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Abstract: A high-fructose diet (HFD) induces murine alterations like those recorded in human
prediabetes. Protective effects of isoespintanol (monoterpene isolated from Oxandra cf. xylopioides)
on changes induced by HFD were evaluated. Animals were maintained for 21 days with a standard
diet (C), 10% fructose (F), and F plus isoespintanol (FI, 10 mg/kg, i.p.). Glycemia, triglyceridemia, total
and HDL-cholesterol, and insulin resistance index (IRX) were determined. Intraperitoneal glucose
tolerance test (IGTT) was performed. In the liver, we measured glycogen, lipogenic gene expression
(SREBP-1c, GPAT, FAS, and CPT1), oxidative stress (GSH and 3′-nitrotyrosine content), inflammation
markers (iNOS, TNF-α, and PAI-1 gene expression; iNOS and COX-2 protein levels), p-eNOS, p-Akt,
and p-GSK3β protein levels. Isoespintanol corrected enhanced triglycerides, lipogenic genes, and
IRX, and reduced HDL-cholesterol induced by HFD. Increased liver glycogen and inflammatory
markers and decreased GSH, p-Akt, and p-GSK3β measured in F rats were reversed by isoespintanol,
and p-eNOS/e-NOS and iNOS/GADPH ratios were normalized. Isoespintanol restored glucose
tolerance (IGTT) compared to F rats. These results demonstrate for the first time that isoespintanol
prevents endocrine–metabolic alterations induced by HFD in prediabetic rats. These effects could be
mediated by Akt/eNOS and Akt/GSK3β pathways, suggesting its possible use as a therapeutic tool
for the prevention of diabetes at early stages of its development (prediabetes).

Keywords: isoespintanol; hepatic lipogenesis; inflammation; oxidative stress; prediabetes

1. Introduction

Type 2 diabetes (T2D) is a severe chronic metabolic disease in continuous growth,
characterized by elevated blood glucose levels. It is one of the leading causes of blind-
ness, kidney failure, heart attacks, strokes, and lower limb amputations associated with
premature mortality. It is estimated that by 2045, 629 million people around the world
will suffer diabetes [1]. Before T2D development, there is a state called prediabetes, char-
acterized by insulin resistance together with impaired fasting glucose, impaired glucose
tolerance, or both [2]. Progression from prediabetes to T2D can be delayed by implementing
lifestyle changes (healthy diet and regular physical activity) or through pharmacological
intervention [2]. It has been shown that fructose consumption has increased in the last
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50 years due to the incorporation into the diet of high-fructose corn syrup (HFCS), present
in industrialized products, mainly in sweetened drinks containing high amounts of fructose
that are rapidly absorbed [3]. HFCS is widely used due to its low cost and high sweetening
power. Therefore, high consumption of free fructose (present in HFCS) is considered a
major contributor to the current epidemic of diabetes, obesity, and other metabolic dis-
orders [4–7]. In our laboratory, we have previously demonstrated that administration
of a fructose-rich diet (10% w/v in the drinking water) to normal rats for three weeks,
induced several endocrine–metabolic changes, including dyslipidemia, altered glucose
tolerance, insulin resistance, liver steatosis, and endocrine pancreas dysfunction [8–12].
These abnormalities are like those described in the metabolic syndrome in humans and, in
consequence, fructose-fed rats model constitute a good and validated model for studying
possible pharmacological interventions at early stages of diabetes development.

Although fruits contain fructose, they have a lower fructose content compared to an
industrialized drink and, in addition, contain flavonoids, epicatechin, vitamin C, and other
natural products with recognized antioxidant activity that could prevent adverse effects of
fructose. Even when synthetic drugs are effective in treating diabetes, it has been shown that
they may have many side effects. In this sense, medicinal plants have been used for years to
treat diseases and even today there are many natural products and/or synthetic variations
of their structure that are used to discover and develop novel drugs [13]. Medicinal plants
have been shown to have preventive effects on chronic diseases like cancer, non-alcoholic
fatty liver disease, cardiovascular disease, T2D, and metabolic syndrome. However, the
effects of these compounds were not systematically investigated at the early stages of
T2D development (prediabetes). Experimental results confirm that some herbal bioactive
compounds (resveratrol, curcumin, berberine, anthocyanin, vegetable oils, and soluble
fibers) have benefit in their efficacy for decreasing insulin-resistance, fasting blood glycemia,
or fasting insulin [14]. A 12-month randomized controlled trial designed to investigate
metabolic effects of the natural products in people with pre-diabetes and overweight or
obesity, showed that alpha-cyclodextrin, a fiber derived from corn starch, binds triglycerides
in the intestines to prevent its absorption, aiding lipid control. Additionally, a hydrolyzed
ginseng extract, containing high amounts of compound K, a metabolite of ginsenosides,
could ameliorate hyperglycaemia [15].

However, data from different clinical trials on the effects of ginseng on prediabetes
are still inconsistent. Meta-analyses revealed that ginseng supplementation significantly
reduced serum concentration of IL-6 and HOMA-IR but also increased TNF-α levels [16].
Finally, a 6-month double-blind, placebo-controlled, randomized clinical trial, designed
to assess the efficacy of α-cyclodextrin and of hydrolyzed ginseng for cholesterol and
glycemic control in people with prediabetes and overweight or obesity, demonstrated that
both compounds were ineffective [17].

In the present work, the compound isoespintanol (2-Isopropyl-3,6-dimethoxy-5-
methylphenol), a monoterpene isolated from the ethereal extract of the leaves of Oxandra cf.
xylopioides, was studied. Using this compound, we previously demonstrated in different
experimental models its different pharmacological activities [18–21]. Through computa-
tional methods and through the determination of FRAP (ferric reducing antioxidant power)
and DPPH (1,1-diphenyl-2-picrylhydrazyl) assays, it was determined that isoespintanol
has an important antioxidant capacity [22]. This capacity was also demonstrated in sil-
ico assays (discoloration of β-carotene and lipid peroxidation induced by Fe/ascorbate
and in the DPPH kinetic assay) [19]. In a mice model of edema induced by carrageenan,
isoespintanol showed an inhibitory effect on the production of interleukin 1β [18]. On
the other hand, the monoterpene evinced antispasmodic actions on biliary, urinary, and
uterine spasms, even with a higher potency than other drugs used in therapy, probably
mediated by interference of Ca2+ influx to smooth muscle cells [20,23], demonstrated in a
rat model of isolated aortic rings that isoespintanol exerts a vasodilator effect, mediated
through an ON-dependent signalling pathway. The authors also suggest that the inhibition
of Ca2+ entry into myocytes could be involved in this mechanism. Finally, in a rat model
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of ischemia–reperfusion, González-Arbeláez et al. [21], showed that isoespintanol reduces
cell mortality, decreases post-ischemia dysfunction, and improves mitochondrial status,
probably activating the PKCε-Akt-eNOS signalling pathway.

These previously described actions positioned isoespintanol as a good candidate for
treating prediabetes triggered by an unhealthy diet, where oxidative stress and inflamma-
tion play a pivotal role.

Therefore, the aim of the present work was to evaluate the possible protective effects of
isoespintanol on endocrine–metabolic changes, oxidative stress, and inflammation, induced
by administration of a fructose-rich diet in the liver of prediabetic rats.

2. Results
2.1. Body Weight, Food Intake, and Drink Intake

After 21 days of treatment, rats consuming fructose 10% (F and FI) drank a significantly
higher volume compared to C rats (79.87± 10.46 and 62.37± 7.12 vs. 29.26 ± 2.20 mL/rat/day;
p < 0.05). However, control rats consumed a significantly higher volume of solid food than
F and FI rats (21.81 ± 0.8 vs. 15.86 ± 2.1 and 14.94 ± 1.04 g/rat/day; p < 0.05). Despite
these differences, their caloric intake was comparable without significant differences (C:
63 ± 5; F: 78 ± 6; FI: 68 ± 4 kcal/rat/day).

2.2. Serum Parameters

Although there were no significant differences in glycemia between groups (Table 1),
a significant increase in triglyceridemia and the IRX was observed in F group compared
to C animals (p < 0.05). These changes were significantly reversed with isoespintanol (FI)
treatment (Table 1). These data demonstrated that F animals developed dyslipidemia and
insulin resistance and that administration of the monoterpene isoespintanol reversed the
development of these metabolic–endocrine changes.

Table 1. Serum parameters.

Plasma Parameters C F FI p Value

Glucose (mg/dL) 134.8 ± 5.8 133.6 ± 6.7 133.1 ± 4.4 NS

Triglyceride (mg/dL) 96.3 ± 16.1 264.2 ± 21.2 * 79.9 ± 9 # *# p < 0.0001

Chol-HDL (mg/dL) 50.3 ± 5.7 43.4 ± 4.8 52.1 ± 2.8 NS

IRX (TG/HDL) 2.0 ± 0.3 6.4 ± 0.8 * 1.6 ± 0.3 # *# p < 0.001

Cholesterol-Total (mg/dL) 64.0 ± 5.4 78.0 ± 6.7 86.8 ± 6.4 NS

Cholesterol-NoHDL (mg/dL) 13.7 ± 2.0 34.6 ± 2.7 * 34.7 ± 6.0 * p < 0.0001
Values are expressed as mean ± SEM. * p vs. C; # p vs. F; n = 6 rats/group.

2.3. Intraperitoneal Glucose Tolerance Test (IGTT)

Figure 1 (both panels) displays data obtained from a high-glucose challenge to rats.
Plasma glucose levels measured 30, 60, 90, and 120 min after glucose load were significantly
higher in F compared with C animals (p < 0.05, Figure 1A). Consequently, the area under
the glucose curve (AUC) during the IGTT was also significantly higher in F than in C rats
(p < 0.05, Figure 1B). Administration of isoespintanol to F rats reversed the increase in both
the AUC and the glucose levels at 30, 60, 90, and 120 min (p < 0.05).

2.4. Liver Parameters
2.4.1. Liver Glycogen Content, p-GSK3β Protein Levels, and Lipogenic Gene Expression

Hepatic glycogen storage was significantly increased in F compared to C rats. In FI
rats, there was a significant decrease compared to F group, reaching lower levels than those
measured in C rats (Figure 2A). F animals also showed a significant decrease in p-GSK3β
protein levels compared to C rats. This effect was reversed by treatment of these rats with
isoespintanol (Figure 2B).
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Figure 1. Intraperitoneal glucose tolerance test. (A) Blood glucose concentration 0, 30, 60, 90, and 
120 min following an IGTT (1.5 g/kg) in C, F, and FI rats. (B) AUC expressed in mg/dL/120 min in C 
(white bars), F (black bars), and FI (lined bars) animals. In both panels, values are means ± SEM. * p 
< 0.05 vs. C; # p < 0.05 vs. F; n = 6 rats/group. 
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Figure 2. Liver glycogen (A) and p-GSK3β protein expression (B) by C (white bars), F (black bars), 
and FI (lined bars) rats. (B) Protein levels measured by Western blot in liver homogenates from the 
different experimental groups. A representative blot of 3 different experiments is shown. GAPDH 
was used as internal standard. Bars represent means ± SEM expressed in relative units (RU) as the 
ratio between the protein of interest and GAPDH band intensity. * p < 0.0001 vs. C; # p < 0.0001 vs. 
F; n = 6 rats/group. 

Regarding lipogenic genes, F rats evinced a significant increase (p < 0.05) in SREBP-
1c, GPAT, and FAS mRNA levels, while an also significant (p < 0.05) reduction was rec-
orded in CPT1 gene expression. These changes were almost completely reversed in FI rats 
(Figure 3). 

Figure 1. Intraperitoneal glucose tolerance test. (A) Blood glucose concentration 0, 30, 60, 90, and
120 min following an IGTT (1.5 g/kg) in C, F, and FI rats. (B) AUC expressed in mg/dL/120 min in
C (white bars), F (black bars), and FI (lined bars) animals. In both panels, values are means ± SEM.
* p < 0.05 vs. C; # p < 0.05 vs. F; n = 6 rats/group.
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Figure 2. Liver glycogen (A) and p-GSK3β protein expression (B) by C (white bars), F (black bars),
and FI (lined bars) rats. (B) Protein levels measured by Western blot in liver homogenates from the
different experimental groups. A representative blot of 3 different experiments is shown. GAPDH
was used as internal standard. Bars represent means ± SEM expressed in relative units (RU) as the
ratio between the protein of interest and GAPDH band intensity. * p < 0.0001 vs. C; # p < 0.0001 vs. F;
n = 6 rats/group.

Regarding lipogenic genes, F rats evinced a significant increase (p < 0.05) in SREBP-1c,
GPAT, and FAS mRNA levels, while an also significant (p < 0.05) reduction was recorded in
CPT1 gene expression. These changes were almost completely reversed in FI rats (Figure 3).

2.4.2. Oxidative Stress (GSH and 3′-Nitrotyrosine) and Inflammation Markers (TNF-α,
PAI-1, and iNOS Gene Expression; COX-2 and iNOS Protein Expression)

GSH content was significantly lower in F compared with C animals (p < 0.05); however,
administration of isoespintanol to F rats increased GSH content to values comparable to
those measured in C rats (Figure 4A).

On the other hand, immunoreactive 3′-nitrotyrosine bands (a peroxynitrite production
and protein nitration marker) were observed at 69 kDa. 3′-nitrotyrosine protein levels were
significantly higher in F than in C group. However, FI rats showed a significant decrease in
this marker compared to F animals (Figure 4B).

Regarding inflammation markers, F animals showed enhanced TNF-α and PAI-1
mRNA levels as well as COX-2 and iNOS protein levels compared to C rats (p < 0.05).
Isoespintanol administration to F animals (FI) restored the values to those measured in C
group (p < 0.05 vs. F) (Figure 5A,B,D,E). A non-significant increase in iNOS mRNA levels
was recorded in F rats, whereas FI animals evinced a gene expression comparable to C rats
(Figure 5C).
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Figure 3. Gene expression of SREBP-1c (A), GPAT (B), FAS (C), and CPT1 (D) was measured by
RT-qPCR on liver of C (white bars), F (black bars), and FI (lined bars) rats. Results are expressed as
means ± SEM, in relative units (RU). Panel (A) * p < 0.005 vs. C; panel (B) * p < 0.02 vs. C, # p < 0.002
vs. F; panel (C) * p < 0.0001 vs. C, # p < 0.05 vs. F; panel (D) * p < 0.005 vs. C, # p < 0.001 vs. F;
n = 6 rats/group.
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Figure 4. GSH content (A) and 3′-nitrotyrosine protein expression (B) in liver of C (white bars),
F (black bars), and FI (lined bars) rats. A representative blot of 3 different experiments is shown.
GAPDH was used as internal standard. Bars represent means ± SEM expressed in relative units (RU)
as the ratio between the protein of interest and GAPDH band intensity. Panel (A) * p < 0.01 vs. C,
# p < 0.05 vs. F; panel (B) * p < 0.02 vs. C, # p < 0.0001 vs. F; n = 6 rats/group.

2.4.3. Protein Levels of p-Akt and p-eNOS

A significant decrease in p-Akt and p-eNOS protein levels was observed in F rats
compared to C group. This effect was reversed by isoespintanol treatment, inducing a
significant increase in the expression of both proteins (Figure 6A,B).
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n = 6 rats/group.

3. Discussion

Current results demonstrate for the first time that isoespintanol—a monoterpene
isolated from Oxandra cf. xylopioides—administered to rats fed a fructose-rich diet, exerts
protective effects, and prevents endocrine–metabolic oxidative stress and inflammatory
disturbance triggered by an unhealthy diet. Isoespintanol decreased triglycerides, lipogenic
genes, IRX, and enhanced HDL, restored glucose tolerance together with a normalization
of liver glycogen, and inflammatory and oxidative stress markers. This study also suggests
that Akt/eNOS and Akt//GSK3β signaling pathways play a pivotal role in isoespintanol-
mediated protection.

In previous studies employing the rat prediabetes model induced by administration
of a fructose-rich diet, we demonstrated enhanced liver oxidative stress and inflammation,
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together with endocrine–metabolic dysfunction including insulin resistance [8], constituting
a triad that self-perpetuates in a vicious pathogenic circle which can be effectively disrupted
by antioxidant co-administration [9]. In this sense, isoespintanol has been shown to
intervene pharmacologically through different pathways, including oxidative stress and
inflammation regulation. Current results demonstrated a clear hepatic antioxidant effect of
this monoterpene, thereby increasing GSH level and decreasing nitrotyrosylated protein
levels in fructose-fed rats. Rojano et al. [18] demonstrated that isoespintanol exerts a clear
anti-inflammatory effect by reducing IL-1β protein production and IL-1 β mRNA synthesis
in RAW 264.7 macrophages. Our current results suggest that isoespintanol is also able
to modulate hepatic inflammation since its administration restored basal expression of
TNF-α, PAI1, and iNOS gene expression together with normalized COX-2 and iNOS protein
levels. It has been demonstrated that TNF-α interferes with the insulin receptor signaling
pathway and with metabolism of glucose transporters, and, consequently, plays a role in
the pathophysiology of insulin resistance [24]. Moreover, TNF-α positively regulates PAI-1
expression which, in turn, induces insulin resistance and metabolic abnormalities in liver
during proinflammatory processes [25], thus suggesting a common link between TNF-α,
insulin resistance, and elevated PAI-1 in obesity [26]. Taken together, our results provide
evidence of the importance of regulating inflammation to reverse insulin resistance by
using plant products.

Regarding GSK3, it exists in two isoforms, termed α and β. GSK3 is one of the few
kinases that is active in its basal state and is inhibited upon phosphorylation at Serine9
in GSK3β and at Serine21 in GSK3α, a phosphorylation mediated by several kinases.
In our study, we determined p-GSK3β (Serine9) protein levels. GSK3β is a signaling
kinase, involved in regulation of several cellular activities, from metabolism to immune
activation [27–32]. GSK3β is inhibited by Serine9 phosphorylation, and GSK3β inhibition
by this phosphorylation promotes anti-inflammatory gene programs in macrophages [27].
More recently, it was demonstrated that GSK3β phosphorylation at Serine9 leads to an
anti-inflammatory response [33]. Since Akt phosphorylates GSK3β on its regulatory serine
residue (Serine9), inhibiting its activity [34], increased p-GSK3β (Serine9) in FI animals
compared to F rats could be a consequence of the recovery in p-Akt level induced by
the phytochemical. These facts could explain the decrease in liver inflammatory markers
registered in isoespintanol-treated rats.

Several dysfunctions are characterized by a reduced NO production, associated with
reduced phosphorylation of eNOS [35]. Among others, a defect in eNOS phosphorylation
has been considered to account for endothelial dysfunction further leading to hypertension
and hyperlipidemia [36]. Interestingly, Atochin et al. have shown modulation of Serine1179
phosphorylation as an approach for treating cardiovascular diseases related to diabetes, obe-
sity, metabolic syndrome, hyperlipidemia, and hypertension [37]. eNOS phosphorylation
was also shown to be stimulated by phytochemicals, such as polyphenols, through activa-
tion of kinases, such as Akt [38,39]. In this sense, isoespintanol was shown to be a good
antispasmodic in isolated rat intestine, bladder, and uterus, interfering non-competitively
with Ca2+ influx into smooth muscle [20]. Further, in rat isolated thoracic aortic rings, isoe-
spintanol showed a vasodilatory effect through NO-dependent pathways [23]. In addition,
González Arbeláez et al. have shown that isoespintanol attenuates myocardial dysfunction
caused by ischemia and reperfusion in isolated rat hearts and that this cardioprotection
involved activation of Akt/eNOS and PKCε signaling pathways [21]. Current results are
in line with those previously found and suggest that isoespintanol also modulates the
Akt/eNOS pathway in the liver of prediabetic rats.

Fructose-fed rats showed significantly lower levels of p-Akt (phosphorylated at Ser-
ine473) together with an increase in hepatic markers of lipogenesis [8]. It is known that
Akt can be activated by phosphorylation at Serine473 by mTORC2 [40]. Also, hepatic fat
accumulation in rats with dietary-induced non-alcoholic fatty liver disease was shown to
be accompanied by reduced phosphorylation of Akt [41,42]. Additionally, pharmacological
inhibition of Akt led to fat accumulation in rat liver [41]. By contrast, Akt activation could
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alleviate liver steatosis in several models of non-alcoholic fatty liver disease and diabetic
mice [43–46]. Current results clearly demonstrated that isoespintanol prevents the changes
recorded in p-Akt and, in turn, this prevention could play a key role in the regulation of
lipid homeostasis in the liver of fructose-fed rats.

In conclusion, our current results demonstrated for the first time that the monoterpene
isoespintanol prevented endocrine–metabolic, inflammatory, and oxidative stress distur-
bances triggered by an unhealthy diet (rich in fructose), probably modulating Akt/eNOS
and Akt/GSK3β signaling pathways, at least in our rat model (Figure 7). Even when ex-
trapolation from a surrogate model to human clinical research is useful, it must be justified
by means of a variety of theoretical and experimental considerations. In this sense, current
results positioning isoespintanol as a possible new therapeutic tool to treat diabetes at an
early stage of development (prediabetes) merit further research to validate these findings
in human subjects.
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Based on the current results, we proposed that the increased lipogenic gene expression, inflammatory
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(white arrows), probably modulating Akt/eNOS and Akt/GSK3β signaling pathways.

4. Materials and Methods
4.1. Chemicals and Drugs

All reagents of the purest available grade were provided by Sigma Chemical Co.
(St. Louis, MO, USA).

Isoespintanol was obtained from Oxandra cf. xylopioides, as previously detailed [18].
Briefly, dry and ground leaves of this plant product were extracted with petroleum ether by
percolation and dried by rotary evaporation. The extract was subjected to various chromato-
graphic columns by gravity, eluting with hexane–dichloromethane mixtures and, finally,
recrystallizing. The structure of the compound was established based on interpretation
of its NMR and MS data [18]. The purity of this sample was assessed by HPLC analyses,
for which isoespintanol was dissolved in 10.0 mL of ethanol (at a final concentration of
500 mg/L) under ultrasound for 15 min. Its purity was quantified using HPLC-DAD
(Shimadzu Prominence®, Tokyo, Japan) according to the modified method proposed by
Ultee et al. [47]: isocratic elution with methanol/water (60:40); flow rate of 1.0 mL/min;
with a LiChrospher® 100 RP-18 column (5 µm, 250 × 4 mm) (Merck, Darmstadt, Germany)
as stationary phase thermostatted at 35 ◦C and injection volume of 20 µL. The reten-
tion time of isoespintanol was 9.28 min and its purity >99% when monitoring at 277 nm
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(Figure 8). For the present evaluation, purified crystalline solid isoespintanol was dissolved
in dimethylsulphoxide (DMSO) at a concentration of 21 mg/mL as mother solutions.

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 9 of 15 
 

 

4. Materials and Methods 
4.1. Chemicals and Drugs 

All reagents of the purest available grade were provided by Sigma Chemical Co. (St. 
Louis, MO, USA). 

Isoespintanol was obtained from Oxandra cf. xylopioides, as previously detailed [18]. 
Briefly, dry and ground leaves of this plant product were extracted with petroleum ether 
by percolation and dried by rotary evaporation. The extract was subjected to various chro-
matographic columns by gravity, eluting with hexane–dichloromethane mixtures and, fi-
nally, recrystallizing. The structure of the compound was established based on interpre-
tation of its NMR and MS data [18]. The purity of this sample was assessed by HPLC 
analyses, for which isoespintanol was dissolved in 10.0 mL of ethanol (at a final concen-
tration of 500 mg/L) under ultrasound for 15 min. Its purity was quantified using HPLC-
DAD (Shimadzu Prominence®, Tokyo, Japan) according to the modified method proposed 
by Ultee et al. [47]: isocratic elution with methanol/water (60:40); flow rate of 1.0 mL/min; 
with a LiChrospher® 100 RP-18 column (5 µm, 250 × 4 mm) (Merck, Darmstadt, Germany) 
as stationary phase thermostatted at 35 °C and injection volume of 20 µL. The retention 
time of isoespintanol was 9.28 min and its purity >99% when monitoring at 277 nm (Figure 
8). For the present evaluation, purified crystalline solid isoespintanol was dissolved in 
dimethylsulphoxide (DMSO) at a concentration of 21 mg/mL as mother solutions. 

 
Figure 8. HPLC (A) and UV profile (B) of isoespintanol. 

4.2. Experimental Groups 
Adult male Sprague Dawley rats (250–300 g) were maintained in treatment for 21 

days divided into 3 experimental groups: C: standard commercial diet; F: standard com-
mercial diet with the addition of 10% fructose (w/v) in the drinking water; and FI: treat-
ment equal to the above plus a daily intraperitoneal injection of isoespintanol (10 mg/kg 
of body weight/day in DMSO, final volume 100 µL), during the last 5 days of treatment 
(Figure 9). 

 

Figure 8. HPLC (A) and UV profile (B) of isoespintanol.

4.2. Experimental Groups

Adult male Sprague Dawley rats (250–300 g) were maintained in treatment for 21 days
divided into 3 experimental groups: C: standard commercial diet; F: standard commercial
diet with the addition of 10% fructose (w/v) in the drinking water; and FI: treatment equal
to the above plus a daily intraperitoneal injection of isoespintanol (10 mg/kg of body
weight/day in DMSO, final volume 100 µL), during the last 5 days of treatment (Figure 9).
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Figure 9. Flowchart illustrating the study design. Animals were maintained for 21 days with standard
commercial diet (C group, dark grey arrow), standard commercial diet with the addition of 10%
fructose (w/v) in the drinking water (F group, light grey arrow), and F plus a daily intraperitoneal
injection of isoespintanol (10 mg/kg of body weight/day in DMSO, final volume 100 µL), during the
last 5 days of treatment (black arrow) (FI group).

Dose employed, application route, and treatment time were chosen after testing dif-
ferent conditions. The safety profile of isoespintanol and liver function were determined
previously by measuring alanine transaminase (ALT), aspartate transaminase (AST), alka-
line phosphatase (ALP), and gamma-glutamyl transferase (GGT). Likewise, in previous
trials, the innocuousness of DMSO as a vehicle in control animals was verified. Animals
were kept in an environment with constant temperature and humidity (23 ± 1 ◦C, 50%
humidity) and controlled 12 h light/dark cycles. During treatment, water and food con-
sumed were recorded every second day and body weight weekly. After 21 days, animals
were killed by decapitation. Blood and liver samples were obtained to conduct the corre-
sponding determinations. Experiments were performed according to “Ethical principles
and guidelines for experimental animals” (3rd Edition, 2005) by the Swiss Academy of
Medical Sciences (http://www.aaalac.org). All the protocols were approved by the Animal
Welfare Committee (CICUAL) of the La Plata School of Medicine, UNLP (T06-01-2022).

http://www.aaalac.org
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4.3. Determination of Serum Parameters

Non-fasting blood glucose was measured using test strips (Accu-Chek Performa
Nano System, Roche Diagnostics, Mannheim, Germany); triglyceridemia by an enzymatic
colorimetric method (TG Color GPO/PAP AA kit; Wiener Lab, Rosario, Argentina); total
cholesterol and HDL-cholesterol levels by an enzymatic method (Colestat Enz AA kit,
Wiener Lab, Argentina), and non-HDL cholesterol levels were calculated by the difference
between total and HDL-cholesterol. Insulin resistance was determined through the IR
index (TG/HDL-cholesterol) [48].

4.4. Intraperitoneal Glucose Tolerance Test (IGTT)

In the morning (07:00 h) of the experimental day, rats were weighed after 12 h fasting.
Subsequently, they were injected i.p. with 200 µL of a freshly prepared glucose solution
in sterile saline buffer (1.5 g/kg of body weight) [49]. Blood samples were obtained from
the retro-orbital plexus before (baseline; t = 0 min) and 15, 30, 60, 90, and 120 min after
glucose challenge. In these samples, glucose concentration was measured with test strips
(Accu-Chek Performa Nano System, Roche Diagnostics, Mannheim, Germany). The data
were then used to further calculate the area under the curve (AUC) of circulating glucose
values expressing it in mg/dL/120 min.

4.5. Determination of Liver Parameters
4.5.1. Glycogen Estimation

Liver samples (0.5 g) were placed in 1 mL KOH 33% and incubated at 100 ◦C for
20 min. After that, samples were cooled to 0 ◦C and incubated with 1.25 mL of ethanol 96%
at 4 ◦C for 72 h. Then, samples were centrifuged at 700× g for 20 min and the precipitate
was resuspended in 1 mL of distilled water plus 3 mL of anthrone reagent 100 mg/% (in
H2SO4 84%) and incubated at 100 ◦C for 20 min. Absorbance was measured at 620 nm and
each reading was interpolated onto a reference curve of known glycogen concentrations.
The results were expressed as µg glycogen/mg tissue.

4.5.2. Estimation of Reduced Glutathione (GSH) Content

Hepatic GSH content was determined by the Ellman method [50]. Liver pieces were ho-
mogenized in phosphate-K buffer (K2HPO4 10 mM, KCl 11.5 g/L, and pH 7.4, buffer/tissue
ratio 1:4). Then, an aliquot of the homogenate was centrifuged at 800× g for 20 min. Then,
90 µL of TCA 28% was added to 410 µL of the supernatant, and incubated on ice for 10 min,
followed by centrifugation at 4500× g for 15 min. Finally, the reaction mixture was carried
out in duplicate: 450 µL of TCA 5%, 1 mL of Tris-HCl buffer (pH 8.9) 0.01 M, and 25 µL of
dithionitrobenzoic acid (0.4% in methanol) 10 mM were added to 50 µL of the resulting
supernatant. The absorbance was measured by a photometric method at 412 nm against a
TCA and Tris blank. The results were expressed as µmol GSH/g tissue.

4.5.3. Protein Expression by Western Blot

Liver samples from C, F, and FI rats were used to measure protein levels of p-eNOS
(Serine1179), iNOS, p-Akt (Serine473), p-GSK3β (Serine9), COX-2, and protein nitrosylation
(3′-nitrotyrosine). The protein concentration of the samples was measured using the Biorad
protein assay reagent. The tissue was homogenized in ice-cold RIPA buffer (sucrose 300 mM,
DTT 1 mM, EGTA 4 mM, TRIS 20 mM pH 7.4, 1% Triton X100, 10% protease cocktail, NaF
25 µM, and Orthovanadate 1 µmol/L). The buffer was added to each sample in a 1:3 ratio
(w/v), heated at 95 ◦C for 10 min, and centrifuged at 12,000× g for 15 min at 4 ◦C. The
supernatant proteins were resolved on SDS-PAGE and transferred to a PVDF membrane at
constant 10 V for 30 min using transfer buffer (Tris base 48 mM, glycine 39 mM, SDS 1.3 mM,
methanol 20%, and pH 9.2). Equal loading of samples was confirmed by Ponceau S staining.
The membranes were blocked with 5% fatty-acid-free milk in TBS buffer (Tris 20 mM, NaCl
500 mM, and pH 7.5) with Tween 20 0.1%. After that, the membranes were washed and
incubated with the corresponding primary antibody diluted 1:1000 in TBS-T and BSA 1%
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overnight at 4 ◦C. GAPDH was used as the internal standard. The membranes were washed
4 times for 10 min in TBS-T prior to the addition of HRP-conjugated anti-rabbit secondary
antibody (1:5000) and the protein bands were analyzed by a chemiluminescent system
(ECL Plus; Amersham Biosciences, Amersham, UK). The total protein signal was used as a
loading control. The membranes were dried and scanned, and the bands quantified using
Image Studio Digits 3.1 software.

4.5.4. Total RNA Isolation and Analysis of Gene Expression by Real-Time PCR (qPCR)

For total hepatic RNA isolation, TRIzol Reagent (Gibco-BRL, Rockville, MD, USA)
was used. Integrity and purity were evaluated by 1% agarose-formaldehyde gel elec-
trophoresis and by measuring 260/280 nm absorbance ratio. To avoid DNA contamination,
DNase I (Gibco-BRL) digestion was used. Reverse transcription-PCR was performed using
SuperScript III (Gibco-BRL) and 50 ng total RNA as a template.

Real-time PCR was performed using a Mini Opticon Real-Time PCR Detector Separate
MJR (BioRad, Hercules, CA, USA) (SYBR Green I was employed as a fluorescent dye). Ten
ng of cDNA was amplified in a reaction mixture containing 0.6 µM of each primer, MgCl2
3 mM, dNTPs 0.3 mM, and 0.2 µL Platinum Taq DNA polymerase 6 U/µL (Invitrogen,
Buenos Aires, Argentina). Optimal parameters were empirically defined. Oligonucleotide
primers are listed on Table 2.

Table 2. Rat-specific primers used for real-time PCR analyses. FW: forward primer and RV: reverse
primer.

Gene GeneBank® Sequences

SREBP-1c XM_213329.6 FW 5′-TTTCTTCGTGGATGGGGACT-3′

RV 5′-CTGTAGATATCCAAGAGCATC-3′

FAS NM_017332.1 FW 5′-GTCTGCAGCTACCCACCCGTG-3′

RV 5′-CTTCTCCAGGGTGGGGACCAG-3′

GPAT-1 NM_017274.1 FW 5′-GACGAAGCCTTCCGAAGGA-3′

RV 5′-GACGAAGCCTTCCGAAGGA-3′

PAI-1 NM_012620.1 FW 5′-CCACGGTGAAGCAGGTGGACT-3′

RV 5′-TGCTGGCCTCTAAGAAGGGG-3′

TNF-α NM_012675.3 FW 5′-GGCATGGATCTCAAAGACAACC-3′

RV 5′-CAAATCGGCTGACGGTGTG-3′

CPT1 NM_031559.2 FW: 5′ GGGCGGTACTTCAAGGTCTGG 3′

RV: 5′ GTCTGCCGACACTTTGCCCA 3′

eNOS NM_021838.2 FW: 5′ GCTGGGGGATCAGCAACGCT 3′

RV: 5′ GCGGGTCAAAGGACCAGGGC 3′

iNOS NM_012611.3 FW: 5′ GAAGCTCAGCCGCACCACCC 3′

RV: 5′ CAGGGCCGTCTGGTTGCCTG 3′

β-ACTIN NM_031144.2 FW 5′-AGAGGGAAATCGTGCGTGAC-3′

RV 5′-CGATAGTGATGACCTGACCGT-3′

All amplicons were designed in a size range of 90 to 250 bp and β-actin was used
as a housekeeping gene. Purity and specificity of products were verified by melting
curves. Product length and PCR specificity were further checked by 2% (w/v) agarose
gel electrophoresis and ethidium bromide staining. Data are expressed as relative gene
expression (relative units, RU) after normalization to the β-actin housekeeping gene using
Qgene96 and LineRegPCR 11.0 software, as described elsewhere [51].

4.6. Statistical Data Analysis

Statistical analysis was performed by ANOVA followed by Dunnett’s test for multiple
comparisons (GraphPad Prism 6.01). Bartlett’s test was used to assess the variance homo-
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geneity. Results are expressed as mean ± SEM for the indicated number of observations.
Differences were considered significant when p < 0.05.
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