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SUMMARY

In this study we have explored the pathogenesis of the hepatic alterations which occur

in diabetes and the modulation of these complications by the combination of met-

formin adjunct treatment and insulin monotherapy. For this purpose, diabetic rats

were treated with insulin (DM + Ins) or metformin plus insulin (DM + Met + Ins).

Biochemical and cardiometabolic parameters were analysed by spectrophotometry.

Intravital microscopy was used to study the hepatic microcirculation. In the liver tis-

sue, real-time PCR was used to analyse oxidative stress enzymes, inflammatory mark-

ers and receptors for advanced glycation end products (AGE) (RAGE) gene

expression. Lipid peroxidation was assessed by thiobarbituric acid reactive species

(TBARs) analyses. AGE deposition and RAGE protein expression were studied by flu-

orescence spectrophotometry and Western blot respectively. Body weight, %HbA1c,

urea, total proteins and oxidative stress parameters were found to be similarly

improved by insulin or Met + Ins treatments. On the other hand, Met + Ins treatment

showed a more pronounced effect on fasting blood glucose level than insulin

monotherapy. Fructosamine, uric acid, creatinine, albumin and amylase levels and

daily insulin dose requirements were found to be only improved by the combined

Met + Ins treatment. Liver, renal and pancreatic dysfunction markers were found to

be more positively affected by metformin adjunct therapy when compared to insulin

treatment. Liver microcirculation damage was found to be completely protected by

Met + Ins treatment, while insulin monotherapy showed no effect. Our results suggest

that oxidative stress, microcirculatory damage and glycated proteins could be involved

in the aetiology of liver disease due to diabetes. Additionally, metformin adjunct treat-

ment improved systemic and liver injury in induced diabetes and showed a more pro-

nounced effect than insulin monotherapy.
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Type 1 diabetes

Type 1 diabetes (T1D) is accompanied by long-term macro-

and microvascular complications, including retinopathy,

nephropathy, neuropathy and cardiovascular disease (CVD)

(de Ferranti et al. 2014). Although the pathophysiological

basis of T1D complications remains uncertain, hypergly-

caemia, oxidative stress and inflammation appear to play a

central role in the process (Forbes & Cooper 2013). Despite

improvements in technology and glycaemic control, adoles-

cents and adults with T1D present increasing rates of insulin

resistance and obesity (Cleland et al. 2013). Adding com-
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plexity to the T1D pathophysiology, several recent studies

have demonstrated a link between T1D and liver disease

(Targher et al. 2010, 2012; Regnell & Lernmark 2011).

Moreover, liver alterations have been suggested to be associ-

ated with other diabetic complications, such as chronic kid-

ney disease (Targher et al. 2014).

Intensive insulin treatment was shown to reduce the rates

of microvascular complications in T1D in the Diabetes Con-

trol and Complication Trial and was later associated with a

lower all-cause mortality rate (DCCT, 1993; Orchard et al.

2015); however, achieving and maintaining a tight glycaemic

control using standard insulin therapy requires a high level

of discipline and is associated with an increasing risk of

hypoglycaemia, weight gain and, in some patients, worse

CVD and metabolic profiles (Purnell et al. 1998; Sibley et al.

2003; Devries et al. 2004). Based on that, several studies

proposed the use of metformin adjunct therapy to overcome

the drawbacks of insulin monotherapy both in patients with

T1D and in patients with type 2 diabetes (T2D) (Lund et al.

2008; (Janssen et al. 1991; Sarnblad et al. 2003). Metformin

is a low-cost and well-established oral glucose-lowering

agent that is a first-line oral pharmacotherapy for T2D. The

main metabolic effect of metformin is the increase in the sen-

sitivity of peripheral tissues and the liver to insulin (Giannar-

elli et al. 2003). Pharmacological treatment with metformin

in T2D is also associated with a reduction in hepatic glucose

production, fasting plasma glucose, HbA1c level, weight gain,

serum triglycerides and pro-inflammatory profiles (Wulffele

et al. 2004; Isoda et al. 2006; Bailey 2008). Metformin

adjunct therapy was associated with a significant reduction

in the incidence of myocardial infarction in people with T2D

in the UK Prospective Diabetes Study (UKPDS), a result that

was sustained 10 years after the end of randomization (Hol-

man et al. 2008). Importantly, the activation of the energy-

regulating enzyme adenosine monophosphate-activated pro-

tein kinase (AMPK), mainly in the muscle and the liver, is

considered a major mode of action of metformin (Schim-

mack et al. 2006). The activation of AMPK suggests that

metformin may have a direct effect on the cardiovascular

system that is independent of the glucose-lowering effect. In

an animal model of diabetes, metformin has been shown to

improve aortic function by a mechanism dependent on the

modulation of oxidative stress, inflammation and advanced

glycation end products (AGE) pathway (Sena et al. 2011).

Additionally, metformin has been shown to restore the

endothelial function of neonatal streptozotocin-induced dia-

betic rats in response to endothelium-dependent and

endothelium-independent agents (Sartoretto et al. 2005).

Metformin also reduces hepatic and circulating lipids in

obese mice, ultimately leading to fatty liver disease reversal

(Lin et al. 2000).

The treatment of T1D (insulin-dependent diabetes melli-

tus) patients with metformin has been shown to improve

insulin resistance (Gin et al. 1985; Moon et al. 2007) and

lower platelet aggregation (Gin et al. 1989); however, it has

shown controversial effects on circulating lipid levels (Schatz

et al. 1975; Janssen et al. 1991; Kearney et al. 2008; Lund

et al. 2009), percentage of glycated haemoglobin (%HbA1c)

(Meyer et al. 2002; Sarnblad et al. 2003; Vella et al. 2010),

fasting blood glucose level (Hamilton et al. 2003; Khan

et al. 2006; Burchardt et al. 2013) and the daily insulin dose

requirements (Schatz et al. 1975; Janssen et al. 1991; Meyer

et al. 2002; Sarnblad et al. 2003; Khan et al. 2006; Vella

et al. 2010). The use of metformin in patients with T1D in

clinic is still a matter of debate, although some studies

pointed out its beneficial effects on metabolic control, espe-

cially in overweight or obese subjects (Meyer et al. 2002;

Hamilton et al. 2003; Burchardt et al. 2013).

Thus, the elucidation of the liver alterations due to dia-

betes and the usefulness of metformin in this complication

would lead to further advances in the management of

patients with T1D. To further investigate these issues, we

studied several aspects of liver function including biochemi-

cal, oxidative stress, inflammatory, microcirculatory and

AGE pathway parameters. Additionally, we tested the effect

of metformin adjunct treatment on liver alterations associ-

ated with diabetes.

Methods

Animals and experimental protocol

Fifty-five male Wistar rats from the central animal facilities

of the Oswaldo Cruz Foundation, Brazil, were used in the

study. The rats (12 weeks, 200–250 g) were housed in stan-

dard cages in a temperature-controlled room (22 � 1°C)
with a 12-h light/dark cycle. The experimental model of dia-

betes was induced in fifty animals by 4 weeks of feeding

with a high-fat diet (HFD) plus the administration of a sin-

gle low dose of streptozotocin (STZ) (35 mg/kg, intraperi-

toneal injection) in 0.1 M citrate buffer (pH 4.5) as

previously described in Srinivasan et al. (2005). Diabetes

was confirmed by fasting blood glucose levels >300 mg/dl

measured using an automatic glucose monitor (One Touch

Ultra2, Johnson & Johnson Medical S.A., Buenos Aires,

Argentina). The high-fat diet consisted of a standard rat diet

modified to contain 30% fat, 56% carbohydrate and 14%

protein (% g) (Nascimento et al. 2013). The non-diabetic

control (CTL) animals received an intraperitoneal adminis-

tration of buffer alone and standard rat diet (n = 20). The

diabetic animals were further divided into three groups:

untreated animals, which received vehicle for 2 weeks (DM,

n = 20), and treated animals, which received only insulin (2-

6U/day) (DM + Ins, n = 15) or metformin (300 mg/Kg/day)

plus insulin (2–6U/day) for 2 weeks (DM + Met + Ins,

n = 15). Insulin was used in association with metformin as

the metformin itself is not able to induce insulin production.

All of the tissues and samples were collected and analyses

were carried out at the end of the experimental protocol.

Ethical approval

All of the experimental procedures were conducted in accor-

dance with the internationally accepted principles for the
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Care and Use of Laboratory Animals and were approved by

the Oswaldo Cruz Foundation Animal Welfare Committee

(CEUA licence # LW-52/13).

Biochemical parameters

Fructosamine, %HbA1c, cholesterol, triglycerides, total pro-

teins, bilirubin, urea, uric acid, albumin and vitamin D and

the enzyme activities of alanine aminotransferase (ALT),

aspartate aminotransferase (AST), alkaline phosphatase

(ALP), gamma-glutamyl transpeptidase (GGT) and amylase

were analysed using commercial kits with the Cobas c sys-

tem (Roche Molecular Biochemicals, Indianapolis, IN,

USA).

Blood pressure

Systolic blood pressure (SBP) was measured in each rat at

the end of the experimental protocol by non-invasive mea-

surement of the tail pressure (BP-2000, Visitech Blood Pres-

sure Analysis System, Visitech Systems Inc., Apex, NC,

USA).

Insulin quantification

The plasma insulin level was measured using an enzyme-

linked immunosorbent assay (ELISA) kit (Millipore, Bed-

ford, MA, USA) following the manufacturer’s guidelines.

RT-PCR

Total RNA was isolated from the liver using the RNeasy

Mini Kit (Qiagen, Hilden, Germany). cDNA was synthesized

with a high-capacity cDNA reverse transcription Kit

(Applied Biosystems, Foster City, CA, USA) from 1 lg of

total RNA in a final volume of 20 ll. The primers used for

PCR amplification were as follows: NADPH oxidase p22

subunit (N22), forward 50-GGTGAGCAGTGGACTCC-

CATT-30 and reverse 50-TGGTAGGTGGCTGCTTGATG -

30; NADPH oxidase p47 subunit (N47), forward 50-
GTGAAGCCATCGAGGTCATTC-30 and reverse 50-CCC
GCGGCTTCTAATCTGT-30; CuZn superoxide dismutase (SOD),

forward 50-CGGCTTCTGTCGTCTCCT-30 and reverse 50 G
TTCACCGCTTGCCTTCT- -30; catalase (CAT), forward

50- ACTCAGGTGCGGACATTC -30 and reverse 50- GGAGT

TGTACTGGTCCAGAAGAGCC -30; RAGE (RAGE), for-

ward 50- CAGGGTCACAGAAACCGG -30 and reverse 50- A
TTCAGCTCTGCACGTTCCT -30 and beta-actin (b-a), for-

ward 50- CCACCCGCGAGTACAACCTTCTT -30 and reverse

50- GAAGCCGGCCTTGCACATGCC -30. Real-time PCR

was performed with the power SYBR Green PCR Master

Mix (Applied Biosystems) according to the manufacturer’s

instructions. All of the PCR amplifications were carried out

using a 7500 real-time PCR system (Applied Biosystems).

The expression of target genes was normalized to the

expression of b-actin, and the ΔΔCt method was used for the

determination of gene expression.

Thiobarbituric acid reactive species (TBARs)

Lipid peroxidation in the liver was assessed by measuring

malondialdehyde (MDA) concentrations using thiobarbituric

acid reactive species (TBARs) analyses (Draper & Hadley

1990). The livers were homogenized in cold phosphate buffer,

pH 7.4 with BHT (final concentration of 0.2%). The samples

(0.5 ml) were mixed with an equal volume of 0.67% of thio-

barbituric acid (Sigma Chemical Co., St. Louis, MO, USA) and

then heated at 96°C for 30 min. TBARs were determined by

measuring the absorbance at 535 nm. The results are expressed

as malondialdehyde (MDA, e = 1.56 9 105 M�1 cm�1) (Dra-

per & Hadley 1990).

Western blot

The liver tissue was homogenized in lysis buffer (20 mM

Trizma/137 mM NaCl/10% glycerol/1% Nonidet P-40/2 mM

EDTA) and centrifuged for 45 min at 14,000 g at 4°C. The
protein content was assayed by the bicinchoninic acid

method with bovine serum albumin (BSA) as the standard

(BCA Protein Assay Kit, Thermo Scientific, Waltham, MA,

USA). Then, 30 lg of protein per lane was separated on a

12% sodium dodecyl sulphate gel and transferred to a nitro-

cellulose membrane (Bio-Rad Laboratories, Munich, Ger-

many). After blocking with 5% BSA (Sigma-Aldrich, St.

Louis, MO, USA), the membranes were incubated overnight

at 4°C with a goat polyclonal anti-RAGE antibody (1:500;

Santa Cruz Biotechnology, Santa Cruz, CA, USA) followed

by a secondary RDye 680RD Donkey-anti-Goat antibody

(1:15,000; LI-COR Biosciences, Cambridge, UK). The

bound complex was detected using the Odyssey Infrared

Imaging System (Li-Cor; Lincoln, NE, USA). The images

were analysed using the Image Studio Lite Software version

4.0.21 (Li-Cor) to obtain the integrated intensities and nor-

malized with respect to the GAPDH signals (mouse mono-

clonal anti-GAPDH antibody, 1:30,000; Fitzgerald

Industries International, Acton, MA, USA) followed by a

secondary IRDye 800CW Goat-anti-Mouse antibody

(1:20,000; LI-COR Biosciences).

Quantification of advanced glycation end products
(AGEs)

Liver concentrations of fluorescent AGEs were determined

by the method of Nakayama et al. (1993). Briefly, the fluo-

rescence of AGEs in the liver samples was measured at an

emission wavelength of 440 nm and at an excitation wave-

length of 370 nm against a blank of 0.1 N NaOH solution

on a SpectraMax M5 ELISA Microplate Reader (Molecular

Devices, Acton, MA, USA). A native BSA preparation

(1 mg/ml of 0.1 N NaOH) was used as a reference, and its

fluorescent intensity was defined as one unit of

fluorescence. The fluorescence values of the samples

were measured at a protein concentration of 1 mg/ml and

are expressed in AU compared with the native BSA

preparation.
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Intravital microscopy

For intravital microscopy of the liver, overnight fasted ani-

mals were anesthetized via intraperitoneal (i.p.) injection

with ketamine (100 mg/kg) and xylazine (10 mg/kg). A mid-

line and left subcostal incision was made to exteriorize the

liver. The hepatic ligaments were dissected and the intestine

was covered with a saline-soaked gauze to minimize the tis-

sue dehydration. The left liver lobe was then exteriorized

and placed on a glass disc, and then the glass disc was cov-

ered with a glass slide for microcirculation analyses. With

the use of a 109 ocular and 109 objective (Olympus

BX150WI; Center Valley, PA, USA), images were displayed

on a television monitor and recorded by a digital video

recorder (DP73; Olympus, MA, USA) for offline analysis

with the CellSens standard 1.9 software program (Olympus,

Waltham, MA, USA). The leucocyte–endothelial interaction
was evaluated by counting the number of labelled leucocytes

(0.3 mg/kg rhodamine 6G, i.v.) rolling or adhering to sinu-

soids and postsinusoidal venules. Rolling leucocytes were

defined as white blood cells with a slower velocity than the

erythrocytes and with a detectable rolling motion. Leuco-

cytes that remained stationary on the sinusoidal or venular

endothelium for 30 s or longer were considered adherent

cells. Rolling and adherent cells were counted in a 170-lm2

area comprising sinusoids and postsinusoidal venules.

Catalase activity

The livers were collected and homogenized in KPE buffer

(100 mM + EDTA 5 mM) in the proportion of 1:9 w/v liver/

buffer. The samples were centrifuged at 600 g for 10 min at

4°C, and the supernatant was used in 1:10 dilution for the

estimation of catalase activity. For this purpose, the enzy-

matic decomposition of hydrogen peroxide was followed

continuously at 240 nm. Briefly, 1 ll of samples was added

to a microplate, and 97 ll of 0.16% of hydrogen peroxide

in PBS (pH 7.0) was used as the substrate. Enzymatic activ-

ity was expressed as mmol hydrogen peroxide decomposed/

min/mg protein, according to the method described by Aebi

(1984).

AMPK activity

AMPK-a activation was assessed using the AMPK ELISA

Kit (Invitrogen, Carlsbad, CA, USA) following the manufac-

turers’ instructions.

Histopathology

The livers were fixed in Millonig’s phosphate-buffered for-

malin solution at pH 7.2, embedded in paraffin and pro-

cessed for light microscopy (haematoxylin and eosin (H&E)

staining). Steatosis was analysed by the presence of

macrovesicles in the H&E-stained sections. The infiltration

of polymorphonuclear cells was assessed in H&E-stained

sections, based upon the localization of the cell and

morphology of the nucleus of the cell. For each parameter,

five histological sections from six animals per group were

analysed.

Statistical analysis

The results are expressed as the mean � SEM for each

group. One-way ANOVA including all of the groups was used

to assess the overall significance of the differences between

the groups. Subsequently, post hoc pairwise comparison test,

including Bonferroni correction for multiple comparisons,

was applied to identify which group differed from the

others. Differences with P values of less than 0.05 are con-

sidered significant.

Results

Body weight, fasting blood glucose (FBG), %HbA1c, insulin,

fructosamine, triglycerides, cholesterol concentrations and

arterial blood pressure of control (CTL) animals, diabetic

(DM) animals and diabetic animals treated with insulin

(DM + Ins) or diabetic animals treated with insulin plus

metformin (DM + Met + Ins) are listed in Table 1. The

body weight in the DM group was found to be significantly

decreased compared to the CTL group; however, it was

found to be reverted to normal values in the DM + Ins and

DM + Met + Ins groups (Table 1). The FBG increase in

DM group was partially protected by the insulin monother-

apy and was completely prevented by Met + Ins treatment

(Table 1). The %HbA1c of the DM group was higher com-

pared to the normal rats, whereas the treated groups pre-

sented a partial prevention of the %HbA1c increase

(Table 1). The decrease in insulin levels observed in the DM

group was normalized by the Met + Ins therapy (Table 1).

There was a significant increase in fructosamine levels in the

DM group as compared to CTL animals, which were par-

tially prevented by Met + Ins therapy and not affected by

insulin monotherapy (Table 1). None of the treatments were

able to control the 2.89-fold increase observed in serum

triglycerides concentration in DM group (Table 1). The

cholesterol levels and arterial blood pressure were found to

be not altered in the DM, DM + Ins and DM + Met + Ins

groups (Table 1). We found a significant reduction in the

daily dose of insulin necessary to control the glucose levels

between the 3rd–7th and 8th–14th days in the metformin

adjunct treatment group (6.2 vs. 3.9 units, P < 0.001, data

not shown); however, there was no difference in the daily

dose of insulin necessary to control the glucose levels

between the first and the second week of treatment in the

DM + Ins group (data not shown).

The serum levels of biomarkers of renal injury (urea, crea-

tinine, uric acid and albumin concentrations) and amylase

and the effect of the metformin adjunct treatment and insu-

lin monotherapy on those values are shown in Table 2. Urea

was found to be significantly higher in the DM group com-

pared to CTL animals, whereas this metabolic alteration

was prevented by the insulin monotherapy and Met + Ins
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treatment (Table 2). Additionally, the serum concentrations

of creatinine, uric acid and albumin were found to be

decreased in the DM rats and were found to be not altered

in the insulin-treated group; however, their decrease was

partially protected by Met + Ins dual therapy (Table 2).

Total protein content diminished in the DM group when

compared to CTL animals and was partially reverted to val-

ues similar to the normal rats in the DM + Met + Ins and

insulin monotherapy groups (Table 2). In parallel, pancre-

atic damage was also evident in the DM rats, as shown by a

1.6-fold decrease in amylase enzyme activity, which was

protected by the metformin adjunct therapy and not by the

insulin treatment (Table 2).

We evaluated the serum levels of biomarkers of liver

injury (ALT, AST, ALP, GGT, bilirubin and vitamin D) in

the high-fat diet-/streptozotocin-induced diabetic rats and

their modulation by the adjunct or insulin treatments. There

was a significant increase in the serum levels of ALT, ALP,

GGT and total bilirubin concentration in the DM group

compared to the CTL group, which was not observed in the

DM + Met + Ins group (Figure 1a–e). The insulin

monotherapy was also protective of the increase in the

serum biomarkers of liver injury, with the exception of the

ALT enzyme activity which was only protected by

Met + Ins treatment (Figure 1a). The AST enzyme activity

was found to be not altered in all the animal groups anal-

ysed (Figure 1b). Vitamin D concentration was found to be

diminished in the DM and DM + Ins groups as compared to

control group and was found to be maintained similar to

normal values in the DM + Met + Ins group (Figure 1f).

Intravital microscopy was used to evaluate sinusoidal and

postsinusoidal venular leucocyte rolling and adherence (Fig-

ure 2, VideoS1–S4). Compared to the CTL group (Video

S1), there was a significant increase in the number of rolling

and adherent leucocytes in the diabetic rats (Video S2),

which was prevented by the Met + Ins treatment (Fig-

ure 2a–f and Video S4). On the other hand, the insulin

monotherapy was not able to protect from the increase in

the rolling and adhesion of leucocytes in the liver vascula-

ture (Figure 2d–f, Video S3).

We further evaluated the level of lipid peroxidation in the

liver of the diabetic rats and evaluated the modulation of

this parameter by the metformin adjunct treatment and insu-

lin monotherapy (Figure 3a). There was a statistically signif-

icant increase in the MDA content in the liver tissue of the

diabetic rats compared to the healthy animals, which was

not observed in Met+Ins and insulin treatments (Figure 3a).

Histopathological analyses revealed no differences between

the studied groups concerning the infiltration of leucocytes

and steatoses in the liver (Video S4). The presence of

fibroses was also discarded by H&E-stained sections. The

gene expression of the antioxidant enzymes NADPH oxidase

p22 (N22) and p47 (N47) subunits, superoxide dismutase

(SOD) and catalase (CAT) was assessed by real-time PCR

(Figure 3b). The gene expression of N22, N47 and SOD

was found to be not altered in the DM and

DM + Met + Ins groups compared to the healthy animals,

while CAT gene expression was found to be significantly

decreased in the diabetic rats (Figure 3b). Interestingly, the

decrease in CAT gene expression was prevented by the

Table 1 Effects of metformin adjunct treatment on cardiometabolic parameters of high-fat diet-/streptozotocin-induced diabetic rats

Parameters CTL (n = 20) DM (n = 20) DM + Ins (n = 15) DM + Met + Ins (n = 15)

Weight (g) 406.9 � 34.99 337.2 � 64.82*** 401.7 � 22.92### 383.8 � 38.85###

Fasting blood glucose (mg/dl) 92.9 � 19.8 377.5 � 76.3*** 265.9 � 80.62***,## 152.6 � 129.9###, $$

% HbA1c 3.9 � 0.1 6.7 � 0.6*** 4.5 � 0.3**, ### 4.7 � 0.4***, ###

Insulin 1.2 � 0.9 0.5 � 0.1** ND 1.6 � 1.1###

Fructosamine 226.4 � 14.9 279.7 � 26.9** 245.8 � 23.95 212.3 � 29.1##

Triglycerides 71.4 � 28.6 206.6 � 135.8*** 217.6 � 134.6** 181.7 � 114.2**
Cholesterol 74.8 � 12.3 66.1 � 12.8 63.91 � 7.1 76.4 � 14.1

Arterial blood pressure (ABP) 140.1 � 8.7 130.9 � 13.4 ND 137.3 � 0.51

*P < 0.05 vs. CTL, **P < 0.01 vs. CTL, ***P < 0.001 vs. CTL, #P < 0.05 vs. DM, ##P < 0.01 vs. DM, ###P < 0.001 vs. DM, $$P < 0.01 vs.
DM+Ins.

Table 2 Effect of metformin adjunct treatment on serum biochemical markers of organ function of high-fat diet-/streptozotocin-

induced diabetic rats

Parameters CTL (n = 20) DM (n = 20) DM + Ins (n = 10) DM + Met + Ins (n = 15)

Urea (mg/dl) 61.2 � 8.9 96.5 � 19.1*** 59.1 � 6.4### 60.7 � 15###

Creatinine (mg/dl) 0.6 � 0.12 0.5 � 0.09*** 0.5 � 0.07* 0.6 � 0.09#

Uric acid (mg/dl) 2.5 � 1.0 1.2 � 0.6*** 1.9 � 0.7 2.0 � 0.7#

Albumin (mg/dl) 4.4 � 0.3 3.6 � 0.3*** 3.8 � 0.2*** 4.0 � 0.4**,###

Total protein (mg/dl) 6.3 � 0.3 5.0 � 0.4*** 5.6 � 0.2***, ### 5.6 � 0.4***,###

Amylase (mg/dl) 1803 � 314.0 1128 � 374.8*** 1323 � 260.2** 1940 � 411.0###,$$$

*P < 0.05 vs. CTL, **P < 0.01 vs. CTL, ***P < 0.001 vs. CTL, #P < 0.05 vs. DM, ##P < 0.01 vs. DM, ###P < 0.001 vs. DM, $$$P < 0.001
vs. DM + Ins.
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(a) (b)

(c)

(e) (f)

(d)

Figure 2 Effect of metformin adjunct
treatment on hepatic microcirculation.
Representative image of the liver
microcirculation of CTL (a) rats,
diabetic rats (b), diabetic rats treated
with insulin (DM + Ins) (c) and
diabetic rats treated with metformin
plus insulin (DM + Met + Ins) (d),
assessed by intravital microscopy;
quantification of rolling (e) and
adhesion (f) of leucocytes in the
sinusoids and postsinusoidal venules.
Values are presented as the mean
(�SD). *P < 0.05 vs. CTL,
***P < 0.001 vs. CTL, #P < 0.05 vs.
DM, ##P < 0.01 vs. DM and
$$$P < 0.001 vs. DM + Ins. Images are
representative of at least six animals of
each experimental group. Arrows
indicate rolling/adherent leucocytes on
sinusoids and arrowheads rolling/
adherent leucocytes on postsinusoidal
venules.

Figure 1 Serum levels of biomarkers of liver function in control (CTL, n = 20), diabetic (DM, n = 20), diabetic rats treated with
insulin (Met + Ins, n = 15) or metformin plus insulin (DM + Met + Ins, n = 15). (a) Alanine aminotransferase (ALT); (b) aspartate
aminotransferase (AST); (c) alkaline phosphatase (ALP); (d) gamma-glutamyl transpeptidase (GGT); (e) total bilirubin; and
(f) vitamin D. ***P < 0.001 vs. CTL, *P < 0.05 vs. CTL, #P < 0.05 vs. DM, ##P < 0.01 vs. DM, ###P < 0.001 vs. DM and
$P < 0.01 vs. DM + Ins.
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Figure 3 Evaluation of oxidative stress and inflammatory parameters in the liver of control (CTL) rats, diabetic (DM) rats, diabetic
rats treated animals with insulin (DM + Ins) or metformin plus insulin (DM + Met + Ins). (a) Levels of malondialdehyde indicating
lipid peroxidation assessed by thiobarbituric acid reactive species (TBARs); (b) Real-time PCR analyses of mRNA transcript levels of
genes coding for antioxidant enzymes (NADPH oxidase p22 subunit, NADPH oxidase p47 subunit, superoxide dismutase and
catalase) and inflammatory marker monocyte chemoattractant protein-1 (MCP-1); (c) catalase enzyme activity in the liver of control
(CTL) rats, diabetic (DM) rats, diabetic rats treated with insulin (DM + Ins) and diabetic rats treated with metformin plus insulin
(DM + Met + Ins).*P < 0.05 vs. CTL, **P < 0.01 vs. CTL, ***P < 0.001 vs. CTL, #P < 0.05 vs. DM and ##P < 0.01 vs. DM. For
RT-PCR and TBARs, at least six animals of each group were analysed and three independent experiments performed. For catalase
enzyme activity, ten animals of each group were analysed and three independent experiments performed.

(a) (b)

(c) (d)

Figure 4 Participation of advanced glycation end product (AGE) and the receptor for advanced glycation end products (RAGE) in
liver pathology. AGE deposition (a), RAGE mRNA (b) and RAGE protein levels (c and d) were compared between control (CTL)
rats, diabetic (DM) rats, diabetic rats treated with insulin (DM + Ins) and diabetic animals treated with metformin plus insulin
(DM + Met + Ins). *P < 0.05 vs. CTL. For AGE deposition assay, ten animals of each group were analysed in three independent
experiments, while for RAGE mRNA and protein levels five animals in three independent experiments were evaluated.
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metformin adjunct treatment (Figure 3b). We also analysed

the gene expression of the inflammatory marker monocyte

chemoattractant protein-1 (MCP-1), which was found to be

augmented in the DM rats and was found to be not altered

in the rats treated with the metformin adjunct therapy (Fig-

ure 3b). Catalase enzyme activity was also found to be

diminished in DM group when compared do CTL animals,

and this decrease was partially protected by Met + Ins and

insulin treatments (Figure 3c). AMPK activation was shown

to be reduced in DM, DM + Ins and DM + Met + Ins

groups as compared to CTL animals (data not shown).

Finally, we studied the possible participation of the AGE-

RAGE pathway in liver injury due to diabetes and its modu-

lation by Met-Ins or insulin treatments (Figure 4a–d). There
was a significant increase in the AGE concentration in the

liver of the diabetic rats, which was not observed in Met-

Ins- and insulin-treated groups (Figure 4a). The RAGE gene

transcripts (Figure 4b) and protein expression levels (Fig-

ure 4c and d) were not altered in any of the studied groups.

Discussion

In this study we have shown that there are important systemic

and hepatic alterations in HFD-/STZ-induced diabetes in rats,

such as elevated (i) metabolic and organ dysfunction, (ii)

oxidative stress, (iii) inflammation, (iv) microvascular damage

and (v) AGE deposition. Additionally, we showed that met-

formin adjunct treatment improved systemic and liver protec-

tion in HFD-/STZ-induced diabetes in rats by modulating all

the analysed parameters, and we showed that metformin

adjunct treatment had a more pronounced effects than insulin

monotherapy.

Diabetes is one of the most common causes of liver dis-

eases, including non-alcoholic fatty liver disease (NAFLD),

such as fatty liver, steatohepatitis, liver fibrosis and cirrho-

sis (Baig et al. 2001), which are important causes of death

in this population (Tolman et al. 2007). Although those

complications are commonly associated with T2D, increas-

ing evidences show that T1D is also linked to an

increased risk of chronic liver injury (Guven et al. 2006;

Torbenson et al. 2006). Patients with diabetes are at

higher risk of developing hepatocellular carcinoma and

chronic liver disease (El-Serag et al. 2004; Fracanzani

et al. 2008). Therefore, research aimed at developing ther-

apeutic interventions for liver disease due to diabetes is of

great interest.

Metformin is an oral antidiabetic drug that has been suc-

cessfully used to treat T2D with substantial beneficial effects

in T2D complications (Bailey 2008; Kooy et al. 2009). Met-

formin has been shown to present several properties that

make it an attractive potential adjunct pharmacological

agent in T1D. Previous studies have demonstrated an insu-

lin-sparing effect of metformin treatment as an adjunct ther-

apy to ongoing insulin treatment in patients with type 1

diabetes. On the other hand, the results regarding glycaemic

and other metabolism-related variables are controversial.

Therefore, the effect of metformin treatment on glycaemic

control and other cardiovascular risk factors in patients with

T1D remains a matter of controversy. Several authors

hypothesized that the combined therapy with metformin and

insulin would be a reasonable therapeutic approach in T1D,

as it could increase the peripheral insulin sensitivity,

improve the outcome of diabetic complications and diminish

the daily insulin dose requirement (Meyer et al. 2002;

Hamilton et al. 2003; Sarnblad et al. 2003; Lund et al.

2008; Abdelghaffar & Attia 2009; An & He 2016). How-

ever, few studies covered the different aspects of metformin

adjunct treatment in T1D, which can be achieved using ani-

mal models. More importantly, the effects of metformin

adjunct treatment on the liver are unclear.

In this study metformin adjunct therapy showed signifi-

cant beneficial effects systemically and in the liver of HFD-/

STZ-induced T1D in rats. The body weight and fasting

blood glucose levels were found to be maintained similar to

normal values after the adjunct therapy, which also

improved hypertriglyceridaemia and glycated protein levels,

an important finding as both are predictors of worse CVD

prognoses (Misciagna et al. 2007; Nordestgaard & Varbo

2014; Scherer & Nicholls 2015). Interestingly, the insulin

monotherapy was not able to control FBG and fructosamine

levels, suggesting an additional effect of the metformin

adjunct therapy, as previously reported by other authors

(Devries et al. 2004; Lund et al. 2008). The increase in

HbA1c observed in the DM group was partially protected by

the metformin adjunct treatment (Lachin et al. 2008). Insu-

lin monotherapy has shown similar effects on HbA1c

although the effect of insulin monotherapy on this parame-

ter is still controversial in the literature (Devries et al. 2004;

Lachin et al. 2008; Vella et al. 2010). Importantly, the

added therapy was also able to reduce the daily dose of

insulin necessary to achieve a glycaemic control in the sec-

ond week of treatment when compared to the first week,

which was not observed in the insulin monotherapy group,

which suggests additional effects of the dual therapy. The

insulin-sparing effect of metformin adjunct treatment has

been shown previously by different authors (Sarnblad et al.

2003; Lund et al. 2008) and is considered an important

finding as increasing doses of insulin could lead to insulin

resistance and body mass gain in patients with diabetes

(DeFronzo et al. 1982).

The development of T1D usually begins years before the

diagnosis, which occurs only when evident clinical signs

and symptoms are present (Gorsuch et al. 1981). In agree-

ment, in the present study, we showed that the signs of

organ dysfunction in T1D rats appear early, as shown by

alterations in many serum biochemical markers of kidney,

pancreas and liver functions. We observed that the diabetic

rats had (i) renal dysfunction, (ii) liver disease and (iii)

impairment of pancreatic exocrine function after 2 weeks

of diabetes induction. Interestingly, metformin adjunct ther-

apy was able to protect from those functional alterations

in the target organs, showing more pronounced beneficial

effects than the insulin therapy. We propose that glycaemic

control may be one of the main causes of the organ
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function protection presently observed, as hyperglycaemia

is the diabetic disturbance most commonly associated with

diabetic complications (DCCT, 1993; Giacco & Brownlee

2010).

Concerning the hepatic microcirculation, we observed that

the endothelium becomes adhesive to circulating leucocytes,

which is one of the first steps in vascular wall damage and

inflammation (Schroder et al. 1991). The presence of the

intrahepatic inflammatory cell response, reflected by an

increased activation of the rolling and adhesion of leuco-

cytes, and the increased serum biomarkers of organ dysfunc-

tion could indicate the beginning of long-term damage to

the microcirculation and other tissues in the diabetic animals

(Creager et al. 2003). Previous studies from our group have

shown microvascular alterations in the brain and the skele-

tal muscle of experimental rat models of diabetes and meta-

bolic syndrome (Estato et al. 2013; Nascimento et al.

2013); however, this is the first report of hepatic microvas-

cular damage in a T1D experimental model. Importantly,

while metformin adjunct therapy improved the microcircula-

tion damage observed in diabetic animals, the insulin

monotherapy showed no effect. We believe that the

increased rolling and adhesion of leucocytes in the hepatic

endothelium could be triggered by cell damage induced by

hyperglycaemia-derived oxidative stress and inflammation;

however, further studies are necessary to explain the exact

mechanism of action of the liver microvascular damage. In

this context, the improvement in glycaemic control using the

metformin adjunct therapy could explain its higher protec-

tion against liver microcirculation injury compared to insu-

lin monotherapy.

We found an increase in ALT, ALP and bilirubin levels in

parallel with a decrease in vitamin D, which were found to

be involved in liver damage due to diabetes. The metformin

adjunct therapy had an effect on the levels of serum ALT,

ALP, GGT, bilirubin and vitamin D, which are markers of

liver function (Lips 2006; Targher et al. 2007), while only

ALP, GGT and bilirubin levels were found to be maintained

similar to CTL values in the insulin monotherapy group.

Although the protection from liver damage was previously

reported by insulin therapy (Hemmings & Pekush 1994),

our data suggest a significant additional effect of metformin

adjunct treatment on liver damage and dysfunction in dia-

betic rats.

Giacco and Brownlee (2010) postulated that the damage

caused by hyperglycaemia, although originated by several

mechanisms, is activated by a common mechanism: the

overproduction of reactive oxygen species (ROS) (Giacco &

Brownlee 2010). Confirming the central role of oxidative

stress in liver damage, we found that an increase in the

MDA levels and a decrease in catalase mRNA and enzyme

activity were found to be involved in liver damage due to

diabetes. The dual therapy and the insulin monotherapy

showed similar levels of protection against increased MDA

levels in the liver of diabetic rats. On the other hand, we

observed a partial protection against decreased catalase

enzyme activity by Met+Ins and insulin treatments. We fur-

ther analysed the genes involved in oxidative stress that

could explain the effect of Met + Ins therapy and found that

SOD and NADPH oxidase mRNA transcript levels were not

involved, as previously reported (Kukidome et al. 2006;

Araki & Nishikawa 2010).

We also studied the participation of AMPK activation in

the mechanism of action of Met + Ins treatment. In contrast

to the previous studies (Zhou et al. 2001; Musi et al. 2002),

we did not find an increase in AMPK activation after met-

formin adjunct therapy, showing that this pathway is not

involved neither in liver damage of HFD-/STZ-induced dia-

betes in rats nor in the protection of liver injury by met-

formin adjunct treatment.

There was a significant increase in the MCP-1 transcript

levels in the diabetic rats, which was not modulated by the

adjunct therapy. This finding suggests a possible participa-

tion of this chemokine in the aetiology of liver disease in

diabetic animals. Although an increase in MCP-1 has been

associated with T1D, its specific role is still unclear (Scarpini

et al. 2002; Hanifi-Moghaddam et al. 2006; Kiyici et al.

2006; Antonelli et al. 2008; Zineh et al. 2009). Indeed,

there is some evidence of a dual biological function of this

chemokine, inducing both pro- and anti-inflammatory

effects. This anti-inflammatory activity has been associated

with the increased stimulation of IL-4, which is the primary

Th-2 cytokine (Gu et al. 2000).

The participation of the AGE formed by the non-enzy-

matic glycation of proteins, lipids or DNA in diabetic-

induced tissue alterations has been extensively explored in

patients and animal models of diabetes. The presence of

AGEs has been proposed as a biomarker for the status of

complications (Beisswenger et al. 1995; Nishino et al.

1995; Stitt et al. 1997; Yanagisawa et al. 1998). Previous

studies reported that tissue AGE accumulation preceded

the appearance of diabetic complications (Beisswenger

et al. 1995). The activation of the receptor for AGE

(RAGE) activates the translocation of the nuclear transcrip-

tion factor NF-jB, which in turn increases the expression

of several genes involved in oxidative stress and inflamma-

tion (Rauvala & Pihlaskari 1987; Goldin et al. 2006).

RAGE activation is involved in the progression of many

diseases, such as neuropathy, nephropathy (Yamamoto

et al., 2001), macrovascular disease, rheumatoid arthritis

and sepsis (Wang et al. 1999; Liliensiek et al. 2004).

Although never explored in liver injury due to diabetes, some

studies have determined the participation of AGE-RAGE

pathway in liver disease due to other origins, including sepsis

(Kuhla et al. 2013), hepatic fibrosis (Goodwin et al. 2013),

non-alcoholic fatty liver disease (NASH) (Hyogo et al. 2007)

and ischaemia/reperfusion injury (Yue et al. 2015). In the

present study, the increase in AGE deposition in the liver of

the diabetic animals is the first indication of the participation

of AGE-RAGE pathway in diabetic-induced liver damage.

Importantly, the Met + Ins therapy and insulin monotherapy

protected the liver from this damage. However, further stud-

ies are necessary to address the exact participation of AGE

adducts in liver injury.
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The data presented here showed that diabetic rats have sig-

nificant liver damage, which in turn results in reduced

antioxidant capacity, increased inflammation and organ and

microcirculation dysfunction. This could be an important

contributory factor in the development of other diabetic

complications. Our findings show that metformin adjunct

therapy during the phase of development of diabetes pro-

tected the liver against oxidative stress and its consequences

and that the AGE pathway could be involved in this process.

Additionally, the dual therapy showed additive improve-

ments in several parameters, suggesting an additional benefi-

cial effect of metformin on the liver diseases of diabetic

animals. Further detailed studies aimed at linking AGE path-

way with the development of hepatic complications due to

diabetes need to be undertaken in order to fully understand

the pathophysiology of liver disease in patients with T1D.
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Supporting information

Additional Supporting Information may be found online

in the supporting information tab for this article:

Video S1–S4. Representative videos of the hepatic microcir-

culation assessed by intravital microscopy showing rolling

and adhesion of leukocytes (in red) in sinusoids and post-

sinusoids venules of control (video S1), high-fat diet-/strep-

tozotocin-induced diabetic (video S2), diabetic treated with

insulin (video S3) and diabetic treated with insulin plus met-

formin (video S4) animals.

Figure S1. Representative images of HE-stained rat liver sec-

tions from the groups: Control (CTL), diabetes (DM), diabetic

treated animals with insulin (DM + Ins) and treated with met-

formin plus insulin (DM + Met + Ins), showing no significant

histopatological changes among them. Bar = 50 lm.
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