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ABSTRACT

Metformin is the first-line pharmacological treatm®f diabetes. In these
patients, metformin reduces body weight and dee®#se risk of diabetes-
related complications such as cardiovascular desddewever, whether
metformin elicits beneficial effects on liver higigy is a controversial issue and,
as yet, there is no consensus. Paraoxonase-1 (P@Néhzyme synthesized mainly
by the liver, degrades lipid peroxides and reducedative stress. PONL1 activities are
decreased in chronic liver diseases. We evaluatdftects of metformin in the liver
of PON1-deficient mice which, untreated, presemtild degree of liver steatosis.
Metformin administration aggravated inflammatioraimmals given a standard
mouse chow and in those fed a high-fat diet. Als@as associated with a higher
degree of steatosis in animals fed a standard chetwThis report is a cautionary
note regarding the prescription of metformin fag treatment of diabetes in patients

with concomitant liver impairment.

[Abstract word count = 148]
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Abbreviations ALT: Alanine aminotransferase; AMPK: Adenosine mphosphate-
activated protein kinase; AST: Aspartate aminotienase; BAT: Brown adipose
tissue; CD: Chow diet; eWAT: Epididimal white adgsotissue; FASn: Fatty acid
synthase; FPLC: Fast protein liquid chromatogra@iyT: Glucose tolerance test;
HDL: High-density lipoproteins; HFD: High-fat andgh-cholesterol diet; iWAT:
Inguinal white adipose tissue; CCL2: Chemokine (Gxif) ligand-2; pAMPK:
Phosphorylated AMPK; PON1: Paraoxonase-1; VWATc¥ial white adipose tissue
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HIGHLIGHTS

- Studies have reported toxic effects of metformimpatients with liver disease
- PON1 is an antioxidant enzyme synthesized méylyhe liver

- We found that metformin administration increastestosis and inflammation in
PON1-deficient mice

- PON1 deficiency is associated with toxic effemftsnetformin in the liver
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1. Introduction

Metformin (dimethylbyguanidine) is the first-lindh@armacological
treatment of diabetes. In these patients, metfor@mssists weight loss and reduces
the risk of diabetes-related end-points such asawascular disease, myocardial
infarction (large vessel disease) and all-causdatity. This drug has also been
reported to elicit beneficial effects on liver lukigy, by reducing hepatic
steatosis [1]. In normal mice fed with a high-fagtd metformin has been reported
to fully reverse hepatic steatosis and inflammatefifiects that appear to be
mediated by upregulation of hepatic adenosine mioogphate-activated protein
kinase (AMPK) and, as well, to be associated withnges in lipogenic gene
expression, such as fatty acid synthase (FASn)HaJever, clinical studies
investigating the effects of metformin on the liveve not reached a consensus
[3-6]. Metformin possesses multiple pleiotropiceets [7-10], and one of the most
important is to decrease oxidative stress by enhgrnte hepatic levels of
antioxidant enzymes such as paraoxonase-1 (PON1)Z1L PONL1lis a
lipolactonase synthesized, mainly, by the liveddgrades oxidized phospholipids
and, as such, plays a role in an organism’s amtamtisystem [13,14]. Preliminary
observations from our laboratory suggest that P@Nih important factor in
explaining the beneficial effects of metformin retliver [15].

Some reports have suggested that metformin magéfalun the treatment of
hepatitis or hepatocellular carcinoma [16]. Conglfrshowever, several cases of
metformin-induced aggravation of liver injury haveen reported in patients with
liver disease [17-20]; liver damage being docum#atethe elevation of serum liver
enzymes, and improvement in liver function beingutoented following
discontinuation of the drug for 1 week. Unforturigtéhe mechanism by which
metformin may induce liver injury is unknown. Sexdiver impairment is associated
with inhibited hepatic and circulating PON1 levdtsdeed, serum PONL1 activity is
strongly decreased in patients with chronic hejgatit cirrhosis, and the magnitude of
the decrease is related to the extent of liver dgnjial,22]. Moreover, a study found
a decreased hepatic PONL1 activity related to erdthigid peroxidation and liver
damage in rats with experimental fibrosis [23]atidition, PON1 over-expression
provided strong protection against the developméerkperimentally-induced liver
disease [24].
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With all these pointers in mind, the possibilitatiPON1 deficiency itself is
associated with toxic effects of metformin in theet warrants investigation. The
objective of this study was to evaluate whetherfonetin elicits toxic effects in the
livers of PON1-deficient mice fed a standard chaet dr a high-fat diet.

2. Methods

2.1. Experimental animals and dietary intervention

Male PON1-deficient mice of the C57BL/6J genetickmaound were the
progeny of those provided to us by the DivisiorCafdiology of the University of
California in Los Angeles [25]. These mice devedomild degree of spontaneous
liver steatosis even on a standard chow diet |26).0 weeks of age, mice were fed a
high-fat and high-cholesterol diet [HFD group; nsfl& diet contained w/w 20% fat
and 1.00% cholesterol (Harlan, Barcelona, Spaam§ chow diet [CD group = 16;
the diet contained w/w 14% protein and 0.03 chelestHarlan, Barcelona, Spain)].
The groups were further divided to receive metfor(ni= 8) or placebo (regular
drinking watern = 8). Metformin (DIANBEN’ 850 mg) was added to the water to
achieve a dose of 166 mg.Kglay'. At 24 weeks of age, animals were sacrificed
after an overnight fast. Liver, pancreas, visce#ale adipose tissue (VWAT),
epididimal white adipose tissue (eWAT), inguinalitghadipose tissue (iIWAT), and
brown adipose tissue (BAT) were removed and weigRedions of tissue were
stored at —80° C until needed for histological ekation, at which stage the tissues
were fixed for 24 h in 10% neutral-buffered formalembedded in wax, and
microtome sectioned for microscopy. Glucose toleeaests (GTT) were performed
in all mice at one week before sacrifice. Glucdsenf.g* of body weight) was
administered as an intraperitoneal injection urahasthesia. Measurements of blood
glucose concentrations were made at t = 0, 155@@nd 120 min. Glucose was
measured with glucose strips adapted to the Acakcbensor system (Roche
Diagnostics).

Wild-type mice fed with chow diet or HFD and redaty metformin or placebo
(n =8, for each group) were used to investigatectifiect of PON1-deficiency in liver
histology.All procedures adhered to those described by thsitdke accord on animal

experimentation. The study protocol was acceptethéyEthics Committee on
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Animal Experimentation of the Faculty of Medicinktioe Universitat Rovira i Virgili
(Reus).
2.2. Biochemical measurements

Following an overnight fast, blood samples werdeotéd from anesthetized
animals into blood collection tubes not containamgi-coagulant. Serum glucose,
cholesterol and triglyceride concentrations togetieh alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) acéisitvere determined by standard
clinical laboratory procedures. Analysis of seruypoprotein profiles was performed
using fast protein liquid chromatography (FPLC)et@luate differences in
cholesterol and triglyceride distributions among lipoprotein fractions in the
different experimental groups. Briefly, a pooleduse (200 pL from each
experimental group) was fractionated in a Supeéd3@0 GL column (GE Healthcare
Europe, Glattbrugg, Switzerland) equilibrated wittosphate buffer (NaPi) 50 mM,
with NaCl 0.150 M, pH = 7.0 and eluted (50(ractions) with the same buffer.
Cholesterol and triglycerides were measured irethged fractions using photometry,
with reagents obtained from Beckman Coulter (B@&&, USA) and read with an

automated microplate reader (BioTeK Instruments, M&nooski, VT, USA).

2.3. Histology analyses

Liver and eWAT sections of m thickness were stained with hematoxylin and
eosin to evaluate histological alterations. Steatestent and eWAT adipocyte size
were estimated by image analysis software (AnalySt#t Imaging System, Munster,
Germany). The degree of steatosis was further atedwsing a semi-quantitative
score (percentage) of hepatocytes containing tpaglets. The scores were
arbitrarily dichotomized as 1: <33%; 2:-32%; 3: >66%, as previously reported
[26]. Chemokine (C-C maotif) ligand-2 (CCL2) expriesswas measured as a marker
of inflammation using immunohistochemistry with siie antibodies from Santa
Cruz Biotechnology (Heidelberg, Germany). F4/80gent was determined as a
widely-accepted marker of macrophages, using speuitibodies from Serotec
(Oxford, UK). For each sample, we included a nemgatontrol that was treated
exactly as the test samples throughout, excepttivélprimary antibody omitted from

the incubations.
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2.4. Western blot analysis
Using a Precellys 24 (Bertin Technologies, Fraicehogenizer, liver samples

were homogenized in a lysis buffer containing dnbitor of the proteases. FASN,
AMPK, and its active form phosphorylated AMPK (pAKJ were measured using
specific antibodies from Cell Signaling Tech. (Dars; MA, USA). Arginase and
caspase-9 were measured using antibodies from AbwaniCambridge, UK). Actin
expression was used as control (antibodies fromGta& Biotech, CA, USA).
2.5. Statistical Analysis

Results are shown as means + SD. Between groupas@aps were with the

Mann-WhitneyU test. Statistical significance was sePat 0.05.

3. Reaults

3.1. Food intake and weight control

As expected, mice fed with HFD weighed more thamais fed with CD.
Metformin administration did not produce any siggaht change in weight, nor in the
cumulative food ingested in any of the animal g(fig. 1A). Metformin produced
a significant increase of eWAT and VWAT weightsgd @nsmall reduction in liver
weights in mice fed with CD, but not in animals f&idh HFD. Metformin also
produced a significant increase in pancreas wemgéxperimental groups of animals,
relative to the group of control animals. We did abserve any significant

differences in BAT and iWAT in relation to metfonrmadministration (Fig. 1B).

3.2. Glucose tolerance test

Glucose tolerance was impaired in mice fed HFD camag to animals with
CD, as shown by the areas under the curve of tHE €3t results. Metformin
administration significantly improved glucose ta@lece in mice fed HFD, but did not

produce any significant effect in mice fed CD (Fi§).

3.3. Biochemical measurements
Metformin administration was associated with middt significant, reductions
in baseline serum glucose concentration and ASViggcin mice fed CD, and an

important increase in serum triglycerides in ansvial HFD (Table 1). We did not
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observe any significant change, associated witliamein administration, with
respect to cholesterol or triglyceride distribus@among lipoprotein fractions; neither

in animals fed CD or those fed HFD (Supplementagy E).

3.4. Histological analyses

Hepatic steatosis scores were significantly inadas mice receiving
metformin and CD compared to controls (CD and ntfenmain), while there was a
trend, albeit statistically non-significant, towara decrease in the scores in animals
receiving HFD + metformin (Fig. 2A). With respeotéWAT, metformin
administration was associated with a mild, butisiaglly significant, increase in
adipocyte size in mice fed HFD but not in those @l (Fig. 2B). We did not observe
any significant changes in iWAT, VWAT or BAT assateid with metformin
administration (data not shown). Metformin admiraison was associated with an
increase in the staining of the pro-inflammatorykeaCCL2 in CD as well as HFD-
fed mice. However, the number of macrophages wasased only in animals fed
HFD (Fig. 3).

3.5. Western blot analyses

Treatment with metformin produced a significantréase in the
pAMPK/AMPK ratio and in arginase expression in mieé CD, and a significant
decrease in FASnh expression in mice fed HFD. Witipect to caspase-9, we detected
two bands of molecular weight 45 and 35 KDa. Th&B& band corresponded to the
inactive form (procaspase-9). Mature procaspasgession (35 KDa) was
enhanced in mice fed HFD, compared to those fedT®B.administration of
metformin in HFD mice produced an important reduciin procaspase-9 and a small
reduction in caspase-9, while producing a signifiéacrease in caspase-9 in CD
animals. Arginase expression was significantly dased in mice fed CD, and there
was no significant change in HFD animals (Fig. 4).

3.6. Effect of metformin in liver histology in wilgbe mice

To assess whether the deleterious effects of nmeitioivere specific to PON1-
deficient mice, we analyzed the influence of thisduct on hepatic steatosis and the
number of macrophages in wild-type mice. Metforméministration did not produce

any significant alteration in any of these paramse(8upplementary Fig. 2).
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4. Discussion

Results of the present study show that metformised an aggravation of
hepatic steatosis in the livers of PON1-deficiertameceiving CD, and a general
increase in inflammation markers in animals fetleitCD or HFD. Zhou et al. [27]
reported that, in primary hepatocyte cultures attvation of AMPK (measured as an
increase of the ratio pAMPK/AMPK) was intimatelysasiated with the pleiotropic
actions of metformin. AMPK is activated by an entement in the intracellular
AMP/ATP ratio resulting from an imbalance betweerPAproduction and
consumption. Further, metformin improved lipid nitism by increasing fatty acid
oxidation and inhibiting lipogenesis; an effect nag¢eld, presumably, by AMPK
activation [27-29]. Surprisingly, we did not obseman activation of AMPK in the
liver of mice receiving metformin and fed eithertbé diets. We even found a
decrease in pAMPK/AMPK ratio associated with metfor administration in mice
fed CD. The explanation for these contradictoryitssamight be due to our mice
being PON1-deficient and having a certain degrgendtl) spontaneous steatosis.
The effects of metformin in livers with steatosesmain unclear [30-32]. In our model,
AMPK inactivation in mice receiving CD and metformgould explain the
accumulation of fat, resulting in an increase ipdtee steatosis. Nevertheless, in mice
receiving HFD, metformin administration produces tipposite effect i.e. a reduction
in the accumulation of fat in the liver. This effeeas associated with a reduction in
FASnN protein expression. Indeed, Kita et al. [3&) shown that hepatic FAS
expression in metformin-treated mice was decredseaulr study, these observations
were associated with an increase in eWAT adiposigee A possible explanation for
this observation is that, in mice fed HFD, the afedimg of fat towards an
accumulation in eWAT is, perhaps, a defense meshato protect the liver.

Several studies have shown that metformin induaspase-9 expression and
apoptosis in several cell lines [33-35]. The casghfindings are confirmed by the
present investigation. For example, mice given @B metformin had a significant
increase in caspase-9 in its active form, whilerats fed HFD had an important
reduction in the expression of the inactive proeaspd. However, the above-

mentioned studies suggest that this effect is nbedidarough AMPK activation while
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our results suggest that, on the contrary, AMPHKoisnecessary to explain the effects
of metformin on caspase-9.

An unexpected result from the present investigatras that metformin
administration caused pro-inflammatory changesanlivers of CD as well as HFD
mice. All the animals had an increased presen€&3df2 in the liver. This chemokine
is responsible for the recruitment of monocytesites of inflammation, followed by
their differentiation to macrophages [36] and issidered pathognomonic of the
onset of the inflammatory reaction. Previous stsifiem our group showed that it is
a good marker of the severity of inflammation itigrats with liver disease [37]. In
addition, metformin was associated with an increagke total number of
macrophages in HFD-fed mice and, although the numibmacrophages did not
change in CD-fed animals, they had a significacte®@se in arginase expression.
Arginase is a marker of M2 macrophages (which plaanti-inflammatory role) and
their decrease suggests an enhancement of thetiwé@nflammatory state [38].

We did not observe any significant deleteriouscatféé metformin
administration with respect to the degree of ssator the number of macrophages in
the livers of wild-type mice fed with either CD EHFD. This is not surprising since
the beneficial effects of metformin in lean or obesice have been documented
extensively, already [39,40]. Indeed, the main gddhe present study was to show
that these beneficial effects of metformin are clatgby reversed when PONL is
lacking (as in PON1-deficient mice).

In conclusion metformin administration in PON1-de&fnt mice produces
significant undesirable effects in the liver. Theffects vary depending on the diet
administered. An increase in the severity of s&atwas observed in animals fed CD,
together with an aggravation of inflammation irresfive of the diet administered.
Since individuals with liver impairment have lowgagic and serum PON1 activities,
this report is a cautionary note on the adminigtnabf metformin in these patients. In
the case of therapeutic metformin in diabetes Bjgbe advice would be regular

monitoring of the patient to detect hepatic impaniand its progression.
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Tablel
Selected serum biochemical variables in PON1-daftainice

Data presented as means (SD)

Chow Diet High Fat Diet

Control Metformin Pvalue | Control Metformin P value
Glucose; mmol/L 14.9 (1.5) 12.9 (1.8) 0.0241 132 21.5(3.8) 0.2766
Cholesterol; mmol/L 1.8 (0.2) 1.7 (0.2) 0.1949 @@&) 3.7 (0.3) 0.7430
Triglycerides; mmol/L 0.7 (0.2) 0.5 (0.1) 0.072L 3@0.1) 0.5 (0.2) 0.0148
ALT; pkat/L 2.8(1.8) 1.6 (0.60) 0.2344 2.2(1.0) 3.2(1.5) 904
AST; pkat/L 0.6 (0.2) 0.4 (0.1) 0.0424 0.6 (0.1) 1.0 (0.4) Qas
Bilirubin; pmol/L 34(1.7) 3.3(1.6) 0.1604 5.1(1.4) 5.0 (1.3) 8®7
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FIGURE LEGENDS

Fig. 1. Effects of metformin administration in PON1-deficienice fed a chow diet
(CD) and a high fat diet (HFDA) Cumulative food intake and weight increase in
mice having metformin administered and fed CD (pefihel) and HFD (right panel)
from 10 to 24 weeks of age. There were significhffierences in weight increase
between animals given CD or HFD at all time-poffts 0.01). B) Relative weight
of liver, pancreas, brown adipose tissue (BAT)¢ceral adipose tissue (VWAT),
inguinal adipose tissue (iIWAT) and epididimal whaipose tissue (eWAT) in mice
fed CD or HFD2P < 0.05, with respect to the control groli, < 0.01,°P < 0.001,
with respect to mice given CD diet. C) Metformirieet on blood glucose levels and
area under the curve (AUC) in the glucose toleraesein animals fed CD or HFD.

AUC values are presented as means and SD

Fig. 2. Hematoxylin-eosin staining of the liver and e WATR®DN1-deficient mice
fed chow diet (CD) and high fat diet (HFD). Thecavs show ballooning hepatocytes.

Magnification x10

Fig. 3. Immunohistochemical analyses of liver tissues oNR&@eficient mice fed
chow diet (CD) and high fat diet (HFD). A) Immunechical staining for CCL2. The
arrows show positively-stained areas.lBjnunochemical staining for F4/80 and
macrophage area quantification. The arrows showtipestaining for F4/80.

Magnification x20

Fig. 4. Western blot analyses of liver in PON1-deficientenied chow diet (CD) and
high fat diet (HFD). A) Immunoblots for pAMPK, AMPK-ASnh, arginase,
procaspase-9 and caspase-9. B) Quantificationeskethmmunoblots. Results are
shown as arbitrary units (AUJP < 0.05 with respect to the control grodig® < 0.01

with respect to mice given CD diet.
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