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Abstract: Non-alcoholic fatty liver disease (NAFLD) affects more than 70% of patients with type
2 diabetes mellitus (T2DM) and has become one of the most common metabolic liver diseases
worldwide. To date, treatments specifically targeting NAFLD do not exist. Oxidative stress and
insulin resistance have been implicated in the pathogenesis of NAFLD in diabetes. Accordingly,
the goal of this present study was to determine whether Ellagic acid (EA), a natural antioxidant
polyphenol found in berries and nuts, mitigates hepatic oxidative stress and insulin resistance in
T2DM rats, and thus alleviates NAFLD. Using adult female Goto Kakizaki (GK) rats, a non-obese and
spontaneous model of T2DM, we found that EA treatment significantly lowered fasting blood glucose
and reduced insulin resistance, as shown by a 21.8% reduction in the homeostasis model assessment
index of insulin resistance (HOMA-IR), while triglyceride and total cholesterol levels remained
unchanged. Increased hepatic lipid accumulation and oxidative stress present in diabetic GK rats
was markedly reduced with EA treatment. This effect was associated with a downregulation of the
NADPH oxidase subunit, p47-phox, and overexpression of NF-E2-related factor-2 (NRF2). Moreover,
EA was able to decrease the hepatic expression of hypoxia-inducible factor (HIF-α), a transcription
factor linked to hypoxia and hepatic steatosis. We further showed that EA treatment activated
an insulin signaling pathway in the liver, as evidenced by increased levels of phosphorylated Akt
(Ser 473). In conclusion, our results demonstrate that EA diminishes blood glucose levels and potently
suppress NAFLD in diabetic rats via mechanisms that involve reductions in p47-phox and HIF-α,
upregulation of NRF2 and enhancement of the Akt signaling pathway in the liver. Together, these
results reveal that EA improves hepatic insulin sensitivity and lipid metabolism as a result of its
antioxidant effects. This implies an anti-diabetic effect of EA with beneficial effects for the treatment
of hepatic complications in T2DM.

Keywords: Ellagic Acid; Goto-kakizaki (GK) rats; hepatic steatosis; insulin resistance; oxidative
stress; HIF-α; p47-phox; NRF2; Type II Diabetes Mellitus (T2DM); antioxidant

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease, classically characterized by
hyperglycemia and insulin resistance. Studies have recently identified that around 70% of patients
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with T2DM present with non-alcoholic fatty liver disease (NAFLD), a complication of T2DM that
remains without specific treatment [1,2]. Alarmingly, a significant number of patients with NAFLD
have an increased risk of developing T2DM [3]. A tight association between NAFLD and long-term
diabetic complications has increasingly been recognized. Evidence has shown that T2DM patients with
NAFLD have a two-fold increased risk of developing vascular complications [4], a major, challenging
obstacle in treating diabetic patients. Accordingly, it is speculated that treatment focused on tackling
NAFLD in diabetic patients may also mitigate diabetic vascular dysfunction. To date, there have
been no drug therapies approved specifically for NAFLD [5]. NAFLD is associated with hepatic
steatosis or accumulation of fat, predominantly triglycerides, within hepatocytes, not caused by
alcohol consumption. This prompts a pro-inflammatory cellular response in which NAFLD can
advance to hepatic fibrosis and ultimately, liver failure. Despite the pathophysiological mechanisms
underlying NAFLD not being well elucidated, studies have suggested that oxidative stress is one of
the main factors contributing to hepatic insulin resistance and the subsequent development of NAFLD.
Overproduction of reactive oxygen species (ROS) along with reduced antioxidant enzymatic defenses
negatively interferes with insulin signaling, causing insulin resistance and increased triglyceride
storage in the liver [6]. However, recent evidence has led to the proposal that endoplasmic reticulum
stress also plays a role in the onset of NAFLD [7,8]. Considering the role of the endoplasmic reticulum
in lipid synthesis, disturbances in this organelle also contribute to impaired lipid metabolism in the
liver [9], which ultimately results in the exacerbation of insulin resistance. Nevertheless, hepatic
accumulation of saturated fatty acids, such as diacylglycerol and ceramides, has indeed been proposed
as a trigger of insulin resistance in the liver through oxidative and endoplasmic reticulum stress-based
mechanisms [10–12]. It has been reported that oxidative stress contributes to hypoxia, which also plays
a significant role in the development and progression of NAFLD [13]. This is supported by studies
showing that oxidative stress activates HIF-α, a transcription factor implicated in hypoxia and hepatic
lipid accumulation [14,15].

Clinical studies have attempted to use synthetic antioxidant therapies which have the potential
to treat diabetic complications. However, these clinical trials have been neither effective, nor
conclusive [16,17]. In recent years, natural antioxidants have gained increasing attention over synthetic
ones because of their potential benefits and facilitated access through natural diets and dietary
supplements. Ellagic acid (2,3,7,8-tetrahydroxy-chromeno [5,4,3-cde] chromene-5, 10-dione) (EA) is a
natural polyphenolic compound that is commonly found in fruits, such as raspberries, pomegranates,
grapes and blackcurrants as well as in nuts. Our group has recently shown that EA improves vascular
function in blood vessels exposed to hyperglycemic conditions through the reduction of oxidative
stress [18]. In rodent models of hepatic ischemia reperfusion and aging, EA has been demonstrated
to have beneficial effects on the liver by decreasing oxidative stress [19,20]. New insights into the
therapeutic effects of EA in diabetic liver have been recently reported [21]; however, the mechanisms
of these effects remain unclear.

Thus, this present study aims to examine whether EA reduces hepatic oxidative stress and
insulin resistance in Goto Kakizaki rats, a non-obese model of T2DM widely utilized to study diabetic
complications, and consequently, ameliorates NAFLD and possibly, vascular dysfunction.

2. Materials and Methods

2.1. Reagents

Ellagic acid (E2250), Dihydroethidium (DHE) methyl-beta-cyclodextrin (332615), acetylcholine
(A6625) and D-glucose (G7021) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The optimum
cutting temperature compound (OCT), Tissue-Tek, was obtained from Sakura Finetek (Torrance,
CA, USA).
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2.2. Animals and Experimental Protocols

Goto-Kakizaki (GK) female rats, aged 11 months, were obtained from Taconic Farms
(Germantown, NY, USA). The rats were housed at 25 ± 1 ◦C and maintained on a 12 h light–dark
cycle, with free access to drinking water and a standard chow diet (Zeigler Rodent Chow NIH-31M)
ad libitum. The GK rats were randomly allocated in two groups (n = 8/group) as follows: GK vehicle
group and GK + EA group (50 mg/kg/day). EA doses were selected based on previous studies [22].
Importantly, EA has low bioavailability in water solution [23]. To rule out this issue, the EA solution
was prepared in 10% methyl-beta-cyclodextrin to enhance its bioavailability [22]. EA was orally
administrated daily by gavage for 28 days. The control GK rats received the same volume of vehicle
(10% methyl-beta-cyclodextrin) by oral gavage throughout the entire experimental protocol. The no
observed adverse effect level (NOAEL) of EA was assessed to be 3826 mg/kg body weight/day in
female rats [24,25]; therefore, the dose selected for this study was safe. Body weights were monitored
weekly throughout the treatment period. All experiments and protocols were conducted in accordance
with the National Institute of Health (NIH) Guidelines for the Care and Use of Laboratory Animals
and approved by the New York Institute of Technology College of Osteopathic Medicine (NYIT-COM)
Animal Care and Use Committee.

2.3. Measurement of Plasma Metabolic Parameters and Tissue Collection

After 10 h fasting, blood glucose was measured before, during and after the treatment, through
capillary blood drops obtained from the tail. Samples were analyzed with an AimStrip Plus glucometer
from Germaine Labs (Indianapolis, IN, USA). At the time of the terminal experiments, rats were placed
on a warm pad, under anesthesia (isoflurane 5% with flow of oxygen 1 L/min). After confirming that
the rats were not responding to pain (toes pinch), an incision was made in the thoracic cavity where
blood was collected directly from the heart. Then, the liver, retroperitoneal and periuterine fat pads
were collected for weighing and storage (−80 ◦C). Blood samples were centrifuged at 1400 rpm for
15 min at room temperature. Supernatant, containing serum, was separated and used to determine
levels of triglycerides (TG) and total cholesterol (TC) using commercial kits from Pointe Scientific
(Canton, MI, USA), according to manufacturer’s instructions. Insulin levels were determined by using
an ultra-sensitive rat insulin from Crystal Chem ELISA Kit (Downers Groce, IL, USA).

2.4. Glucose Tolerance and Insulin Sensitivity

Before and at the end of the experimental protocol with EA, rats were submitted to 10 h of fasting
prior to an Oral Glucose Tolerance Test (oGTT). Rats received, by oral gavage, 2 g/kg body weight
glucose solution. Blood drops were collected from the tail vein immediately before (time 0) and 15, 30,
60, and 120 min after the administration of glucose solution for blood glucose measurements, using an
AimStrip Plus glucometer (Indianapolis, IN, USA). The Insulin Tolerance Test (ITT) measured insulin
tolerance. The rats received an intraperitoneal injection of 1 IU/kg body weight of insulin (Novolin).
Blood samples were obtained from the tail before (time 0) and 10, 30, and 45 min after insulin injection.
The glucose disappearance rate (kITT) was calculated based on ITT data; it was calculated as 0.693/t1/2,
where t1/2 is half the time taken to reach maximum blood glucose decay [26]. Insulin resistance was
evaluated using the homeostasis model assessment (HOMA) index of insulin resistance (HOMA-IR =
fasting insulin (µU/mL)/fasting glucose (mM)/22.5) [27,28]. This has been previously validated for
use in rodent studies [29–33].

2.5. Histological Analysis of Liver

At the terminal experiment, livers from the experimental groups were collected and immediately
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embedded in Tissue-Tek medium, frozen in a mixture of dry ice and 2-methylpentane. Then,
10-µm-thick transversal sections were obtained and fixed in 10% formalin, following the stained
protocols for hematoxylin and eosin (H&E) and Oil Red O (Sigma-Aldrich, St. Louis, MO, USA).
The H&E staining was used to conduct a morphological analysis of the NAFLD activity score (NAS)
in the liver, where two independent researchers performed a double-blind analysis of the degrees
of steatosis, hepatocellular ballooning and lobular inflammation [34]. Hepatic fat accumulation was
detected by Oil Red O staining. Age matched non-diabetic Wistar rats were used as the control group.
The images were captured with a 40× objective and quantified through ImageJ software (NIH).

2.6. Oxidative Stress in the Liver

Oxidative stress was determined in frozen and unfixed liver tissue sections by measuring levels of
superoxide anion utilizing the fluorescent probe Dihydroethidium (DHE), as previously described [18].
Briefly, cryosections of livers from both groups (GK and GK + EA) were incubated with 25 µM DHE in
a light-protected humidified chamber at 37 ◦C for 30 min and washed with PBS. DHE fluorescence
was captured using an Olympus DP73 fluorescence microscope fitted with a camera and quantified
as previously described [18]. The fluorescence intensity was quantified in five arbitrarily selected
fields, and the mean value for each section was calculated. The results are expressed as percentage of
fluorescence in the GK+EA in comparison to the GK group.

2.7. Immunoblotting

Protein expression was detected by Western blotting. Total protein was extracted from the livers
of both experimental groups. Fifty (50) µg of hepatic tissue was separated by standard sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene difluoride
(PVDF) membranes, and immunoblotted with the following antibodies: total Akt (#9272, Cell Signaling
Technology, Danvers, MA, USA), phospho-Akt Ser 473 (#9271, Cell Signaling Technology, Danvers,
MA, USA), NRF2 (sc-722, Santa Cruz Biotechnology, Santa Cruz, CA, USA), superoxide dismutase-2
(SOD2) (#137037, Abcam, Cambridge, MA, USA), p47phox (sc-17845, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), HIF-α (#3716, Cell Signaling Technology, Danvers, MA, USA). The corresponding
IgG-HRP secondary antibodies were used to detect primary antibodies (Cell Signaling Technology,
Danvers, MA, USA). Membranes were stripped and re-probed with an internal loading control, β-actin
(# 4967, Cell Signaling Technology, Danvers, MA, USA) or GAPDH (#2118, Cell Signaling Technology,
Danvers, MA, USA). Protein bands were detected using Lumigen Enhanced Chemiluminescence (ECL)
Ultra (Lumigen Inc., Southfield, MI, USA).

2.8. Statistical Analysis

All data is expressed as means ± SEMs. Results were analyzed using one-way ANOVA followed
by Bonferroni’s post hoc test. Student’s t tests were used when appropriate. p < 0.05 was considered
statistically significant. The “n” in each experiment represents the different biological replicates.

3. Results

3.1. Effect of EA on Metabolic Parameters and Insulin Sensitivity

EA did not alter body weight or periuterine fat, but it significantly reduced retroperitoneal fat
in female diabetic GK rats (Table 1). No differences in lipid profiles, including triglycerides and
total cholesterol, were found between the groups (Table 2). Fasting hyperglycemia and glucose
intolerance are present in T2DM [35,36]. As expected, GK groups displayed increased levels of fasting
blood glucose, which were significantly reduced with EA treatment (Table 2). Glucose tolerance was
assessed by oGTT. The GK group maintained a high blood glucose concentration throughout the
oGTT, characterizing impaired glucose tolerance (Figure 1). The GK rats treated with EA exhibited
improved glucose tolerance in comparison to the GK group, only at the end of the experiment
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(120 min). EA markedly increased insulin sensitivity in GK rats, as evidenced by the kITT measurement
(Figure 2A). To determine whether EA also affected insulin resistance, HOMA-IR was calculated.
As shown in Figure 1B, EA significantly diminished insulin resistance in GK rats (Figure 2B).

Table 1. Morphometric parameters of diabetic female Goto Kakizaki (GK) rats after oral treatment with
Ellagic Acid (EA) (50 mg/kg) for 45 days. (n = 6 per group)

Parameter GK GK+EA

Body Weight, BW (g) 257.50 ± 10.35 256.50 ± 11.59
Liver (g/100 g BW) 2.49 ± 0.04 2.54 ± 0.07

Kidney (g/100 g BW) 0.67 ± 0.02 0.69 ± 0.01
Retroperitoneal Fat (g/100 g BW) 1.65 ± 0.14 1.14 ± 0.12 *

Periuterine (g/100 g BW) 1.20 ± 0.26 0.76 ± 0.06

* p < 0.05 vs. GK (Student’s t test).

Table 2. Glucose and lipid parameters of diabetic female GK rats after oral treatment with Ellagic Acid
(EA) (50 mg/kg) for 45 days. (n = 6 per group)

Parameter GK GK+EA

Fasting Blood Glucose (mg/dL) 139.30 ± 10.35 109.00 ± 3.60 *
Insulin (ng/mL) 0.69 ± 0.06 0.61 ± 0.01

Total Cholesterol (mg/dL) 49.30 ± 6.42 48.10 ± 3.29
Triglycerides (mg/dL) 86.11 ± 8.62 83.61 ± 10.36

* p < 0.05 vs. GK (Student’s t test).

Figure 1. Effect of EA treatment on glucose tolerance in diabetic GK rats. (A) oGTT was performed in
female diabetic GK rats with or without EA (50 mg/kg) treatment for 45 days. After 10 h fasting, rats
received 2 mg/kg glucose solution by oral gavage and blood samples were collected at 15, 30, 45, 60,
75, 90, 105 and 120 min after the administration of glucose solution. Area under the curve of glucose
measured during oGTT (B). Data are presented as mean ± SEM. (n = 6 per group); * p < 0.05 vs. GK
without EA treatment.
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Figure 2. EA treatment enhances insulin sensitivity and reduces insulin resistance in diabetic GK
rats. (A) Insulin Tolerance Test (B) Rate constant for the disappearance of glucose in insulin tolerance
test (kITT) and (C) insulin resistance index estimation by homeostasis model assessment method
(HOMA-IR) were performed in female diabetic GK rats with or without EA (50 mg/kg) treatment for
45 days. Data are presented as mean ± SEM, * p < 0.05, (n = 8).

3.2. EA Reduces Hepatic Steatosis and Oxidative Stress

Dysregulation in the lipid metabolism in the livers of GK rats has been reported [37]. However,
the accumulation of fat in the hepatic tissue of GK rats remains controversial. Therefore, fat
accumulation in the livers of GK rats was evaluated using Oil Red O staining. As shown in Figure 3,
diabetic GK rats at approximately 11 months of age exhibited increased fat droplet accumulation, which
was significantly reduced with EA treatment. To determine whether hepatic steatosis is associated with
an increase in oxidative stress in diabetic GK rats, the superoxide anion levels in liver sections from
both experimental groups were evaluated. GK rats treated with EA exhibited a significant decrease in
hepatic oxidative stress, as shown in Figure 4. Next, to determine how EA decreased oxidative stress in
the livers of diabetic rats, the expressions of potential proteins associated with the oxidative pathway
were quantified. EA markedly decreased the expression of NADPH oxidase p47phox (Figure 5A) and
increased the expression of NRF-2, an antioxidant transcription factor, (Figure 5B) in livers from GK
rats. Moreover, EA treatment reduced the expression of HIF-α (Figure 5C), an intrinsic marker for
tissue hypoxia related to oxidative stress in the liver [38].

Figure 3. EA treatment reduces hepatic steatosis in diabetic GK Rats. Oil Red staining for detection of
fat droplets was preformed in frozen sections of livers from age matched Wistar control, and diabetic
GK rats with or without EA treatment (50 mg/kg) for 45 days. (A) Representative oil red staining
showing steatosis (black arrows). Scale bar: 50 µm; (B) Morpho-quantitative analysis of hepatic
steatosis area. Data are represented as mean ± SEM; * p < 0.05, (n = 6 per group).
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Figure 4. EA treatment reduces hepatic oxidative stress in diabetic GK rats. DHE staining was
performed in frozen section of liver from diabetic GK rats with or without treatment with EA (50 mg/kg)
for 45 days for detection of superoxide anion. (A) Representative image of DHE staining in liver section.
Scale bar: 50 µm; (B) Quantitative analysis of DHE fluorescence. Data are presented as mean ± SEM;
* p < 0.05, (n = 6 per group).

Figure 5. EA treatment reduces stress reduces stress machinery in diabetic livers. Expression of
p47-phox (A), antioxidant transcription factors, NRF2 (B) and HIF-α (C) and in hepatic homogenate
from diabetic GK rats with or without treatment with EA (50 mg/kg) for 45 days. Top panels:
representative blots. Bottom panels: densitometry analysis. GAPDH was used as loading control. Data
are presented as mean ± SEM; * p < 0.05, (n = 6 per group).

3.3. EA Ameliorates Hepatic Insulin Signaling

Together with hepatic oxidative stress, hepatic insulin resistance plays a crucial role in the
pathogenesis of NAFLD [39]. Moreover, the impairment of Akt signaling is closely linked with hepatic
insulin resistance [40]. Therefore, in order to determine whether EA improves insulin signaling in
diabetic livers, Akt activation was assessed. As shown in Figure 6, EA significantly activated Akt
signaling in liver from GK rats, as demonstrated by increased levels of phosphorylated Akt.
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Figure 6. EA treatment ameliorates hepatic insulin signaling. Expression of phosphorylated Akt at
serine 473 in hepatic homogenate from diabetic GK rats with or without treatment with EA (50 mg/kg)
for 45 days. Top panel: representative blot. Bottom panel: densitometry analysis. Data are presented as
mean ± SEM; * p < 0.05, (n = 6 per group).

4. Discussion

It is well recognized that NAFLD is a major complication in T2DM. Oxidative stress has
been identified as a key mechanism driving NAFLD in T2DM, by inducing severe alterations in
lipid metabolism [41]. Therefore, antioxidant treatments are an attractive therapeutic approach to
target diabetic hepatic complications. Evidence has supported EA as a potent natural polyphenolic
antioxidant with beneficial effects in the liver and cardiovascular system [42,43]. This is further
supported by our recent studies which showed that EA reduces the vascular oxidative stress induced
by high glucose [18]. Accordingly, the rationale for the present study was to determine whether EA
also reduces oxidative stress in diabetic liver, thus improving NAFLD.

The main finding of the present study was that treatment with EA attenuated hepatic steatosis
in association with reduced oxidative stress in diabetic GK rats. Mechanistically, EA decreased
p47phox and increased antioxidant NRF2 expression, implying that EA exerts its antioxidant effect
in the liver by targeting p47phox and NRF2. Our results are consistent with a recent study showing
that EA diminishes oxidative stress in hypertensive animals via downregulation of p47phox in
the vasculature [44]. Moreover, activation of NRF2, a major antioxidant transcription factor, has
been reported to mediate the antioxidant effect of EA [45,46]. Several studies have demonstrated
that EA increases NRF2 protein levels; however, the mechanisms by which this occurs remain
unknown [46,47]. A limitation of our study is that we did not determine the mechanism by which
EA increases NRF2 protein expression. As a transcriptional factor, NRF2 is regulated at several
levels, including transcription, degradation, translocation and post-translational modification, such
as phosphorylation [48–50]. The activity of NRF2 is primarily regulated via its interaction with
Keap1 (Kelch-like ECH-associated protein 1), which directs the transcription factor to proteasomal
degradation [51]. Additionally, growing evidence has also shown that NRF2 is not only involved in
antioxidant defenses but also has a protective role against steatosis by repressing SREB-1c expression.
This enhances fatty acid oxidation and antagonizes inflammation in hepatocytes [52,53].

NRF1, a sister molecule of NRF2, has been recently identified as a regulator of hepatic lipid
metabolism and systemic insulin resistance [54–57]. It has been demonstrated that NRF1-deficient mice
livers display decreased expression of genes related to lipid metabolism, suggesting that together with
NRF2, NRF1 also plays an important role in hepatic lipid metabolism via its binding to antioxidant
response elements (ARE) [55].

Increased ROS-induced oxidative stress activates HIF-α, a transcription factor implicated in
hypoxia and hepatic lipid accumulation [14,15]. In fact, hypoxia has been demonstrated to play
an important role in the development and progression of NAFLD as a result of increased oxygen
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consumption and metabolic demands [13]. In this study, we found that EA decreased HIF-α expression
in the liver of diabetic GK rats, which likely can explain the effect of EA in reducing hepatic steatosis.
The novelty of our study is that we demonstrated that the p47phox, NRF2 and HIF-α pathway is a
potential mechanism by which EA exerts its antioxidant effects in diabetic livers.

The GK rat is a non-obese model of T2DM that has been widely utilized to investigate human
diabetic complications. It exhibits elevated fasting blood glucose and an impaired response to
glucose [58,59]. As expected, we found that GK rats exhibited high levels of fasting blood glucose
as well as intolerance to glucose, which were significantly attenuated with EA treatment. These
results confirm previous findings showing an anti-hyperglycemic effect of EA in diabetic animals [60].
The mechanisms by which EA exerts its anti-diabetic effects remain unknown. EA also possesses
triglyceride-lowering properties [61]. However, we did not observe a difference in triglyceride levels
in GK rats treated with EA compared to those not treated with EA. A possible explanation for these
differences may be due to the fact that the previous study utilized a long-term treatment protocol with
EA, while we used a short-term protocol. Future studies using a longer period of EA treatment will
be needed.

A relationship between insulin resistance and NAFLD has been previously described and suggests
that therapies targeting an increase in insulin sensitivity may be beneficial for the prevention of the
development of NAFLD [62]. We found that EA improved insulin sensitivity and decreased insulin
resistance as determined by kITT and HOMA-IR, respectively. Of note, several studies have now used
HOMA-IR to assess rodent insulin sensitivity. Overall, HOMA-IR provides an acceptable measurement
of insulin resistance when applied to rats and mice as it does in humans [29,33]. To assess whether
this systemic improvement in insulin resistance caused by EA also extends to hepatic tissue, we
evaluated the activation of Akt, a key molecule in the insulin signaling pathway [63]. Treatment
with EA markedly increased phosphorylation of Akt in diabetic livers, indicating that EA ameliorates
hepatic insulin resistance. However, it should be noted that our Akt measurements were conducted
under basal non-stimulated conditions. Although impaired, Akt phosphorylation is detected under
basal conditions and responds to increasing insulin levels at a lesser but parallel extent to that seen in
Wistar control rats [64]. Therefore, since our study used only GK rats, which were either treated with
Ellagic acid or not treated, increased Akt phosphorylation might certainly be ascribed to improved
insulin sensitivity. This assumption is further supported by the fact that fasting serum insulin levels
did not differ between the groups (Table 2). Moreover, measurements of Akt phosphorylation at basal
non-stimulated conditions have been reported by others [65–68]. Collectively, our data demonstrates
that EA exerts anti-diabetic effects, consistent with previous findings [21,60,69,70].

An unexpected finding of our study was that EA reduced the amount of retroperitoneal fat in
diabetic GK rats. A prior study has shown that treatment with a freeze-dried strawberry-blueberry
mixture significantly reduced adipogenesis and lipogenesis mediators, leading to decreases in white
adipose tissue depots, such as retroperitoneal fat [71]. Given that EA has been shown to be present in
berries, we speculate that reductions in lipogenesis and adipogenesis may be potential mechanisms by
which treatment with EA reduces retroperitoneal fat in GK rats. Of note, a recent study has provided
evidence that EA plays an important role in adipose tissue metabolism, conferring its lipid-lowering
effects [72].

It is unlikely that diabetic GK rats, as a non-obese model, would have extensive fat accumulation
in the liver. Data on fat accumulation in the hepatocytes of GK rats is controversial since the majority
of the studies utilize young GK rats, which, for the most part, do not exhibit diabetic complications.
Not surprisingly, the majority of published studies in GK rats have not reported a significant presence
of hepatic lipid accumulation on these animals [32,37,73]. In contrast to prior studies, we found
significant fat accumulation in the livers of diabetic GK rats. Therefore, the main reason underlying
this discrepancy may the advanced age of the GK rats that we utilized in this study. Since we
aimed to study long-term hepatic complications caused by T2DM, we selected older GK rats that
more closely mimic an adult individual with T2DM. Furthermore, studies have demonstrated that
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chronic hyperglycemia leads to an accumulation of fat within hepatocytes, which can progress to
non-alcoholic steatohepatitis, advanced fibrosis and cirrhosis, as well as a number of other extra hepatic
complications. These studies have described a tight relationship between hyperglycemia and NAFLD
prevalence [74,75]. Given that the GK rats utilized in this study exhibited chronic hyperglycemia
associated with hepatic oxidative stress, it is more likely that fat accumulation in the livers of these
animals would occur, as we observed.

Using acute incubation of blood vessels with EA, we recently reported that EA improves high
glucose-induced vascular dysfunction by diminishing oxidative stress [18]. To further confirm our
previous findings and address the hypothesis that treating NAFLD in T2DM would consequently
improve vascular outcomes, we evaluated arterial blood pressure and vascular reactivity in diabetic GK
rats treated with EA. Surprisingly, the increased blood pressure and impaired vasodilatation that was
present in diabetic GK rats remained unchanged with EA treatment, contrary to our hypothesis that
the improvement of NAFLD would result in better vascular outcomes in diabetic rats (data not shown).
A possible explanation for this lack of vascular effect is that these diabetic GK rats were treated with
EA in a short-term protocol. Although the time frame of treatment with EA was sufficient to improve
hepatic outcomes, it is likely that the same time frame does not apply for vascular dysfunction. Future
studies are needed to evaluate the effects of a long-term treatment with EA on vascular dysfunction.

In summary, our results reveal a novel effect of EA, whereby it reduces hepatic steatosis and
oxidative stress, and improves insulin sensitivity. Specifically, we found that EA exerts its antioxidant
effects via the downregulation of p47phox and upregulation of NRF2 in livers from diabetic rats, which
ultimately decreases HIF-α expression. Further, EA decreased levels of blood glucose, and improved
systemic and hepatic insulin resistance, as evidenced by the increased phosphorylation of Akt. Our
data provides novel insights into the benefits of oral EA for the treatment of hepatic complications
in T2DM. Dietary supplementation of this substance has the potential to be used as a supplemental
therapy alongside current diabetic treatment plans, with the goal of reducing the progression of liver
disease in diabetic patients. This data supports further investigation of this compound given its
potential for use in the clinical setting.
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Abbreviations

NAFLD Non-Alcoholic Fatty Liver Disease
T2DM Type 2 Diabetes Mellitus
HOMA IR Homeostasis Model Assessment Index of Insulin Resistance
H&E Hematoxylin and eosin
NRF2 NF-E2-related factor-2
EA Ellagic acid
GK Goto Kakizaki
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HIF-α Hypoxia-inducible factor-α
ROS Reactive oxygen species
TG Triglycerides
TC Total cholesterol
oGTT Oral Glucose Tolerance Test
ITT Insulin Tolerance Test
kITT Glucose disappearance rate
HOMA Homeostasis model assessment
NAS NAFLD activity score
DHE Dihydroethidium
SBP Systolic blood pressure
Ach Acetylcholine
p47phox NADPH oxidase p47phox
SOD2 Superoxide dismutase-2
NOAEL No Observed Adverse Effect Level
PE Phenylephrine

References

1. Hazlehurst, J.M.; Woods, C.; Marjot, T.; Cobbold, J.F.; Tomlinson, J.W. Non-alcoholic fatty liver disease and
diabetes. Metab. Clin. Exp. 2016, 65, 1096–1108. [CrossRef] [PubMed]

2. Giorda, C.; Forlani, G.; Manti, R.; Mazzella, N.; De Cosmo, S.; Rossi, M.C.; Nicolucci, A.; Russo, G.;
Di Bartolo, P.; Ceriello, A.; et al. Occurrence over time and regression of nonalcoholic fatty liver disease in
type 2 diabetes. Diabetes/Metab. Res. Rev. 2017, 33, e2878. [CrossRef] [PubMed]

3. Ortiz-Lopez, C.; Lomonaco, R.; Orsak, B.; Finch, J.; Chang, Z.; Kochunov, V.G.; Hardies, J.; Cusi, K. Prevalence
of prediabetes and diabetes and metabolic profile of patients with nonalcoholic fatty liver disease (NAFLD).
Diabetes Care 2012, 35, 873–878. [CrossRef] [PubMed]

4. Targher, G.; Bertolini, L.; Rodella, S.; Tessari, R.; Zenari, L.; Lippi, G.; Arcaro, G. Nonalcoholic fatty liver
disease is independently associated with an increased incidence of cardiovascular events in type 2 diabetic
patients. Diabetes Care 2007, 30, 2119–2121. [CrossRef] [PubMed]

5. Torres, D.M.; Williams, C.D.; Harrison, S.A. Features, diagnosis, and treatment of nonalcoholic fatty liver
disease. Clin. Gastroenterol. Hepatol. Off. Clin. Pract. J. Am. Gastroenterol. Assoc. 2012, 10, 837–858. [CrossRef]
[PubMed]

6. Cichoz-Lach, H.; Michalak, A. Oxidative stress as a crucial factor in liver diseases. World J. Gastroenterol.
2014, 20, 8082–8091. [CrossRef] [PubMed]

7. Baiceanu, A.; Mesdom, P.; Lagouge, M.; Foufelle, F. Endoplasmic reticulum proteostasis in hepatic steatosis.
Nat. Rev. Endocrinol. 2016, 12, 710–722. [CrossRef] [PubMed]

8. Henkel, A.; Green, R.M. The unfolded protein response in fatty liver disease. Semin. Liver Dis. 2013, 33,
321–329. [PubMed]

9. Fu, S.; Yang, L.; Li, P.; Hofmann, O.; Dicker, L.; Hide, W.; Lin, X.; Watkins, S.M.; Ivanov, A.R.; Hotamisligil, G.S.
Aberrant lipid metabolism disrupts calcium homeostasis causing liver endoplasmic reticulum stress in
obesity. Nature 2011, 473, 528–531. [CrossRef] [PubMed]

10. Petersen, M.C.; Shulman, G.I. Roles of Diacylglycerols and Ceramides in Hepatic Insulin Resistance.
Trends Pharmacol. Sci. 2017, 38, 649–665. [CrossRef] [PubMed]

11. Wang, D.; Wei, Y.; Pagliassotti, M.J. Saturated fatty acids promote endoplasmic reticulum stress and liver
injury in rats with hepatic steatosis. Endocrinology 2006, 147, 943–951. [CrossRef] [PubMed]

12. Hage Hassan, R.; Bourron, O.; Hajduch, E. Defect of insulin signal in peripheral tissues: Important role of
ceramide. World J. Diabetes 2014, 5, 244–257. [CrossRef] [PubMed]

13. Nath, B.; Szabo, G. Hypoxia and hypoxia inducible factors: Diverse roles in liver diseases. Hepatology 2012,
55, 622–633. [CrossRef] [PubMed]

14. Rankin, E.B.; Rha, J.; Selak, M.A.; Unger, T.L.; Keith, B.; Liu, Q.; Haase, V.H. Hypoxia-inducible factor 2
regulates hepatic lipid metabolism. Mol. Cell. Biol. 2009, 29, 4527–4538. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.metabol.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26856933
http://dx.doi.org/10.1002/dmrr.2878
http://www.ncbi.nlm.nih.gov/pubmed/28032449
http://dx.doi.org/10.2337/dc11-1849
http://www.ncbi.nlm.nih.gov/pubmed/22374640
http://dx.doi.org/10.2337/dc07-0349
http://www.ncbi.nlm.nih.gov/pubmed/17519430
http://dx.doi.org/10.1016/j.cgh.2012.03.011
http://www.ncbi.nlm.nih.gov/pubmed/22446927
http://dx.doi.org/10.3748/wjg.v20.i25.8082
http://www.ncbi.nlm.nih.gov/pubmed/25009380
http://dx.doi.org/10.1038/nrendo.2016.124
http://www.ncbi.nlm.nih.gov/pubmed/27516341
http://www.ncbi.nlm.nih.gov/pubmed/24222090
http://dx.doi.org/10.1038/nature09968
http://www.ncbi.nlm.nih.gov/pubmed/21532591
http://dx.doi.org/10.1016/j.tips.2017.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28551355
http://dx.doi.org/10.1210/en.2005-0570
http://www.ncbi.nlm.nih.gov/pubmed/16269465
http://dx.doi.org/10.4239/wjd.v5.i3.244
http://www.ncbi.nlm.nih.gov/pubmed/24936246
http://dx.doi.org/10.1002/hep.25497
http://www.ncbi.nlm.nih.gov/pubmed/22120903
http://dx.doi.org/10.1128/MCB.00200-09
http://www.ncbi.nlm.nih.gov/pubmed/19528226


Nutrients 2018, 10, 531 12 of 15

15. Ju, C.; Colgan, S.P.; Eltzschig, H.K. Hypoxia-inducible factors as molecular targets for liver diseases. J. Mol.
Med. 2016, 94, 613–627. [CrossRef] [PubMed]

16. Oyenihi, A.B.; Ayeleso, A.O.; Mukwevho, E.; Masola, B. Antioxidant strategies in the management of diabetic
neuropathy. BioMed. Res. Int. 2015, 2015. [CrossRef] [PubMed]

17. Rask-Madsen, C.; King, G.L. Vascular complications of diabetes: Mechanisms of injury and protective factors.
Cell Metab. 2013, 17, 20–33. [CrossRef] [PubMed]

18. Rozentsvit, A.; Vinokur, K.; Samuel, S.; Li, Y.; Gerdes, A.M.; Carrillo-Sepulveda, M.A. Ellagic Acid Reduces
High Glucose-Induced Vascular Oxidative Stress Through ERK1/2/NOX4 Signaling Pathway. Cell. Physiol.
Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2017, 44, 1174–1187. [CrossRef] [PubMed]

19. Kapan, M.; Gumus, M.; Onder, A.; Firat, U.; Basarali, M.K.; Boyuk, A.; Aliosmanoglu, I.; Buyukbas, S.
The effects of ellagic acid on the liver and remote organs’ oxidative stress and structure after hepatic ischemia
reperfusion injury caused by pringle maneuver in rats. Bratisl. Lek. Listy 2012, 113, 274–281. [CrossRef]
[PubMed]

20. Chen, P.; Chen, F.; Zhou, B. Antioxidative, anti-inflammatory and anti-apoptotic effects of ellagic acid in
liver and brain of rats treated by D-galactose. Sci. Rep. 2018, 8, 1465. [CrossRef] [PubMed]

21. Amin, M.M.; Arbid, M.S. Estimation of ellagic acid and/or repaglinide effects on insulin signaling, oxidative
stress, and inflammatory mediators of liver, pancreas, adipose tissue, and brain in insulin resistant/type 2
diabetic rats. Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2017, 42, 181–192. [CrossRef] [PubMed]

22. Tang, B.; Chen, G.X.; Liang, M.Y.; Yao, J.P.; Wu, Z.K. Ellagic acid prevents monocrotaline-induced pulmonary
artery hypertension via inhibiting NLRP3 inflammasome activation in rats. Int. J. Cardiol. 2015, 180, 134–141.
[CrossRef] [PubMed]

23. Mady, F.M.; Shaker, M.A. Enhanced anticancer activity and oral bioavailability of ellagic acid through
encapsulation in biodegradable polymeric nanoparticles. Int. J. Nanomed. 2017, 12, 7405–7417. [CrossRef]
[PubMed]

24. Heilman, J.; Andreux, P.; Tran, N.; Rinsch, C.; Blanco-Bose, W. Safety assessment of Urolithin A, a metabolite
produced by the human gut microbiota upon dietary intake of plant derived ellagitannins and ellagic acid.
Food Chem. Toxicol. 2017, 108, 289–297. [CrossRef] [PubMed]

25. Dorato, M.A.; Engelhardt, J.A. The no-observed-adverse-effect-level in drug safety evaluations: Use, issues,
and definition(s). Regul. Toxicol. Pharmacol. RTP 2005, 42, 265–274. [CrossRef] [PubMed]

26. Rafacho, A.; Quallio, S.; Ribeiro, D.L.; Taboga, S.R.; Paula, F.M.; Boschero, A.C.; Bosqueiro, J.R. The adaptive
compensations in endocrine pancreas from glucocorticoid-treated rats are reversible after the interruption of
treatment. Acta Physiol. 2010, 200, 223–235. [CrossRef] [PubMed]

27. Matthews, D.R.; Hosker, J.P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C. Homeostasis model
assessment: Insulin resistance and beta-cell function from fasting plasma glucose and insulin concentrations
in man. Diabetologia 1985, 28, 412–419. [CrossRef] [PubMed]

28. Sena, C.M.; Matafome, P.; Louro, T.; Nunes, E.; Fernandes, R.; Seica, R.M. Metformin restores endothelial
function in aorta of diabetic rats. Br. J. Pharmacol. 2011, 163, 424–437. [CrossRef] [PubMed]

29. Cacho, J.; Sevillano, J.; de Castro, J.; Herrera, E.; Ramos, M.P. Validation of simple indexes to assess insulin
sensitivity during pregnancy in Wistar and Sprague-Dawley rats. Am. J. Physiol. Endocrinol. Metab. 2008, 295,
E1269–E1276. [CrossRef] [PubMed]

30. Lee, S.; Muniyappa, R.; Yan, X.; Chen, H.; Yue, L.Q.; Hong, E.G.; Kim, J.K.; Quon, M.J. Comparison between
surrogate indexes of insulin sensitivity and resistance and hyperinsulinemic euglycemic clamp estimates in
mice. Am. J. Physiol. Endocrinol. Metab. 2008, 294, E261–E270. [CrossRef] [PubMed]

31. Garces-Rimon, M.; Gonzalez, C.; Vera, G.; Uranga, J.A.; Lopez-Fandino, R.; Lopez-Miranda, V.; Miguel, M.
Pepsin Egg White Hydrolysate Improves Glucose Metabolism Complications Related to Metabolic Syndrome
in Zucker Fatty Rats. Nutrients 2018, 10, 441. [CrossRef] [PubMed]

32. Kuwabara, W.M.T.; Panveloski-Costa, A.C.; Yokota, C.N.F.; Pereira, J.N.B.; Filho, J.M.; Torres, R.P.;
Hirabara, S.M.; Curi, R.; Alba-Loureiro, T.C. Comparison of Goto-Kakizaki rats and high fat diet-induced
obese rats: Are they reliable models to study Type 2 Diabetes mellitus? PLoS ONE 2017, 12, e0189622.
[CrossRef] [PubMed]

33. Mather, K. Surrogate measures of insulin resistance: Of rats, mice, and men. Am. J. Physiol. Endocrinol. Metab.
2009, 296, E398–E399. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00109-016-1408-1
http://www.ncbi.nlm.nih.gov/pubmed/27094811
http://dx.doi.org/10.1155/2015/515042
http://www.ncbi.nlm.nih.gov/pubmed/25821809
http://dx.doi.org/10.1016/j.cmet.2012.11.012
http://www.ncbi.nlm.nih.gov/pubmed/23312281
http://dx.doi.org/10.1159/000485448
http://www.ncbi.nlm.nih.gov/pubmed/29179217
http://dx.doi.org/10.4149/BLL_2012_064
http://www.ncbi.nlm.nih.gov/pubmed/22616584
http://dx.doi.org/10.1038/s41598-018-19732-0
http://www.ncbi.nlm.nih.gov/pubmed/29362375
http://dx.doi.org/10.1139/apnm-2016-0429
http://www.ncbi.nlm.nih.gov/pubmed/28092161
http://dx.doi.org/10.1016/j.ijcard.2014.11.161
http://www.ncbi.nlm.nih.gov/pubmed/25438234
http://dx.doi.org/10.2147/IJN.S147740
http://www.ncbi.nlm.nih.gov/pubmed/29066891
http://dx.doi.org/10.1016/j.fct.2017.07.050
http://www.ncbi.nlm.nih.gov/pubmed/28757461
http://dx.doi.org/10.1016/j.yrtph.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15979222
http://dx.doi.org/10.1111/j.1748-1716.2010.02146.x
http://www.ncbi.nlm.nih.gov/pubmed/20456283
http://dx.doi.org/10.1007/BF00280883
http://www.ncbi.nlm.nih.gov/pubmed/3899825
http://dx.doi.org/10.1111/j.1476-5381.2011.01230.x
http://www.ncbi.nlm.nih.gov/pubmed/21250975
http://dx.doi.org/10.1152/ajpendo.90207.2008
http://www.ncbi.nlm.nih.gov/pubmed/18796548
http://dx.doi.org/10.1152/ajpendo.00676.2007
http://www.ncbi.nlm.nih.gov/pubmed/18003716
http://dx.doi.org/10.3390/nu10040441
http://www.ncbi.nlm.nih.gov/pubmed/29614007
http://dx.doi.org/10.1371/journal.pone.0189622
http://www.ncbi.nlm.nih.gov/pubmed/29220408
http://dx.doi.org/10.1152/ajpendo.90889.2008
http://www.ncbi.nlm.nih.gov/pubmed/19171846


Nutrients 2018, 10, 531 13 of 15

34. Kleiner, D.E.; Brunt, E.M.; Van Natta, M.; Behling, C.; Contos, M.J.; Cummings, O.W.; Ferrell, L.D.; Liu, Y.C.;
Torbenson, M.S.; Unalp-Arida, A. Design and validation of a histological scoring system for nonalcoholic
fatty liver disease. Hepatology 2005, 41, 1313–1321. [CrossRef] [PubMed]

35. Nathan, D.M.; Davidson, M.B.; DeFronzo, R.A.; Heine, R.J.; Henry, R.R.; Pratley, R.; Zinman, B.; American
Diabetes, A. Impaired fasting glucose and impaired glucose tolerance: Implications for care. Diabetes Care
2007, 30, 753–759. [CrossRef] [PubMed]

36. American Diabetes, A. Diagnosis and classification of diabetes mellitus. Diabetes Care 2009, 32, S62–S67.
[CrossRef] [PubMed]

37. Almon, R.R.; DuBois, D.C.; Lai, W.; Xue, B.; Nie, J.; Jusko, W.J. Gene expression analysis of hepatic roles
in cause and development of diabetes in Goto-Kakizaki rats. J. Endocrinol. 2009, 200, 331–346. [CrossRef]
[PubMed]

38. Jusman, S.W.; Halim, A.; Wanandi, S.I.; Sadikin, M. Expression of hypoxia-inducible factor-1alpha
(HIF-1alpha) related to oxidative stress in liver of rat-induced by systemic chronic normobaric hypoxia.
Acta Med. Indones. 2010, 42, 17–23. [PubMed]

39. Samuel, V.T.; Liu, Z.X.; Qu, X.; Elder, B.D.; Bilz, S.; Befroy, D.; Romanelli, A.J.; Shulman, G.I. Mechanism of
hepatic insulin resistance in non-alcoholic fatty liver disease. J. Biol. Chem. 2004, 279, 32345–32353. [CrossRef]
[PubMed]

40. Sylow, L.; Kleinert, M.; Pehmoller, C.; Prats, C.; Chiu, T.T.; Klip, A.; Richter, E.A.; Jensen, T.E. Akt and Rac1
signaling are jointly required for insulin-stimulated glucose uptake in skeletal muscle and downregulated in
insulin resistance. Cell. Signal. 2014, 26, 323–331. [CrossRef] [PubMed]

41. Narasimhan, S.; Gokulakrishnan, K.; Sampathkumar, R.; Farooq, S.; Ravikumar, R.; Mohan, V.;
Balasubramanyam, M. Oxidative stress is independently associated with non-alcoholic fatty liver disease
(NAFLD) in subjects with and without type 2 diabetes. Clin. Biochem. 2010, 43, 815–821. [CrossRef] [PubMed]

42. Panchal, S.K.; Ward, L.; Brown, L. Ellagic acid attenuates high-carbohydrate, high-fat diet-induced metabolic
syndrome in rats. Eur. J. Nutr. 2013, 52, 559–568. [CrossRef] [PubMed]

43. Yoshimura, Y.; Nishii, S.; Zaima, N.; Moriyama, T.; Kawamura, Y. Ellagic acid improves hepatic steatosis and
serum lipid composition through reduction of serum resistin levels and transcriptional activation of hepatic
ppara in obese, diabetic KK-A(y) mice. Biochem. Biophys. Res. Commun. 2013, 434, 486–491. [CrossRef]
[PubMed]

44. Berkban, T.; Boonprom, P.; Bunbupha, S.; Welbat, J.U.; Kukongviriyapan, U.; Kukongviriyapan, V.;
Pakdeechote, P.; Prachaney, P. Ellagic Acid Prevents L-NAME-Induced Hypertension via Restoration of
eNOS and p47phox Expression in Rats. Nutrients 2015, 7, 5265–5280. [CrossRef] [PubMed]

45. Garcia-Nino, W.R.; Zazueta, C. Ellagic acid: Pharmacological activities and molecular mechanisms involved
in liver protection. Pharmacol. Res. 2015, 97, 84–103. [CrossRef] [PubMed]

46. Ding, Y.; Zhang, B.; Zhou, K.; Chen, M.; Wang, M.; Jia, Y.; Song, Y.; Li, Y.; Wen, A. Dietary ellagic acid
improves oxidant-induced endothelial dysfunction and atherosclerosis: Role of Nrf2 activation. Int. J. Cardiol.
2014, 175, 508–514. [CrossRef] [PubMed]

47. Jadeja, R.N.; Upadhyay, K.K.; Devkar, R.V.; Khurana, S. Naturally Occurring Nrf2 Activators: Potential in
Treatment of Liver Injury. Oxid. Med. Cell. Longev. 2016, 2016. [CrossRef] [PubMed]

48. Huang, H.C.; Nguyen, T.; Pickett, C.B. Phosphorylation of Nrf2 at Ser-40 by protein kinase C regulates
antioxidant response element-mediated transcription. J. Biol. Chem. 2002, 277, 42769–42774. [CrossRef]
[PubMed]

49. Kwak, M.K.; Wakabayashi, N.; Greenlaw, J.L.; Yamamoto, M.; Kensler, T.W. Antioxidants enhance
mammalian proteasome expression through the Keap1-Nrf2 signaling pathway. Mol. Cell. Biol. 2003,
23, 8786–8794. [CrossRef] [PubMed]

50. Zhang, D.D.; Hannink, M. Distinct cysteine residues in Keap1 are required for Keap1-dependent
ubiquitination of Nrf2 and for stabilization of Nrf2 by chemopreventive agents and oxidative stress. Mol. Cell.
Biol. 2003, 23, 8137–8151. [CrossRef] [PubMed]

51. Bryan, H.K.; Olayanju, A.; Goldring, C.E.; Park, B.K. The Nrf2 cell defence pathway: Keap1-dependent and
-independent mechanisms of regulation. Biochem. Pharmacol. 2013, 85, 705–717. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461
http://dx.doi.org/10.2337/dc07-9920
http://www.ncbi.nlm.nih.gov/pubmed/17327355
http://dx.doi.org/10.2337/dc09-S062
http://www.ncbi.nlm.nih.gov/pubmed/19118289
http://dx.doi.org/10.1677/JOE-08-0404
http://www.ncbi.nlm.nih.gov/pubmed/19074471
http://www.ncbi.nlm.nih.gov/pubmed/20305327
http://dx.doi.org/10.1074/jbc.M313478200
http://www.ncbi.nlm.nih.gov/pubmed/15166226
http://dx.doi.org/10.1016/j.cellsig.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24216610
http://dx.doi.org/10.1016/j.clinbiochem.2010.04.003
http://www.ncbi.nlm.nih.gov/pubmed/20398645
http://dx.doi.org/10.1007/s00394-012-0358-9
http://www.ncbi.nlm.nih.gov/pubmed/22538930
http://dx.doi.org/10.1016/j.bbrc.2013.03.100
http://www.ncbi.nlm.nih.gov/pubmed/23583377
http://dx.doi.org/10.3390/nu7075222
http://www.ncbi.nlm.nih.gov/pubmed/26133972
http://dx.doi.org/10.1016/j.phrs.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/25941011
http://dx.doi.org/10.1016/j.ijcard.2014.06.045
http://www.ncbi.nlm.nih.gov/pubmed/25017906
http://dx.doi.org/10.1155/2016/3453926
http://www.ncbi.nlm.nih.gov/pubmed/28101296
http://dx.doi.org/10.1074/jbc.M206911200
http://www.ncbi.nlm.nih.gov/pubmed/12198130
http://dx.doi.org/10.1128/MCB.23.23.8786-8794.2003
http://www.ncbi.nlm.nih.gov/pubmed/14612418
http://dx.doi.org/10.1128/MCB.23.22.8137-8151.2003
http://www.ncbi.nlm.nih.gov/pubmed/14585973
http://dx.doi.org/10.1016/j.bcp.2012.11.016
http://www.ncbi.nlm.nih.gov/pubmed/23219527


Nutrients 2018, 10, 531 14 of 15

52. Nigro, D.; Menotti, F.; Cento, A.S.; Serpe, L.; Chiazza, F.; Dal Bello, F.; Romaniello, F.; Medana, C.; Collino, M.;
Aragno, M.; et al. Chronic administration of saturated fats and fructose differently affect SREBP activity
resulting in different modulation of Nrf2 and Nlrp3 inflammasome pathways in mice liver. J. Nutr. Biochem.
2017, 42, 160–171. [CrossRef] [PubMed]

53. Zhang, Y.K.; Yeager, R.L.; Tanaka, Y.; Klaassen, C.D. Enhanced expression of Nrf2 in mice attenuates the
fatty liver produced by a methionine- and choline-deficient diet. Toxicol. Appl. Pharmacol. 2010, 245, 326–334.
[CrossRef] [PubMed]

54. Bartelt, A.; Widenmaier, S.B.; Schlein, C.; Johann, K.; Goncalves, R.L.S.; Eguchi, K.; Fischer, A.W.;
Parlakgul, G.; Snyder, N.A.; Nguyen, T.B.; et al. Brown adipose tissue thermogenic adaptation requires
Nrf1-mediated proteasomal activity. Nat. Med. 2018, 24, 292–303. [CrossRef] [PubMed]

55. Hirotsu, Y.; Hataya, N.; Katsuoka, F.; Yamamoto, M. NF-E2-related factor 1 (Nrf1) serves as a novel regulator
of hepatic lipid metabolism through regulation of the Lipin1 and PGC-1beta genes. Mol. Cell. Biol. 2012, 32,
2760–2770. [CrossRef] [PubMed]

56. Widenmaier, S.B.; Snyder, N.A.; Nguyen, T.B.; Arduini, A.; Lee, G.Y.; Arruda, A.P.; Saksi, J.; Bartelt, A.;
Hotamisligil, G.S. NRF1 Is an ER Membrane Sensor that Is Central to Cholesterol Homeostasis. Cell 2017,
171, 1094–1109. [CrossRef] [PubMed]

57. Patti, M.E.; Butte, A.J.; Crunkhorn, S.; Cusi, K.; Berria, R.; Kashyap, S.; Miyazaki, Y.; Kohane, I.; Costello, M.;
Saccone, R.; et al. Coordinated reduction of genes of oxidative metabolism in humans with insulin resistance
and diabetes: Potential role of PGC1 and NRF1. Proc. Natl. Acad. Sci. USA 2003, 100, 8466–8471. [CrossRef]
[PubMed]

58. Goto, Y.; Kakizaki, M.; Masaki, N. Production of spontaneous diabetic rats by repetition of selective breeding.
Tohoku J. Exp. Med. 1976, 119, 85–90. [CrossRef] [PubMed]

59. Yagihashi, S.; Goto, Y.; Kakizaki, M.; Kaseda, N. Thickening of glomerular basement membrane in
spontaneously diabetic rats. Diabetologia 1978, 15, 309–312. [CrossRef] [PubMed]

60. Nankar, R.P.; Doble, M. Hybrid drug combination: Anti-diabetic treatment of type 2 diabetic Wistar rats
with combination of ellagic acid and pioglitazone. Phytomed. Int. J. Phytother. Phytopharmacol. 2017, 37, 4–9.
[CrossRef] [PubMed]

61. Chao, P.C.; Hsu, C.C.; Yin, M.C. Anti-inflammatory and anti-coagulatory activities of caffeic acid and ellagic
acid in cardiac tissue of diabetic mice. Nutr. Metab. 2009, 6, 33. [CrossRef] [PubMed]

62. Rector, R.S.; Thyfault, J.P.; Wei, Y.; Ibdah, J.A. Non-alcoholic fatty liver disease and the metabolic syndrome:
An update. World J. Gastroenterol. 2008, 14, 185–192. [CrossRef] [PubMed]

63. Yan, J.; Wang, C.; Jin, Y.; Meng, Q.; Liu, Q.; Liu, Z.; Liu, K.; Sun, H. Catalpol ameliorates hepatic insulin
resistance in type 2 diabetes through acting on AMPK/NOX4/PI3K/AKT pathway. Pharmacol. Res. 2017.
[CrossRef] [PubMed]

64. Lee, J.H.; Palaia, T.; Ragolia, L. Impaired insulin-mediated vasorelaxation in diabetic Goto-Kakizaki rats is
caused by impaired Akt phosphorylation. Am. J. Physiol. Cell Physiol. 2009, 296, C327–C338. [CrossRef]
[PubMed]

65. Kuang, J.R.; Zhang, Z.H.; Leng, W.L.; Lei, X.T.; Liang, Z.W. Dapper1 attenuates hepatic gluconeogenesis and
lipogenesis by activating PI3K/Akt signaling. Mol. Cell. Endocrinol. 2017, 447, 106–115. [CrossRef] [PubMed]

66. Dai, B.; Wu, Q.; Zeng, C.; Zhang, J.; Cao, L.; Xiao, Z.; Yang, M. The effect of Liuwei Dihuang decoction
on PI3K/Akt signaling pathway in liver of type 2 diabetes mellitus (T2DM) rats with insulin resistance.
J. Ethnopharmacol. 2016, 192, 382–389. [CrossRef] [PubMed]

67. Bonfleur, M.L.; Ribeiro, R.A.; Pavanello, A.; Soster, R.; Lubaczeuski, C.; Cezar Faria Araujo, A.; Boschero, A.C.;
Balbo, S.L. Duodenal-jejunal bypass restores insulin action and betaeta-cell function in hypothalamic-obese
rats. Obes. Surg. 2015, 25, 656–665. [CrossRef] [PubMed]

68. Mendes, M.C.; Bonfleur, M.L.; Ribeiro, R.A.; Lubaczeuski, C.; Feo, A.F.J.; Vargas, R.; Carneiro, E.M.;
Boschero, A.C.; Araujo, A.C.F.; Balbo, S.L. Duodeno-jejunal bypass restores beta-cell hypersecretion and islet
hypertrophy in western diet obese rats. Endocrine 2018. [CrossRef] [PubMed]

69. Fatima, N.; Hafizur, R.M.; Hameed, A.; Ahmed, S.; Nisar, M.; Kabir, N. Ellagic acid in Emblica officinalis
exerts anti-diabetic activity through the action on beta-cells of pancreas. Eur. J. Nutr. 2017, 56, 591–601.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jnutbio.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28189916
http://dx.doi.org/10.1016/j.taap.2010.03.016
http://www.ncbi.nlm.nih.gov/pubmed/20350562
http://dx.doi.org/10.1038/nm.4481
http://www.ncbi.nlm.nih.gov/pubmed/29400713
http://dx.doi.org/10.1128/MCB.06706-11
http://www.ncbi.nlm.nih.gov/pubmed/22586274
http://dx.doi.org/10.1016/j.cell.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29149604
http://dx.doi.org/10.1073/pnas.1032913100
http://www.ncbi.nlm.nih.gov/pubmed/12832613
http://dx.doi.org/10.1620/tjem.119.85
http://www.ncbi.nlm.nih.gov/pubmed/951706
http://dx.doi.org/10.1007/BF02573824
http://www.ncbi.nlm.nih.gov/pubmed/710753
http://dx.doi.org/10.1016/j.phymed.2017.10.014
http://www.ncbi.nlm.nih.gov/pubmed/29103827
http://dx.doi.org/10.1186/1743-7075-6-33
http://www.ncbi.nlm.nih.gov/pubmed/19678956
http://dx.doi.org/10.3748/wjg.14.185
http://www.ncbi.nlm.nih.gov/pubmed/18186553
http://dx.doi.org/10.1016/j.phrs.2017.12.026
http://www.ncbi.nlm.nih.gov/pubmed/29284152
http://dx.doi.org/10.1152/ajpcell.00254.2008
http://www.ncbi.nlm.nih.gov/pubmed/19052261
http://dx.doi.org/10.1016/j.mce.2017.02.028
http://www.ncbi.nlm.nih.gov/pubmed/28237722
http://dx.doi.org/10.1016/j.jep.2016.07.024
http://www.ncbi.nlm.nih.gov/pubmed/27401286
http://dx.doi.org/10.1007/s11695-014-1427-3
http://www.ncbi.nlm.nih.gov/pubmed/25204409
http://dx.doi.org/10.1007/s12020-018-1578-4
http://www.ncbi.nlm.nih.gov/pubmed/29556948
http://dx.doi.org/10.1007/s00394-015-1103-y
http://www.ncbi.nlm.nih.gov/pubmed/26593435


Nutrients 2018, 10, 531 15 of 15

70. Kang, I.; Buckner, T.; Shay, N.F.; Gu, L.; Chung, S. Improvements in Metabolic Health with Consumption of
Ellagic Acid and Subsequent Conversion into Urolithins: Evidence and Mechanisms. Adv. Nutr. 2016, 7,
961–972. [CrossRef] [PubMed]

71. Aranaz, P.; Romo-Hualde, A.; Zabala, M.; Navarro-Herrera, D.; Ruiz de Galarreta, M.; Gil, A.G.;
Martinez, J.A.; Milagro, F.I.; Gonzalez-Navarro, C.J. Freeze-dried strawberry and blueberry attenuates
diet-induced obesity and insulin resistance in rats by inhibiting adipogenesis and lipogenesis. Food Funct.
2017, 8, 3999–4013. [CrossRef] [PubMed]

72. Okla, M.; Kang, I.; Kim, D.M.; Gourineni, V.; Shay, N.; Gu, L.; Chung, S. Ellagic acid modulates lipid
accumulation in primary human adipocytes and human hepatoma Huh7 cells via discrete mechanisms.
J. Nutr. Biochem. 2015, 26, 82–90. [CrossRef] [PubMed]

73. Hao, J.; Shen, W.; Sun, L.; Long, J.; Sharman, E.; Shi, X.; Liu, J. Mitochondrial dysfunction in the liver of type
2 diabetic Goto-Kakizaki rats: Improvement by a combination of nutrients. Br. J. Nutr. 2011, 106, 648–655.
[CrossRef] [PubMed]

74. Lonardo, A.; Ballestri, S.; Marchesini, G.; Angulo, P.; Loria, P. Nonalcoholic fatty liver disease: A precursor of
the metabolic syndrome. Dig. Liver Dis. 2015, 47, 181–190. [CrossRef] [PubMed]

75. Targher, G.; Lonardo, A.; Byrne, C.D. Nonalcoholic fatty liver disease and chronic vascular complications of
diabetes mellitus. Nat. Rev. Endocrinol. 2018, 14, 99–114. [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3945/an.116.012575
http://www.ncbi.nlm.nih.gov/pubmed/27633111
http://dx.doi.org/10.1039/C7FO00996H
http://www.ncbi.nlm.nih.gov/pubmed/29022978
http://dx.doi.org/10.1016/j.jnutbio.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25458530
http://dx.doi.org/10.1017/S0007114511000493
http://www.ncbi.nlm.nih.gov/pubmed/21418712
http://dx.doi.org/10.1016/j.dld.2014.09.020
http://www.ncbi.nlm.nih.gov/pubmed/25739820
http://www.ncbi.nlm.nih.gov/pubmed/29286050
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents 
	Animals and Experimental Protocols 
	Measurement of Plasma Metabolic Parameters and Tissue Collection 
	Glucose Tolerance and Insulin Sensitivity 
	Histological Analysis of Liver 
	Oxidative Stress in the Liver 
	Immunoblotting 
	Statistical Analysis 

	Results 
	Effect of EA on Metabolic Parameters and Insulin Sensitivity 
	EA Reduces Hepatic Steatosis and Oxidative Stress 
	EA Ameliorates Hepatic Insulin Signaling 

	Discussion 
	References

