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BACKGROUND AND PURPOSE
Thiazolidinediones (TZD) are known to ameliorate fatty liver in type 2 diabetes. To date, the underlying mechanisms of their
hepatic actions remain unclear.

EXPERIMENTAL APPROACH
Hepatic triglyceride content and export rates were assessed in 2 week high-sucrose-fed Wistar rats treated with troglitazone and
compared with untreated high-sucrose rodent controls. Fractional de novo lipogenesis (DNL) contributions to hepatic triglyceride
were quantified by analysis of triglyceride enrichment from deuterated water. Hepatic insulin clearance and NO status during a
meal tolerance test were also evaluated.

KEY RESULTS
TZD significantly reduced hepatic triglyceride (P < 0.01) by 48%, decreased DNL contribution to hepatic triglyceride (P < 0.01)
and increased postprandial non-esterified fatty acids clearance rates (P < 0.01) in comparison with the high-sucrose rodent
control group. During a meal tolerance test, plasma insulin AUC was significantly lower (P < 0.01), while blood glucose and
plasma C-peptide levels were not different. Insulin clearance was increased (P < 0.001) by 24% and was associated with a 22%
augmentation of hepatic insulin-degrading enzyme activity (P < 0.05). Finally, hepatic NO was decreased by 24% (P < 0.05).

CONCLUSIONS
Overall, TZD show direct actions on liver by reducing hepatic DNL and increasing hepatic insulin clearance. The alterations in
hepatic insulin clearance were associated with changes in insulin-degrading enzyme activity, with possible modulation of NO
levels.
Abbreviations
DNL, de novo lipogenesis; HOMA-IR, homeostatic model assessment-insulin resistance; IDE, insulin-degrading enzyme;
MTBE, methyl tertiary butyl ether; NEFA, non-esterified fatty acids; PDI, protein disulfide isomerase; T2D, type 2 diabetes;
TZD, thiazolidinediones; VLDL, very low-density lipoproteins
armacology (2016) 173 267–278 267



Tables of Links

TARGETS

Nuclear hormone receptorsa Enzymesc

PPARα IDE

PPARγ NOS

Catalytic receptorsb

IRS1

IRS2

LIGANDS

C-peptide Nitric oxide (NO)

GSH Troglitazone

Insulin

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are permanently archived in the Concise Guide
to PHARMACOLOGY 2013/14 (a,b,cAlexander et al., 2013a,b,c).

BJP F O Martins et al.
Introduction
Thiazolidinediones (TZD) are widely used for improving
glycaemic control in type 2 diabetes (T2D) patients. TZD have
been also shown to decrease hepatic triglyceride levels in
those patients that present non-alcoholic fatty liver disease
– a frequent complication of T2D (Belfort et al., 2006; Ratziu
and Poynard, 2006). TZD activate the γ isoform of the
peroxisome proliferator -activated receptor gamma (PPARγ)
(Lehmann et al., 1995), a nuclear transcription factor that is
highly expressed in adipose tissue but is poorly expressed in
other insulin sensitive tissues such as skeletal muscle, liver,
pancreas, heart and spleen (Ferre, 2004). Thus, adipose tissue
is considered to be the main site of action for TZD, and much
of their systemic beneficial effects have hitherto been
explained via their effects on adipocyte physiology and
metabolism. These include accelerated adipocyte uptake,
oxidation and esterification of circulating non-esterified fatty
acids (NEFA), thereby reducing the ectopic lipid burden and its
interference of insulin signalling in other tissues such as the
skeletal muscle and liver. This is accompanied by alterations in
adipokine secretion profile that can further improve control of
glucose and lipid metabolism in these tissues (Guan et al.,
2002; Boden et al., 2005). However, adipose tissue may not be
the exclusive site of action for TZD. Lipoatrophic patients have
negligible adipose tissue mass, and the same is true for a mouse
model of late onset lipoatrophy. Yet in both settings, TZD ther-
apy was shown to improve diabetes and hyperlipidaemia
(Burant et al., 1997; Arioglu et al., 2000).

In the liver, TZD have been shown to reduce the expression
of gluconeogenic enzymes in animal models (Way et al., 2001)
and attenuate gluconeogenic fluxes in T2D patients (Gastaldelli
et al., 2006). In addition to being a principal control site for car-
bohydrate metabolism, the liver is also highly involved in regu-
lating systemic lipid fluxes via re-esterification, lipogenesis and
very low-density lipoproteins (VLDL) export. Furthermore, it
plays an active role in controlling the levels of circulating insulin
via first-pass clearance of secreted insulin mediated by insulin-
degrading enzyme (IDE) and protein disulfide isomerase (PDI)
(Osei et al., 2007; Lamontagne et al., 2013). Recently, it has been
suggested that NO attenuates insulin clearance (Natali et al.,
2013) via inhibition of IDE (Cordes et al., 2009). Decreased insu-
lin clearance has been associated with hyperinsulinaemia and
decreased insulin sensitivity (Ader et al., 2014; Bril et al., 2014).
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Thus, the development of steatosis and hyperinsulinaemia,
which in addition to glucose intolerance are defining features
of the insulin resistant state, may reflect dysfunctional
hepatic lipid metabolism as well as impaired hepatic insulin
clearance. We hypothesized that TZD ameliorate steatosis
and hyperinsulinaemia through changes in hepatic lipid
fluxes and insulin clearance. To test this hypothesis, we chose
troglitazone, the first TZD to be used as an antidiabetic drug.
Troglitazone was subsequently withdrawn from clinical use
due to severe hepatotoxicity, confirmed in subsequent studies
with human primary hepatocyte cultures and cell lines
(Yamamoto et al., 2002). Troglitazone is better tolerated by
rat hepatocytes (Lauer et al., 2009). For both Gunn and Wistar
rats, there were no indications of liver injury following long-
term administration of troglitazone at 400 mg·kg�1·day�1. This
dosage is well above those previously used to study its antidia-
betic effects (Lee et al., 1994; Khoursheed et al., 1995; Okuno
et al., 1998) as well as that used in our present study.

We tested the hepatic effects of troglitazone in rodent
models of short-term (14 day) high-sucrose feeding. This
model is useful for specifically probing splanchnic complica-
tions of diet-induced insulin resistance because steatosis and
hyperinsulinaemia are established before significant in-
creases in whole-body adiposity. Moreover, troglitazone has
been shown to be more effective in reversing insulin resis-
tance and glucose tolerance in models of high sugar and fruc-
tose feeding (Lee et al., 1994; Santure et al., 2003) compared
with high-fat feeding (Khoursheed et al., 1995). It is well
known that high sucrose feeding induces a substantial in-
crease in de novo lipogenesis (DNL) such that this pathway be-
comes a significant contributor to hepatic triglyceride
synthesis (Chong et al., 2007; Richelsen, 2013). Therefore,
we further hypothesized that the reversal of steatosis in this
setting by TZD involves the attenuation of hepatic DNL.
Methods

Animals
All animals were handled according to the European Union
guidelines for the use of experimental animals (2010/63/
EU). The experiments were approved by the Ethics Commit-
tee of the Faculty of Medical Sciences at the New University
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of Lisbon. All animal care and experimental procedures com-
plied with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath et al., 2010). Thirty-six 12-week-old maleWistar rats
were maintained in a 12 h light/12 h dark cycle (lights on
from 07 h to 19 h) with ad libitum access to food and water.
Animals were randomly separated in standard chow (SC),
HS-fed rodents (HS-C) (35% w v-1 in drinking water) and
troglitazone-treated HS-fed rodents (0.2%, included in the
diet) (HS-T). The troglitazone dose was selected from previous
studies like the one from Okuno and colleagues (Okuno et al.,
1998). The animals weremaintained on these diets for 14 days
with water and food consumption being recorded. Caloric in-
take was calculated taking into account these data, the calo-
ries from the diet used in the animal facility and by the
following equations:

Calories from food : average daily weight food gð Þð Þ*437;1=199
Calories from beverage HS-C and HS-T groupsð Þ :

average daily water with sucrose mlð Þð Þ*35*4=100

Two parallel studies were conducted with 18 animals per
study, six per diet regime. In study 1, hepatic DNL and VLDL
export were measured. At 19 h of day 13, all animals of study
1 received a loading dose of 99% 2H2O (3 g 100 g-1 bodyweight),
and the drinking water was also supplemented with 2H2O to a
3% final enrichment. Following overnight ad libitum feeding,
animals were sacrificed the next morning after cervical disloca-
tion following ketamine i.p. injection (100 mg·kg�1 body
weight). The liver and epididymal adipose tissue were then
immediately excised, weighed and freeze-clamped in liquid
nitrogen until further analysis.

In study 2, food was withdrawn on the last evening (day
13), and animals were fasted overnight. On the morning of
day 14, rats were allowed ad libitum access to their respective
diets for 120 min. At predetermined intervals, plasma NEFA,
glucose, insulin and C-peptide levels were quantified. Rate
constants for the decrease in plasma NEFA concentrations
were derived from the logarithm-transformed curves of the
relative reduction in plasma NEFA concentrations from 0 to
120 min (Daly et al., 1998). Livers were excised and immedi-
ately freeze-clamped in liquid nitrogen until further analysis
for enzyme activities, NO levels and protein expression.

Quantification of hepatic DNL
Hepatic triglycerides can be derived from plasma NEFA,
which are taken up via lipoprotein transport and esterified
to triglycerides after hepatic uptake. They can also be formed
in situ by DNL of fatty acids from acetyl-CoA. Hepatic DNL
was quantified using 2H2O as previously reported (Delgado
et al., 2009; Soares et al., 2012). From the 1H and 2H NMR
data, triglyceride methyl 2H-enrichment levels were esti-
mated, and by relating these enrichments values to that of
plasma water, the contribution of DNL to total hepatic
triglycerides was calculated.

After the livers had been dried by lyophilization, about
half of each liver was powdered and a Folch extraction, with
20 mL chloroform : methanol (2:1) g-1 dried tissue, per-
formed. The mixture was continuously agitated for 20 min
at room temperature and then centrifuged for 5 min at 4°C
and 1500 g. The supernatant was vigorously mixed with
100 mL 0.9% (w v-1) NaCl and then centrifuged for 5 min at
4°C and 1500 g. The upper phase was discarded, and the
lipid-containing lower phase was recovered and evaporated
to dryness. Afterwards, dried lipids were dissolved in 2 mL
hexane/methyl tertiary butyl ether (MTBE) (200:3) solution
for purification by solid-phase extraction.

For triglyceride purification, reverse phase solid-phase ex-
traction columns (DiscoveryDSC-18, Sigma-Aldrich, Steinheim,
Germany) (2 g) were initially washed with 12 mL of
hexane/MTBE (96:4) followed by 12 mL hexane. The lipid frac-
tion was added to the column and further washed with 10 mL
hexane/MTBE (200:3). To recover triglycerides, 12 mL
hexane/MTBE (96:4) was eluted in the column, and 1 mL frac-
tions were collected. For identification of the fractions contain-
ing triglycerides, thin layer chromatography was performed
using amixture of petroleum ether, diethyl ether and acetic acid
in the proportions of 8.0:2.0:0.1 as elutant and visualization by
iodine. Finally, triglyceride fractions were combined and evapo-
rated to dryness for NMR analysis.

For the acquisition of 1H and 2HNMR spectra, the purified
triglyceride extract was dissolved in 300 μL of chloroform,
and deuterated pyrazine was used as an internal 2H-enrich-
ment standard. 1H and 2H NMR spectra were acquired at 25°C
with a 14.1 T Varian Spectrometer (Varian, Palo Alto, CA,
USA) equipped with a 3 mm broadband probe. Proton-
decoupled 2H NMR spectra were acquired without lock. Ac-
quisition parameters included a free induction decay acquisi-
tion time of 5 s, a delay of 2 s and a 90° pulse width. Between
500 and 1000 transients were acquired to achieve adequate
signal to noise for signal area analysis. Spectra were referenced
for tetramethylsilane using the peaks of chloroformandpyrazine
resonances, at 7.27 and 8.60 p.p.m. respectively. Before Fourier
transformations, 1H and 2H NMR spectra were multiplied by
0.5 and 1.0 Hz Lorentzian functions, respectively, and signal
areas determined using the signal deconvolution routine of the
PC-based NMR processing software NUTS proTM (Acorn, Fre-
mont, CA, USA). Plasma water 2H-enrichments were determined
from plasma by 2H NMR spectroscopy analysis, as described pre-
viously (Jones et al., 2001). Briefly, a 10 μL volume of plasma was
mixed with a known amount of acetone, and the 2H-enrich-
ments were determined using a standard curve constructed pre-
viously using 2H2O-enrichment standards against the constant
natural abundance 2H signal of the acetone.

Quantification of hepatic VLDL-triglyceride
export rates
Hepatic VLDL-triglycerides export rates were determined ac-
cording to Millar et al. (Millar et al., 2005). On the morning
of day 14 following overnight ad libitum feeding, rats were
given an i.p. injection of poloxomer 407 (1000 mg·kg�1 body
weight). Plasma triglycerides were evaluated immediately be-
fore and at pre-established time intervals after poloxomer 407
injection. Hepatic VLDL-triglycerides export rates were de-
rived from the slope of the curves of plasma triglycerides con-
centrations at 0–90 min.

Biochemical assays
Plasma glucose was assessed using a standard glucometer,
whereas the quantitative determination of plasma insulin
and C-peptide levels was achieved by means of ELISA
British Journal of Pharmacology (2016) 173 267–278 269
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(Mercodia AB, Uppsala, Sweden). Plasma NEFA levels were
assessed using an in vitro enzymatic colorimetric method assay
(WakoChemicals GmbH,Neuss,Germany). Plasma triglycerides
and hepatic and epididymal adipose tissue triglycerides were de-
termined, following a Folch extraction of the tissue samples, by
an automated clinical chemistry analyser (Olympus AU400
Chemistry Analyzer, Beckman Coulter Inc., CA, USA).

Assessment of insulin clearance, HOMA-IR
and HOMA-β
After quantification of plasma insulin and C-peptide levels,
insulin clearance was calculated by the ratio between
C-peptide, a surrogate of insulin secretion, and plasma
insulin levels for each point analysed. Homeostatic model
assessment (HOMA) indices were assessed from basal (fasting)
glucose and insulin [homeostatic model assessment-insulin
resistance (HOMA-IR)] or fasting glucose and C-peptide con-
centrations (HOMA-β) according to the recommendations of
Wallace et al. (Wallace et al., 2004). HOMA-β gives an indica-
tion of β-cell secretion, while HOMA-IR gives an indication
of insulin resistance under basal fasting conditions.

Assessment of hepatic NO levels
Liver was degraded by mechanical disruption using a piston
in a buffer containing Tris-HCl 25 mM (pH 7.4), EDTA 1 mM
and EGTA 1 mM. Extracts were centrifuged and supernatant
denatured with ethanol. Hepatic NO levels were measured
by a chemiluminescent-based technique using a Sievers 280
NO Analyzer (Sievers Instruments, Boulder, CO, USA) as pre-
viously described (Afonso et al., 2006).

Evaluation of hepatic NOS, IDE and PDI
activities
For nitric oxide synthase (NOS) activity, a buffer composed of
25 mM Tris-HCl, pH 7.4, 1 mM EDTA and 1 mM EGTAwas
used to degrade the tissue in combination with mechanical
homogenization. The resulting extracts were centrifuged,
and supernatants were measured for NOS activity using the
Ultra-sensitive Assay for NOS kit (Oxford Biomedical Re-
search, Oxford, MI, USA). For quantification of IDE activity,
liver tissue was also degraded bymechanical homogenization
in a buffer containing 170 mM NaCl and 2 mM EDTA. The
FRET substrate Mca-GGFLRKHGQ-EDDnp was added to the
homogenate, and a fluorometric assay was performed as
previously described (Miners et al., 2008). PDI activity was
measured after incubation of homogenized liver tissue for
1 h at 37° with Krebs-Henseleit rinsing buffer supplemented
with CaCl2 and collagenase (50 mg). Samples were then
centrifuged at 4° and 16000 g for 5min two times, with recov-
ery of the pellet containing the hepatocytes between centri-
fugations and resuspension in Krebs-Henseleit rinsing
buffer. The final pellet was resuspended in lysis buffer con-
taining 50 mM Tris-HCl, 300 mMNaCl, 1:200 dilution of tab-
let protease cocktail inhibitor and 1% Triton X-100. The
mixture was submitted to five bursts of low-level sonication
and then centrifuged at 16000 g for 30 min at 4°. The super-
natant was kept, and PDI activity was measured at 630 nm
by an OD assay over a 60 min period. The reaction mixture
was composed of distilled water, 10 mM potassium phos-
phate buffer (pH 7.4), 8 mM GSH and 1.16 mg·mL�1 insulin
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with a final volume of 186 μL. To this, 10 μL of the superna-
tant was added to each well in a multi-well plate. In this assay,
the PDI promotes the cleavage of insulin present in the reac-
tion mixture, and the insulin degradation products cause an
increase in OD that is proportional to the units of PDI
present.
Assessment of protein expression
Protein extracts for Western blot analysis were obtained using
a lysis buffer (1 M Tris-HCl, pH 7.5, 0.2 M EGTA, 0.2 M EDTA,
1% Triton-X 100, 0.1 M sodium orthovanadate, 2 g·L�1

sodium fluoride, 2.2 g·L�1 sodium pyrophosphate and
0.27 M sucrose) to homogenize liver tissue. Samples were
centrifuged, and total protein lysates were kept at �20°. Total
protein lysates from liver were subjected to SDS–PAGE,
electrotransferred on a PVDF membrane and probed with
the respective antibodies: IDE (sc-27265) and PDI (sc-20132)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). Then,
membranes were revealed in a ChemiDoc apparatus (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). Protein levels
were normalized to β-actin (A5316, Sigma) for each sample.
Data analysis and statistical procedures
Data are expressed as mean ± SEM of at least five animals per
group. Statistical significance was calculated using one-way
ANOVA (Bonferroni post hoc test).
Materials
Troglitazone was procured from Sangyo, Japan. 2H2O (99%
enriched) was acquired from CortecNet (Voisins-Le-
Bretonneux, France), sucrose for drinking water preparation
from Panreac (Castellar del Vallès, Barcelona, Spain) and
other reagents from Sigma Aldrich (Steinheim, Germany).
Results

Baseline glycaemic and lipidaemic parameters
for the group fed with SC and the group fed with
high sucrose (HS-C)
Plasma NEFA and triglycerides following an overnight fast or
after normal overnight feeding were similar for SC and HS-T
(Table 1). Weight gain over the 2 week feeding period was
not different between SC and HS-C, although daily caloric in-
take was significantly increased for HS-C. Total epididymal
adipose tissue triglyceride content was not different between
SC and HS-C (Table 1). However, in agreement with earlier
studies (Huang et al., 2010), hepatic triglyceride levels were
threefold higher in HS-C compared with SC (Figure 1). More-
over, fractional DNL rates (Figure 1) were increased approxi-
mately twofold in HS-C-fed compared with SC-fed rats.
Expression of SREBP1c, a transcription factor promoting the
expression of lipogenic enzymes and activated by insulin
was also significantly elevated in HS-C-fed compared with
SC-fed rats (Figure 1). As shown in Figure 2, postprandial ex-
port of hepatic triglyceride via VLDL showed a tendency to
be increased in HS-C compared with SC (P = 0.16). Also,
the clearance of fasting plasma NEFA levels following a



Table 1
Weight increase, adiposity and plasma metabolite and hormone levels for rats fed on the three dietary regimes

Standard chow High sucrose High sucrose + troglitazone

Initial weight (g) 293 ± 18 300 ± 16 285 ± 8

2-week weight increase (%) 29 ± 3 23 ± 3 23 ± 2

Chow intake (g day-1) 28 ± 1 22 ± 2** 20 ± 1

Troglitazone intake (mg Kg-1 day-1) 176 ± 6 136 ± 13** 133 ± 9**

Caloric intake (kcal day-1) 129 ± 5 174 ± 15* 156 ± 8

Plasma NEFA (mmol l-1)a 1.66 ± 0.25 1.81 ± 0.21 0.25 ± 0.04**, ##

Plasma NEFA (mmol l-1)b 2.19 ± 0.32 1.73 ± 0.42 2.02 ± 0.39

Plasma triglycerides (mmol l-1)a 1.11 ± 0.06 1.28 ± 0.18 1.13 ± 0.20

Plasma c-peptide (nmol l-1)b 0.45 ± 0.18 0.74 ± 0.30 0.48 ± 0.21

Plasma insulin (μg l-1)b 0.4 ± 0.1# 0.9 ± 0.1* 0.2 ± 0.1##

Plasma glucose (mmol l-1)a 6.6 ± 0.3 6.3 ± 0.3 6.9 ± 0.3

Plasma glucose (mmol l-1)b 4.4 ± 0.2 4.6 ± 0.2 4.7 ± 0.2

HOMA-IR 1.84 ± 0.62# 4.40 ± 0.71* 1.10 ± 0.22##

HOMA-β 15.5 ± 8.7 21.0 ± 8.9 8.4 ± 10.3

Epididymal fat pads weight (g) 5.1 ± 0.5 6.1 ± 0.7 6.6 ± 0.8

Total epididymal adipose tissue triglycerides
(mg g-1 body wt) b

1.0± 0.1 1.1± 0.1 1.3± 0.2

*P<0.05 and
**P<0.01 relative to the SC group;
#P<0.05 and
##P<0.01 relative to the HS group.
aFollowing overnight ad libitum feeding.
bFollowing overnight fast.
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120 min feeding period was significantly slower for HS-C
compared with SC, as shown in Figure 3.

Plasma glucose levels either after overnight fasting or after
normal overnight feeding were not significantly different be-
tween SC and HS-C groups indicating that glycaemic control
was maintained with HS feeding. However, fasting plasma in-
sulin levels were significantly higher for HS-C versus SC. This
translates to a significantly higher HOMA-IR index (Table 1)
and indicates a compensated insulin-resistant state for HS-C
relative to SC. Meal-induced blood glucose, plasma insulin, C-
peptide excursions and insulin clearance were not different
between HS-C and SC (Figure 4). Hepatic IDE activity was not
different between HS-C and SC animals, but PDI activity was
significantly decreased in HS-C compared with SC animals
(Figure 5). Regarding IDE and PDI expression, there were no
alterations between SC-fed and HS-C-fed animals (Figure 5).
Finally, there were no alterations in NO levels and NOS activity
in HS-C-fed animals at 2 weeks of sucrose feeding (Figure 6).
Effects of troglitazone administration in rats
fed with a high sucrose diet
For animals that were placed on an HS diet and also adminis-
tered with troglitazone (HS-T), neither weight gain nor calo-
ric intake over the 2 week feeding period was different
comparedwithHS-Cor SC. Epididymal adipose tissue triglyceride
content was not different compared with either SC or HS-C.
However, hepatic lipid levels were significantly reduced com-
pared with HS-C and were indistinguishable from SC. These
reductions in hepatic triglyceride were associated with signifi-
cant reductions in fractional DNL rates to levels that were sim-
ilar to SC (Figure 1). With troglitazone, SREBP1c expression
showed a tendency for reverting to the lower levels measured
in SC (P = 0.095 for HS versus HS-T, Figure 1). Differences in
rates of hepatic VLDL-triglyceride export were not significant
but showed a tendency to be reduced in HS-T compared with
HS-C (Figure 2). HS-T had similar fasting plasma NEFA and
triglycerides levels to both HS-C and SC (Table 1) suggesting
that there was no significant effect of troglitazone supplementa-
tion on fasting whole-body triglyceride dynamics. However,
under fed conditions, HS-T had significantly lower plasmaNEFA
levels compared with both HS-C and SC (Table 1). Moreover,
troglitazone potentiated the drop in plasma NEFA levels follow-
ing the transition from fasting to feeding, with the fractional
decrease in NEFA concentration exceeding both HS-C and SC
groups, as shown in Figure 3.

Plasma glucose levels either after overnight fasting or after
normal overnight feeding were not significantly different be-
tween HS-Tand either HS-C or SC groups. However, HS-T had
significantly reduced fasting plasma insulin and HOMA-IR
British Journal of Pharmacology (2016) 173 267–278 271



Figure 1
Hepatic triglyceride levels (A), fractional contribution of de novo lipogen-
esis to hepatic triglyceride levels (B) and SREBP-1c expression levels rela-
tive to β-actin (C), in standard-chow (SC), high-sucrose (HS-C) and in
2 weeks troglitazone-treated high-sucrose-fed (HS-T) rodents.

Figure 2
Quantification of very low-density lipoproteins (VLDL)-triglycerides expor
poloxomer 407 injection, after overnight ad libitum feeding. (A) Graphica
90 min and (B) average of the slopes of the curves of plasma triglycerides
(HS-C) and 2 weeks troglitazone-treated high-sucrose-fed (HS-T) rodents.
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values comparedwithHS-C andwere similar to SC regarding in-
sulin sensitivity (Table 1). The HS-T group had a pattern of
plasma glucose excursion following a meal that was identical
to HS-C and SC groups. While meal-induced C-peptide profiles
were not significantly different between the three groups,
plasma insulin levels were significantly lower in HS-Tcompared
with eitherHS-C or SC (Figure 4). These data indicate that the re-
duced insulin levels were due to increased hepatic insulin clear-
ance rather than reduced pancreatic insulin secretion (Figure 4).

The increase in insulin clearance correlates with an increase
in hepatic IDE activity for HS-T (Figure 5). Regarding PDI activ-
ity, troglitazone effected no alteration in the decrease promoted
by sucrose feeding (Figure 5). IDE and PDI expression were not
altered in HS-Tanimals (Figure 5). Levels of NO, an inhibitor of
IDE activity, were significantly diminished in HS-T group, and
this was associated with a decrease in NOS activity. Therefore,
the observed increase in insulin clearance can be linked to de-
creased hepatic NO levels, which in turn were associated with
increased IDE activity (Cordes et al., 2009) (Figure 6).
Discussion
Thiazolidinediones are widely used pharmacological agents
that improve several aspects of insulin resistance including
fatty liver and hyperinsulinaemia (Belfort et al., 2006; Ratziu
and Poynard, 2006). Because troglitazone was withdrawn
from clinical use due to hepatotoxicity, a potential concern
is that the observed hepatic metabolic changes could reflect
hepatic injury rather than a true pharmacological effect on
t rates following inhibition of adipose tissue lipolysis, by means of
l representation of the accumulation of plasma triglycerides during
concentrations at 0–90 min for standard-chow (SC), high-sucrose



Figure 3
(A) Absolute values and (B) logarithm-transformed curves of the relative reduction in plasma NEFA concentrations from 0 to 120 min refeeding,
following overnight fast, in standard-chow (SC), high-sucrose (HS-C) and in 2 weeks troglitazone-treated high-sucrose-fed (HS-T) rodents.
*P < 0.05 relative to SC and #P < 0.05 relative to HS-C are indicated.

Figure 4
Following overnight fast, animals were submitted to 120 min refeeding. (A) Blood glucose; (B) plasma C-peptide; (C) plasma insulin profiles and
integration of the AUC; and (D) insulin clearance integration of the AUC during 120 min refeeding in standard-chow (SC), high-sucrose (HS-C)
and in 2 weeks troglitazone-treated high-sucrose-fed (HS-T) rodents.

Thiazolidinediones enhance insulin clearance BJP
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Figure 5
Quantification of hepatic enzymes activity and expression. (A) Hepatic insulin-degrading enzyme (IDE) activity; (B) hepatic IDE expression; (C)
hepatic protein disulfide isomerase (PDI) activity; and (D) hepatic PDI expression after 120 min refeeding in standard-chow (SC), high-sucrose
(HS-C) and in 2 weeks troglitazone-treated high-sucrose-fed (HS-T) rodents.

Figure 6
Evaluation of hepatic NO production. (A) Hepatic NO levels and (B) hepatic NOS activity after 120 min refeeding in standard-chow (SC), high-
sucrose (HS-C) and in 2 weeks troglitazone-treated high-sucrose-fed (HS-T) rodents.
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metabolic flux regulation. Amelioration of sucrose or fructose-
induced insulin resistance was demonstrated in animals whose
feed was supplemented with 0.2g troglitazone per 100g feed
(Lee et al., 1994; Santure et al., 2003). In our study, the estimated
average daily intake of troglitazonewas 133mg·kg�1·day�1, well
below the level of 400 mg·kg�1·day�1 that was shown not to
cause hepatic injury in either Wistar or Gunn rat strains after
3 months of administration (Watanabe et al., 2000).

The purpose of the current study was to better understand
the underlying hepatic mechanisms of these actions in the
274 British Journal of Pharmacology (2016) 173 267–278
setting of sucrose-induced hepatic insulin resistance.
Our data show that troglitazone prevented the accumu-
lation of hepatic lipids following 2 weeks of HS feeding
in rat models. Kawaguchi et al. previously showed that
pioglitazone protected against steatosis in a 2 week cho-
line-deficient animal model (Kawaguchi et al., 2004).
Wei et al. reported that another TZD member, pioglita-
zone, reduced both blood glucose levels and insulin in
mice that had been fed a high-fat diet for 6 months
(Wei et al., 2014).
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Our results demonstrate that troglitazone prevents the ac-
cumulation of hepatic lipids in 2 week HS-fed rodents not
only by reducing plasma NEFA (presumably by improved ad-
ipocyte NEFA uptake) but also by decreasing hepatic DNL.
The reduction in DNL appears to be mediated at least in part
by a suppression of SREBP1c expression. Given that hepatic
SREBP1c expression is known to be stimulated by insulin
via Insulin Receptor substrate 1 and 2 phosphorylation
(Kohjima et al., 2008), these differences in SREBP1c expres-
sion seem inconsistent with the fact that meal-induced stim-
ulation of insulin secretion was similar between the groups,
as measured by plasma C-peptide levels (Figure 4). However,
troglitazone significantly increased hepatic insulin degrada-
tion, which would result in a steeper drop in insulin levels
across the hepatic lobule. Given that DNL activity is highest
in pericentral and perivenous regions (Schleicher et al.,
2015), it is possible that these hepatocytes experienced lower
levels of insulin due to the enhancement of hepatic insulin
degradation, thereby attenuating hepatic lipogenic activity.

We demonstrated that the increased insulin clearance was
associated with elevated hepatic IDE activity, which in turn
was correlated with a fall in the levels of two endogenous in-
hibitors: NO and NEFA.

If the observed decrease in plasma NEFA levels was due to
a more efficient uptake and storage in adipocytes, this would
be expected to result in an increased adipose tissue mass.
While the 2 week troglitazone treatment of our study did
not significantly augment either epididymal fat pad weight
or adipose tissue triglycerides mass (Table 1), a 4 week
rosiglitazone-based therapy in Zucker lean and fatty rats
significantly increased the total weight of epididymal fat
pads (Sotiropoulos et al., 2006). Therefore, it is possible that
for over a longer period of HS feeding with troglitazone
administration, epididymal fat mass would have also shown
an increase over untreated HS-fed animals. Therefore, with
our short-term HS feeding, the observed plasma NEFA
decrease can be mainly attributed to changes in hepatic fat
metabolism.

The fatty acyl sources of hepatic triglycerides include
plasma NEFA released from adipocytes during fasting, dietary
fat intake during feeding and hepatic DNL. Although TZD are
well known to stimulate DNL in adipocytes, their effects on
hepatic lipogenesis are more controversial. Here, we showed
that troglitazone therapy was associated with a decrease in
fractional DNL for HS-fed rodents. Likewise, pioglitazone re-
duced steatosis in a diet-induced steatohepatitis animal model
through suppression of liver lipogenic gene expression, includ-
ing sterol regulatory element-binding protein-1c and fatty acid
synthase (Ota et al., 2007). On the other hand, prolonged
rosiglitazone-based and troglitazone-based therapy in obese
KKAy mice, expressing elevated hepatic PPARγ, was associated
with a worsening of steatosis and activation of lipogenic genes
and DNL (Bedoucha et al., 2001). This suggests that administra-
tion of TZD when hepatic expression of PPARγ is constitutively
high may promote rather than curtail hepatic steatosis.

Recently, Recently, Beysen et al. demonstrated that
rosiglitazone and pioglitazone had different effects on hepatic
DNL rates in T2D subjects (Beysen et al., 2008). A possible expla-
nation is that the actions of a given TZD may be further poten-
tiated by cross-reactivity with PPARα, whose agonists are known
to increase hepatic fatty acid oxidation activity and reduce
hepatic lipogenic fluxes (Tenenbaum and Fisman, 2012). More-
over, in addition to functioning as PPAR agonists, TZDmay also
differentially modify PPARα and PPARγ expression. Thus,
troglitazone, an agonist for both PPARα and PPARγ, was also
found to increase PPARα expression while reducing PPARγ ex-
pression in mononuclear cells of obese subjects (Aljada et al.,
2001). In the liver, where constitutive PPARα levels are much
higher than those of PPARγ, the anti-lipogenic effects of
troglitazone are best explained through its promotion and stim-
ulation of PPARα.

Thiazolidinedione therapy is also associated with a reduc-
tion in peripheral serum insulin levels that accompanies an
improvement in insulin sensitivity (Osei et al., 2004; Kim
et al., 2005). The insulin-sensitizing effects of PPARγ agonists,
such as TZD, were recently attributed to an inhibition of an
insulin-signalling cascade, the MEK/ERK pathway, by specifi-
cally blocking PPARγ phosphorylation at S273. This cascade
has also been linked with increased insulin resistance, which
led the authors to open a window for resurrecting PPARγ-
targeted therapeutics to improved insulin sensitivity (Banks
et al., 2015). In this study, the authors also showed an im-
provement in glucose tolerance and a decrease in plasma in-
sulin levels in animals treated with MEK inhibitors.
However, the mechanism that accounts for the reduced circu-
lating insulin levels remains uncertain.

After insulin is secreted into the portal vein, a significant
and variable fraction (40–70%) is immediately cleared by
the liver, this fraction being sensitive to physiological and
nutritional parameters that also inform insulin sensitivity
(Radziuk and Morishima, 1985). Hence, plasma insulin levels
reflect both β-cell secretion and hepatic insulin clearance. In-
sulin clearance is initiated by the binding of insulin to its he-
patic receptor. Internalization of the bound insulin complex
is critical not only for insulin clearance but also for hepatic
insulin actions. It has been suggested that 80% of secreted in-
sulin binds to liver receptors. After binding, insulin can be
either fully degraded or returned to the circulation either
intact or partially degraded. Insulin clearance is primarily
mediated by IDE and PDI (Duckworth et al., 1998). In
troglitazone-treated HS-fed rodents, β-cell insulin secretion,
quantified using plasma C-peptide as a surrogate (Polonsky
and Rubenstein, 1984; Polonsky et al., 1984a), was not
altered. Hence, the observed decrease in plasma insulin levels
in troglitazone-treated rodents is explained by increased
hepatic insulin clearance, given by the ratio between C-peptide
levels and plasma insulin levels. In agreement with our study,
rosiglitazone therapy increased hepatic insulin clearance in
nondiabetic insulin-resistant, impaired glucose tolerant and
T2D subjects (Kim et al., 2005; Osei et al., 2007). The observed
increase of hepatic insulin clearance is supported, at least in
part, by the observed IDE activity increase. Previously, it has
been shown that increased insulin sensitivity in both animals
and human studies was associated with a stimulation of insulin
clearance and decreased hyperinsulinaemia (Ahren and
Thorsson, 2003; Ader et al., 2014). However, Maianti et al.
demonstrated that IDE inhibitors improved glucose tolerance
over the short term (Maianti et al., 2014).

Both glucose and NEFA are potential regulators of IDE
activity (Hamel, 2009; Pivovarova et al., 2009). Because post-
prandial glucose excursions were very similar between the
three groups, the differential effects of glucose on insulin
British Journal of Pharmacology (2016) 173 267–278 275
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clearance between the groups were likely to be insignificant.
Studies on the effects of NEFA on IDE-mediated insulin clear-
ance have yielded some contradictory conclusions. On the
one hand, the studies of Wei et al. indicate that NEFA, specif-
ically palmitate, induces IDE protein and activity (Wei et al.,
2014). Meanwhile, other studies indicate that NEFA inhibit
insulin degradation via IDE (Hamel, 2009). In vivo, the net
outcome of these opposing effects of NEFA on insulin clear-
ance ultimately rests on the relative potency of NEFA in in-
ducing IDE protein versus their inhibition of IDE activity.
An acute twofold increase of NEFA in lean subjects promoted
a pronounced reduction in insulin clearance independently
of glucose levels (Hennes et al., 1997; Xiao et al., 2006). This
suggests that at least under these short-term conditions, the
dominant effect of NEFAwas the inhibition of IDE activity,
with no major alterations on IDE expression. With long-term
high-fat feeding, it is possible that there is a compensatory in-
duction of IDE to counter the effects of chronically excessive
NEFA levels, thereby explaining the observations of Wei et al.
(Wei et al., 2014). Most significantly however, the study of
Wei et al. and our work taken together indicate that promotion
of IDE activity and improvement of hyperinsulinaemia by TZD
is a robust outcome regardless of whether insulin resistance
was established via long-term high-fat diet or by shorter-term
HS feeding.

NO has also been shown to be a regulator of IDE activity.
Cordes and colleagues showed that NO directly binds to IDE
leading to its inhibition (Cordes et al., 2009). We showed
that TZD treatment resulted in a significant decrease of he-
patic NO levels and NOS activity. Previous studies demon-
strated that pioglitazone administration led to a decrease
in inducible NOS (iNOS) activation in obese T2D subjects
(Esterson et al., 2013). These specific effects were only
observed in T2D patients, where iNOS activity is elevated
compared with healthy subjects.

While IDE is considered to be the primary enzyme for
hepatic insulin clearance, PDI, which is also expressed by
the liver, can also alter internalized insulin. The disulfide
bounds between the two chains of insulin can be cleaved
by PDI action, allowing some reactions between the sepa-
rated chains and reactive molecules surrounding them.
Namely, it is known that these chains can undergo nitrosylation
by PDI-derived activity (Zai et al., 1999; Root et al., 2004). More-
over, it is known that PDI activity increase has been associated
to states of higher insulin sensitivity, namely, in the postpran-
dial state (Mikami et al., 1998). Therefore, our data indicate that
hepatic PDI activity and expression were not correlated with
either IDE activity or insulin clearance, but it is possible that
PDI may have a role in insulin degradation that is downstream
or complementary to that of IDE in specific conditions.

In conclusion, our data demonstrate that troglitazone
protects against hepatic fat accumulation induced by a
short-term period of high sucrose feeding via several mecha-
nisms, acting in concert, involving both adipose tissue and
liver. In addition to the canonical mechanism of increased
adipocyte NEFA uptake and esterification, thereby reducing
plasma NEFA, we also demonstrated an inhibition of hepatic
DNL and also reduced hepatic NO levels and NOS expres-
sion. The reduction in hepatic lipid and NO, both of which
are inhibitors of IDE, was correlated with an increase in IDE
activity and hepatic insulin clearance. This increased insulin
276 British Journal of Pharmacology (2016) 173 267–278
clearance explained the maintenance of normal plasma
insulin levels concomitant with the preservation of insulin
sensitivity. These novel hepatic actions of TZD offer more
precise therapeutic strategies for reversing the onset of
non-alcoholic fatty liver disease and countering hyperin
sulinaemia in T2D subjects.
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