

Animals

Nineteen SJL female mice (7-week-old individuals)

of approximate 20 g weight were involved in the

study. The animals were housed under standard labo-

ratory conditions and had free access to water and

food. They were kept at temperature of 22–24°C with

a light/dark cycle of 12 h (8 a.m. – 8 p.m. and 8 p.m. –

8 a.m., respectively).

Study design

The study protocol comprised intraperitoneal injec-

tions of metformin (Formetic, Polpharma, Poland)

dissolved in a saline solution in doses of 2 mg of met-

formin (100 mg per kg of body weight (b.w.) daily –

group D1, n = 6) or 4 mg of metformin (200 mg per

kg of b.w. daily – group D2, n = 7) for 5 consecutive

days at the same time of the day (10:00 a.m.) – each

administration of 0.2 ml. The control group (n = 6) re-

ceived intraperitoneally physiological saline in por-

tions of the same volume. The individuals were ran-

domly assigned to each group. The animals tolerated

the applied doses of metformin well and remained in

good condition till the end of the experiment. Meas-

urements of the free and acid-labile tissue H2S con-

centrations were performed by the use of the modified

method of Siegel [29, 32].

The study has been performed in accordance with the

guidelines for the care and use of laboratory animals ac-

cepted by the Bioethical Committee of the Jagiellonian

University Medical College (Kraków, Poland).

Tissue sample preparation

Two hours after the last drug or physiological saline

injection the animals were killed by cervical disloca-

tion. The brain, heart, kidney and liver tissues of each

animal were quickly removed, homogenized with

0.01 M sodium hydroxide (NaOH) and frozen. Each

tissue was combined with NaOH in different propor-

tions (brain: 1 to 4, kidney and liver: 1 to 5 and heart:

1 to 10). Then, 50% trichloroacetic acid (TCA) was

added to the samples. The TCA solution (0.5 ml) was

added to 2 g of brain or liver samples in tight 3 ml

capsules, and 0.25 ml was added to 1 g of heart or kid-

ney sample in tight 2 ml capsules. These suspensions

were shaken, and the resultant mixture was centri-

fuged at 4,000 rpm for 3 min. Subsequently, 1.5 ml

brain or liver and 0.75 ml heart or kidney supernatant

samples were moved to 2 ml tight capsules with

0.15 ml or 0.075 ml of 0.02 M N,N-dimethyl-p-phenyl-

diamine sulfate in 7.2 M hydrochloric acid (HCl), and

0.15 ml or 0.075 ml of 0.03 M iron(III) chloride

(FeCl3), respectively, was then added in 1.2 M HCl

portions. After 20 min in the dark, the contents were

shaken for 1 min with 1 ml of chloroform.

H
2
S tissue concentration measurements

The absorbance was measured at 650 nm with a Varian

Cary 100 spectrophotometer. A standard curve was

prepared with an iodometrically determined 0.0001 M

sodium sulfide (Na2S) solution. Four concurrent

analyses of every analyzed tissue type were per-

formed for each group of animals.
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Statistical analysis

Statistical analysis was performed within the R Envi-

ronment by the Student’s t-test and univariate analysis

of variance (ANOVA). Statistical significance was

considered when p < 0.05.

Results and Disussion

There was a significant progressive increase in the

H2S concentration along with the rising metformin

doses as compared to the control group in the brain

(D1 by 103.6%, D2 by 113.5%), in the heart (D1 by

11.7%, D2 by 27.5%) and in the kidney (D1 by 7.1%,

D2 by 9.6%). In the liver, massive H2S accumulation

was observed in the group D1 (increase by 420.4%),

while in the D2 group only slight H2S level enhance-

ment was noted (by 12.5%). The H2S tissue levels’ re-

sults are presented in Table 1.

In mammalian tissues, H2S is formed from cysteine

and homocysteine, a sulfur-containing amino acids, in

several enzymatic pathways catalyzed by cystathio-

nine b-synthase (CBS), cystathionine g-lyase (CSE)

and 3-mercaptopyruvate sulfurtransferase (3MST)

[15]. H2S is also a product of different non-enzymatic

reactions [19]. The gasotransmitter is present in tis-

sues in the forms of free H2S and within organized

stores. Cytoplasmatic bound sulfane sulfur absorbs

exogenous and endogenous H2S, which is then re-

leased under reducing conditions in the presence of

glutathione and cysteine. Mitochondrial acid-labile

sulfur – sulfur atoms of redox reactions enzymes of

the respiratory chain – forms the second H2S store.

H2S is liberated there below achieved locally pH 5.4

[14, 21]. The method applied in our experiment traces

relative changes of the free and acid-labile H2S.

H2S is lipophilic and easily permeates plasma

membranes. H2S has pronounced reducing properties.

Sulfhydration of proteins caused by H2S changes their

properties and serves as an important physiologic sig-

nal [9]. Moreover, the gasotransmitter interacts with

carbon monoxide (CO) and nitric oxide (NO) in

a complex manner [17]. The multidirectional actions

H2S are summarized in Table 2 [18, 19, 35, 38].

Beyond the primary target organ – liver, metformin

acts on variety of tissues including muscles, adipose

tissue, endothelium or the ovary and its effects exceed

the regulation of glucogenesis and lipogenesis [6].

The literature provides growing evidence that met-

formin reverses numerous abnormalities recorded in

diabetes, concerning dysfunction of endothelium and

coagulation and generalized inflammation, which are

crucial to pathophysiology of circulatory system com-

plications [12, 25]. This is of major significance,

since cardiovascular events are the leading cause of

death in diabetic patients. Furthermore, the publica-

tion of results of large clinical trials ACCORD (Ac-

tion to Control Cardiovascular Risk in Diabetes), AD-

VANCE (Action in Diabetes and Vascular Disease)

and VADT (Veterans Affairs Diabetes Trial) has

changed the gravity of therapeutic targets in diabetes

from strict glycemia control (which did not confer any

benefit and even caused an increase in mortality in the

ACCORD study) to the control of other cardiovascu-

lar risk factors, especially arterial hypertension and

dyslipidaemia [30]. Noteworthy, other drugs applied

widely in the primary and secondary cardiovascular

prevention, including 3-hydroxy-3-methylglutaryl-

coenzyme A (HMG-CoA) inhibitor – atorvastatin,

angiotensin converting enzyme (ACE) inhibitor –

ramipril, non-selective b-blocker – carvedilol and

even aspirin, also affect the complex sulfur metabo-
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Tab. 1. Hydrogen sulfide (H2S) tissue concentration in mouse brain, heart, kidney and liver following the administration of 100 mg/kg b.w. per
day or 200 mg/kg b.w. per day of metformin (groups D1 and D2, respectively)

H2S tissue concentration
(µg/g)

Control group
(n = 6)

D1
(n = 6)

D2
(n = 7)

ANOVA

Brain 2.23 ± 0.04 4.54 ± 0.07* 4.76 ± 0.09# F(2, 9) = 1527.4; p < 0.001

Heart 6.08 ± 0.12 6.79 ± 0.18* 7.75 ± 0.11# F(2, 9) = 133.6; p < 0.001

Kidney 2.82 ± 0.04 3.02 ± 0.04* 3.09 ± 0.05# F(2, 9) = 37.9; p < 0.001

Liver 2.65 ± 0.07 13.79 ± 0.23* 2.98 ± 0.05# F(2, 9) = 7793.0; p < 0.001

* p < 0.001 for D1 group vs. control group; # p < 0.001 for D2 group vs. control group



lism and H2S bioavailability [33, 37, 39, 41, 42].

Analogical effects were observed in the studies with

digoxin and paracetamol [36, 40].

Stimulation of 5’-AMP-activated protein kinase

(AMPK) is believed to be the key metabolic mediator

of metformin, while the explanation of mechanisms

accounting for numerous other drug’s actions are not

fully recognized [3]. Metformin was shown to inhibit

mitochondrial respiration which is one of basic ac-

tions of H2S [5, 17]. Noteworthy, a compound that

produces mild inhibition of the respiratory chain

could be an effective hypoglycemic agent [28]. In the

study of Owen at al., metformin inhibited complex 1

of the respiratory chain in a time-dependent, self-

limiting manner [22]. Similar phenomenon was ob-

served in the experiment of El-Mir et al., who con-

cluded that the effect was exerted indirectly by some

unidentified signaling pathway [7]. The exact mecha-

nisms of those processes are not deliberated. Since

metformin impedes mitochondrial complex 1, it could

affect H2S level by changing its mitochondrial me-

tabolism. On the other hand, elevated levels of H2S
might also be the result of increased production of the

messenger. H2S might act, to some extent, as an effec-

tor of metformin which permeates into the mitochon-

dria very slowly [22].

Interestingly, the effects of metformin and H2S bi-

ology share many common features. The drug also

promotes the activation of endothelial NO synthase

(eNOS) while the complex interaction of NO, CO and

H2S is pivotal in all gasotransmitters biology [4, 17].

Metformin prevented high-glucose-induced cell death

in endothelium [5]. The same effect is mediated by

H2S in pancreatic b-cells, where H2S i.a. has K+ATP

channel opening activity leading to inhibition of insu-

lin secretion [35]. The biguanid inhibited tumor ne-

crosis factor a (TNF-a) induced NF-kB pathway acti-

vation and interleukin 6 (IL-6) production which is

analogical to H2S effects [13, 31]. Furthermore,

beyond beneficial actions of both the drug and the

gasotransmitter in diabetes, the possible link between

metformin and H2S biology might concern the patho-

physiology of chronic heart failure, Alzheimer’s dis-

ease and chronic kidney disease [10, 11, 23, 25, 34].

In conclusion, augmentation of the H2S tissue level

following the administration of metformin proves that

the drug in its biological action affects endogenous sul-

fur metabolism. What needs to be emphasized, the pre-

sented results are highly indicative but less conclusive.

The role of H2S in the effects of metformin via H2S pro-

duction inhibition has never been assessed. These as-

pects and the tentative prospects of the use of H2S do-

nors and HS-releasing agents in the treatment of diabe-

tes and other chronic disorders are yet to be explored.
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Tab. 2. Biological actions of hydrogen sulfide (H2S) in mammals [17–19, 35, 38]

Protein sulfhydration Reducing activity Interaction with NO and CO

Potassium channels (KATP) stimulation Cytochrome c blockade (metabolic inhibition) Reaction with reactive oxygen and nitrogen
species

Smooth muscle cell hyperpolarization Impact on inflammatory cytokines production Leukocyte-endothelial cell interactions decrease

Impact on  protein kinase C (PKC) Influence on mitogen activated protein kinases
(MAPK)

Inhibition of insulin release

TRP channel stimulation (i.a. TRPV1 channel
opening)

Inhibition of L-type, T-type and M-type calcium
channels

Enhancement of NMDA receptors activity

CFTR channels activation Impact on phosphoinositide 3’-kinase (PI3K)/Akt
(protein kinase B)

Stimulation of cysteine transport to the cell and
reduced glutathione synthesis

CFTR – cystic fibrosis transmembrane conductance regulator, CO – carbon monoxide, NMDA - N-Methyl-D-aspartate, NO – nitric oxide, TRP
channel – transient receptor potential channel, TRPV1 – transient receptor potential vanilloid
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