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Abstract

Obesity constitutes a major public health concern, being frequently associated with type 2 diabetes 

(T2D). Evidence from studies in humans and experimental animals suggest that consumption of 

the flavan-3-ol (−)-epicatechin (EC) and of EC-rich foods may improve insulin sensitivity. To 

further understand the potential benefits of dietary EC consumption on insulin resistance, this 

study investigated the capacity of EC supplementation to prevent high fat diet (HFD)-induced 

insulin resistance in mice. To assess the underlying mechanisms, the effects of HFD and EC 

consumption on the activation of the insulin cascade and of its negative modulators were 

evaluated. HFD consumption for 15 w caused obesity and insulin resistance in C57BL/6J mice as 

evidenced by high fasted and fed plasma glucose and insulin levels, and impaired ITT and GTT 

tests. This was associated with alterations in the activation of components of the insulin-triggered 

signaling cascade (insulin receptor, IRS1, ERK1/2, Akt) in adipose and liver tissues. EC 

supplementation prevented/ameliorated all these parameters. EC acted improving insulin 

sensitivity in the HFD-fed mice in part through a downregulation of the inhibitory molecules JNK, 

IKK, PKC and protein tyrosine phosphatase 1B (PTP1B). Thus, the above results suggest that 

consumption of EC-rich foods could constitute a dietary strategy to mitigate obesity-associated 

insulin resistance.
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1. Introduction

Overweight and obesity constitute a major public health concern worldwide [1,2]. 

Characterized by an imbalance between energy intake and expenditure, obesity involves the 

accumulation of excessive body fat. Obesity is closely linked to the development of 

metabolic syndrome (MetS), that increases the risk for type 2 diabetes (T2D), 

cardiovascular, liver, kidney diseases, and cancer [3–6].

Consumption of diets with a high content of fat not only imply the risk of excessive energy 

consumption, but also have low capacity to promote satiety and limited capacity to promote 

fat oxidation. Indeed, inhibition of fat absorption favors weight loss strategies and improves 

glycemic control in obese individuals with T2D [7]. On the other hand, consumption of 

flavonoid-rich fruit and vegetables in humans is associated with the control of risk factors 

defining MetS [8–11]. The latter has been proposed based on studies in humans and in 

animals models (reviewed in Ref. [12]). Among these flavonoids is the flavan-3-ol (−)-

epicatechin (EC) (Fig. 1A), which is present in many fruits and vegetables that are part of 

human diets, e.g. cocoa, tea, grapes and berries [13]. A growing body of evidence has shown 

that the consumption of ECrich foods and food extracts mitigates MetS risk factors [14–19]. 

The proposed beneficial health effects of EC can be due, among others, to its capacity to 

exert anti-inflammatory actions [20,21], modulate the production of nitric oxide and active 

oxygen species [22,23], and inhibit endoplasmic reticulum stress [14].

Current evidence points to the capacity of EC to improve insulin sensitivity. In this regard, a 

systematic review and meta-analysis of randomized, controlled trials showed an 

improvement of insulin sensitivity (HOMA-IR) in humans upon short-term consumption of 

flavanol-rich cocoa (cocoa flavonoids only include the flavan-3-ols (−)-epicatechin (EC) and 

(+)-catechin) [16]. Improvements in insulin sensitivity were also observed in association 

with cocoa consumption in healthy adults glucose-intolerant hypertensive subjects [15], and 

overweight/obese individuals [24]. Animal models of diet-induced obesity and T2D are 

being extensively used to understand the potential benefits of flavonoids. We previously 

observed that supplementation with EC improved parameters of insulin resistance and of the 

underlying events (inflammation, oxidative, and endoplasmic reticulum stress) in a rat model 

of fructose-induced MetS [14]. In addition, EC inhibited tumor necrosis alpha-induced 

activation of pro-inflammatory cascades in 3T3-L1adipocytes [20]. The mechanisms of 

fructose-induced MetS and T2D may be different from those underlying T2D triggered by 

consumption of high fat diets.

To further understand the potential benefits of dietary EC consumption on T2D, this study 

investigated the effects of EC supplementation on high fat diet-induced body weight gain 

and insulin resistance in mice. To assess the underlying mechanisms, the effects of high fat 

and EC consumption on the activation of insulin signaling and modulation of its regulators 

were evaluated. EC supplementation improved insulin sensitivity in high fat-fed mice, at 

least in part, through downregulation c-Jun N-terminal kinase (JNK), IκB kinase (IKK), 

protein kinase δ (PKCδ) and protein tyrosine phosphatase 1B (PTP1B). Thus, consumption 

of EC-rich foods can constitute a dietary strategy to mitigate obesity-associated insulin 

resistance.
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2. Materials and methods

2.1. Materials

Cholesterol and triglyceride (TG) concentrations were determined using kits purchased from 

Wiener Lab Group (Rosario, Argentina). Free fatty acids (FFA) and insulin levels were 

determined using kits from Coat-A-Count (Siemens, CA). Antibodies for α-tubulin 

(sc-23948), and the insulin receptor (IR)β (sc-711) were from Santa Cruz Biotechnology 

(Santa Cruz, CA). Primary antibodies for extracellular signal-regulated kinases 1/2 

(ERK1/2) (#4695), p-ERK (Thr202/Tyr204) (#4370), JNK (#9252), p-JNK (Thr183/Tyr185) 

(#9251), p-PKCδ (Thr505) (#9374), IKKα (#2682), p-IKKα/β (#2697) (Ser176/180), 

protein kinase B (AKT) (#4691), p-AKT (Ser473) (#4060), were obtained from Cell 

Signaling Technology (Danvers, MA). Antibody for p-IR (Tyr1162/Tyr1163) (448046G) 

was obtained from Invitrogen (Waltham, MA). Antibodies for insulin receptor substrate 1 

(IRS1) (06–248), p-IRS1 (Tyr612) (09–432) and PTP1B (ABS40), and Luminata™ HRP 

chemiluminescence detection reagent were from Millipore Corp. (Billerica, MA). PVDF 

membranes and protein standards were obtained from BIO-RAD (Hercules, CA). The ECL 

Western blotting system was from Thermo Fisher Scientific Inc. (Piscataway, NJ). EC and 

all other reagents were purchased from Sigma (St. Louis, MO).

2.2. Animals and animal care

All procedures were in agreement with standards for care of laboratory animals as outlined 

in the NIH Guide for the Care and Use of Laboratory Animals. All procedures were 

administered under the auspices of the Animal Resource Services of the University of 

California, Davis. Experimental protocols were approved before implementation by the 

University of California, Davis Animal Use and Care Administrative Advisory Committee.

Healthy male C57BL/6J mice (20–25 g) (10 mice/group) were fed for 15weither: A-a diet 

containing approximately 10% total calories from fat (Control), B- a diet containing 

approximately 60% total calories from fat (lard) (HFD), or the control (C + E) and high fat 

diet (HFD + E) supplemented in the diet with 20 mg EC/kg body weight. EC-containing 

diets were prepared fresh every two weeks to account for changes in body weight and food 

intake, and to prevent EC degradation. All diets were stored at −20 °C until use. The amount 

of EC supplemented in the diet is based on our previous studies [14,25]. Although high 

considering current normal human EC consumption [26], this dietary amount could be 

achieved through supplementation or changes in dietary habits.

Body and food intake was measured weekly throughout the study. After 15 won the dietary 

treatments, and after overnight fast mice were weighed, 5 animals per group were 

intraperitoneally injected with either saline or insulin (10 U/Kg body weight human insulin 

(HumulinR; Eli Lilly)), and euthanized after 10 min. Blood was collected from the 

abdominal aorta into heparinized tubes, and plasma obtained after centrifugation at 1000g 
for 15 min at 4 °C. Epididymal adipose tissue, and liver were collected and weighed. Tissues 

were flash frozen in liquid nitrogen and then stored at −80 °C for further analysis.
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2.3. Metabolic measurements

For insulin tolerance tests (ITT), mice were fasted for 4 h and injected intraperitoneally with 

1 U/Kg body weight human insulin. Blood glucose values were measured before and at 15, 

30, 45, 60, 90 and 120 min post-injection. For glucose tolerance tests (GTT), overnight 

fasted mice were injected with D-glucose (2 g/kg body weight), and blood glucose was 

measured before and at 15, 30, 60, and 120 min post-injection. For both tests glucose levels 

were measured using a glucometer (Easy Plus II, Home Aid Diagnostics Inc, Deerfield 

Beach, FL). Total and HDL cholesterol, TG, FFA, and insulin concentrations were 

determined following manufacturer's guidelines.

2.4. Western blot analysis

Tissues were homogenized as previously described [14]. Aliquots of total homogenates 

containing 25–40 µg protein were denatured with Laemmli buffer, separated by reducing 

7.5–12.5% polyacrylamide gel electrophoresis, and electroblotted to PVDF membranes. 

Membranes were blocked for 2 h in 5% (w/v) bovine serum albumin and subsequently 

incubated in the presence of the corresponding primary antibodies (1:1000 dilution) 

overnight at 4 °C. After incubation for 90 min at room temperature in the presence of 

secondary antibodies (HRP conjugated) (1:10,000 dilution) the conjugates were visualized 

using enhanced chemiluminescence.

2.5. Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA) using Statview 5.0 (SAS 

Institute Inc., Cary, NC). Fisher least significance difference test was used to examine 

differences between group means. A repeated measure ANOVA with Tukey-Kramer 

multiple comparison test was used to analyze changes in body weight and food intake. A P 
value < 0.05 was considered statistically significant. Data are shown as mean ± SEM.

3. Results

3.1. Animal outcome

Daily food intake (Fig. 1B) between w 5 and 8 was significantly lower in mice fed high fat 

diets without (HFD) or with (HFD + EC) EC supplementation compared to those fed control 

diets without (C) or with (C + E) EC. All animals gained weight throughout the studied 

period (Fig. 1C). EC supplementation did not modify body weight gain in mice fed the C 

diet, but significantly reduced body weight gain in HFD-fed mice between w 9 and 15. After 

15 won the HFD, mice showed a 30% increase in body weight compared to controls (Fig. 

1A, Table 1). However, the body weight of mice fed HFD + EC was only 15% higher than 

that of controls. No effect of EC supplementation on body weight was observed in mice fed 

the control (Table 1).

Consumption of HFD also caused dyslipidemia, i.e. plasma TG and FFA concentration were 

36% and 38% higher in HFD-fed mice compared to controls (Table 1). In addition, EC 

supplementation prevented HFD-induced increase in both plasma TG and FFA. On the other 

hand, EC supplementation did not prevent the elevation (42%) in cholesterol concentration 
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associated with HFD consumption. In C + E-fed mice those parameters were similar to 

controls, except for a significantly lower plasma FFA concentration.

3.2. EC improves glucose metabolism in mice fed a high fat diet

After 15 w on the respective diets both fasted and fed plasma glucose concentrations were 

higher (32 and 82%, respectively) in the HFD group compared to controls (Table 1). EC 

supplementation improved both parameters. In this regard, fed plasma glucose in the HFD + 

EC mice was similar to control values, and fasted plasma glucose was 44% lower than in 

HFD mice. In HFD-fed mice, plasma insulin concentrations were 6.5- and 2.1-fold higher in 

the fasted and fed states, respectively compared to controls. EC supplementation either 

prevented (fasted) or mitigated (fed) the increase in plasma insulin caused by HFD 

consumption. In mice fed EC-supplemented control diets, fasted plasma TG, FFA, and 

glucose where lower than in controls.

Consumption of the HFD mice caused impaired insulin (ITT) and glucose (GTT) tolerance 

tests (Fig. 2A, B). The area under the curve for the GTT and ITT in HFD-fed mice was 32 

and 18% higher, respectively, than in controls (Fig. 2C). The levels of plasma insulin 

throughout the GTT were significantly higher in the HFD-fed group, and EC 

supplementation prevented this increase (Fig. 2D). Overall the above results showed that 

consumption of a HFD diet by C57BL/6J mice for 15 w caused insulin resistance, which 

was mitigated/prevented by EC supplementation.

3.3. EC improves insulin signaling in liver and adipose tissue of mice fed a high fat diet

To understand the molecular events contributing to insulin resistance, we investigated the 

effects of HFD and of EC supplementation on insulin signaling in liver and adipose tissue. 

For this purpose, mice were i.p. injected with either saline or insulin 10 min before 

euthanasia. Basal and insulin-stimulated phosphorylation of major components of the insulin 

signaling cascade were assessed by Western blot. Phosphorylation of the IR at Tyr1162/

Tyr1163, IRS1 at Tyr608, ERK1/2 at Thr202/Tyr204, and Akt at Ser473 were measured. In 

liver, and compared to controls, HFD feeding for 15 w decreased insulin-stimulated 

phosphorylation of the IR and IRS1, 27 and 39% respectively, and of downstream molecules 

such as Akt (45%), showing a trend (p = 0.1) for ERK1/2 (14%) (Fig. 3). Except for IR 

phosphorylation, EC dietary supplementation mitigated or prevented the downregulation of 

all these alterations associated with HFD consumption. In adipose tissue, mice fed HFD 

showed lower insulin-stimulated phosphorylation of the IR, IRS1, Akt and ERK1/2 (82, 71, 

56 and 72%, respectively) compared to controls (Fig. 4). These changes were partially or 

completely prevented by EC supplementation (Fig. 3). The above results show that the 

observed alterations in glucose homeostasis caused by chronic consumption of HFD in mice 

are associated with impaired insulin signaling in the liver and adipose tissue, effects that are 

mitigated by EC supplementation.

3.4. High fat diet consumption is associated with upregulation of events that inhibit insulin 
pathway

We next investigated if signals/proteins known to inhibit insulin signaling pathway could be 

affected by HFD consumption, and the potential benefits of EC supplementation. For this 
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purpose, we measured the phosphorylation of JNK, IKK, and PKCδ, and expression of 

protein tyrosine phosphatase 1B (PTP1B) [27]. IKK phosphorylation at Ser176/180 and 

JNK phosphorylation at Thr183/Tyr185 were 27 and 44% higher in liver from HFD-fed 

mice compared to controls (Fig. 5). In adipose tissue, HFD feeding caused a 3- and 11-fold 

increase in IKK and JNK phosphorylation, respectively (Fig. 5). EC supplementation 

prevented HFD-induced activation of IKK and JNK both in liver and in adipose tissue. 

PKCδ phosphorylation (Thr505) was higher (72%) in adipose tissue but not in the liver from 

HFD mice compared to controls, while EC supplementation prevented this increase (Fig. 6).

IKK is a kinase involved in the NF-κB activation pathway. NF-κB is a transcription factor 

that regulates the expression of multiple genes, including PTP1B a negative regulator of the 

insulin cascade [28]. The expression of PTP1B in rats fed the HFD-fed groups was 6.6- and 

2.2-fold higher than in controls in liver and adipose tissue, respectively. This was not 

observed in the HFD-fed group supplemented with EC (Fig. 6).

4. Discussion

Long-term feeding of a high fat diet (60% calories from fat) triggered obesity and overt 

insulin resistance in C57BL/6J mice. This was associated with a downregulation of the 

insulin pathway. Dietary EC supplementation significantly improved insulin sensitivity and 

glucose homeostasis, improving HFD-induced impairment of the insulin signaling cascade 

in liver and adipose tissue. The capacity of EC to improve tissue insulin sensitivity can be in 

part due to its capacity to prevent the upregulation/activation of proteins that inhibit the 

insulin pathway, i.e. JNK, IKK, PKC, and PTP1B.

Obesity and overweight are a major public health concern worldwide. They constitute a risk 

for the development of several pathologies including insulin resistance and T2D [6]. In the 

current study, consumption of a high fat diet for 15 w led to obesity (73% higher body 

weight than controls) and insulin resistance in mice. Although the body weight gain was 

lower in the EC supplemented HFD mice, this reduction per se seems improbable to account 

for the observed major improvement of systemic insulin sensitivity. In mice fed a HFD 

similar to that the used in our current study, but receiving 16 times higher EC, the decrease 

in body weight gain was partial and of similar magnitude [29]. This suggests that at 20 

mg/kg body weight/d, dietary EC may have already reached the maximum potential benefit 

on HFD-induced mouse body weight gain, and that higher EC consumption may have 

limited benefits. Independently on its limited effects on body weight gain, EC consumption 

could have a significant impact on insulin resistance prevention and/or management.

The development of obesity was associated with dyslipidemia as judged by the increase in 

plasma TG, FFA, and total cholesterol. Except for the hypercholesterolemia, EC 

supplementation prevented TG and FFA increases. Similar protective effects (prevention of 

TG but not of cholesterol increase) were observed in mice supplemented for 4 w with EC-3-

O-β-D-allopyranoside after initial 8 w in a high fat diet [30]. We previously observed in high 

fructose-fed rats, that EC partially or completely prevented the elevation of plasma TG and 

cholesterol, respectively [14]. The above evidence indicates that the hypolipidemic actions 

of EC are not independent of the source of energy (high fat or high fructose). In addition, EC 
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effects on body weight, dyslipidemia and insulin resistance could be in part explained by a 

direct effect of EC on energy expenditure. However, a recent study, using a similar model of 

HFD-induced obesity, showed that EC supplementation does not affect the intake, demand, 

and loss of energy, neither lipid oxidation rates [29].

Cumulative evidence is supporting a beneficial effect of EC on glucose homeostasis as we 

observed in this model of HFD-induced insulin resistance. We previously observed that in 

high fructose-fed rats [14], EC also prevented the development of impaired glucose 

tolerance and decreased insulin sensitivity. Accordingly, consumption of pure EC (100 

mg/d) for 4 w caused a significant decrease in plasma insulin and in the HOMA-IR in 

healthy adults [31]. In addition, The improvement of insulin sensitivity by cocoa flavanols 

has been observed not only in healthy adults [32], but in glucose-intolerant hypertensive 

subjects [15], and in overweight/obese individuals [24]. A systematic review and meta-

analysis of randomized, controlled trials presented evidence that consumption of flavonoid 

rich cocoa was associated with improvements in parameters of insulin sensitivity (HOMA-

IR and insulin sensitivity index (ISI)) [16]. Thus, we can conclude/speculate that 

independently of the source and level of energy consumption, and the overall individual's 

health condition, EC targets specific mechanism/ s involved in the modulation of glucose 

homeostasis.

The assessment of the regulation by EC of the insulin signaling cascade in tissues that are 

central to glucose homeostasis, i.e. liver and adipose tissue, can provide insight into the anti- 

T2D actions of EC. High fat consumption impaired insulin-induced phosphorylation of IR, 

IRS1, Akt and ERK1/2 in adipose tissue and of IR, IRS1, and Akt in the liver. EC 

supplementation mitigated or prevented these alterations, implying a regulation by EC of the 

insulin signaling pathway.

In terms of the signaling pathways involved in the effects of EC, we observed EC's capacity 

to regulate several participants in the modulation of the insulin pathway in the two tissues 

studied. The insulin pathway can be downregulated by: i) PTP1B-mediated tyrosine de-

phosphorylation of the IR and IRS1 [28]; ii) IRS-1 phosphorylation by IKK and JNK at 

serine/threonine residues [33,34], and iii) PKCδ via IKK and JNK activation [35]. In terms 

of obesity and high fat exposure, it has been observed that: i) IKK promotes insulin 

resistance, while inactivation or downregulation improves insulin sensitivity in cells and 

obese rodents [36,37]; ii) JNK1 activity is high in high fat-induced and genetic obese mice, 

and genetic deficits of JNK1 improve insulin sensitivity [38], and iii) PKCδ upregulation by 

FFA precedes hepatic IKK and JNK activation [35]. We observed that consumption of the 

HFD led to an increase in PTP1B expression, and to the activation (phosphorylation) of 

PKCδ, IKK and JNK. EC prevented all these changes, indicating that either EC is acting on 

an upstream event that is triggering the full cascade of effects or it may have multiple targets 

of action. One potential explanation for the beneficial effects of EC on insulin sensitivity is 

based on its anti-inflammatory and antioxidant actions.

Obesity and dyslipidemias are characterized by a condition of chronic inflammation 

affecting metabolic tissues [39]. Both, redox-sensitive NF-κB and JNK pathways play a 

central role in the self-feeding cycle of obesity-inflammation-oxidative stress [40]. EC has 
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been previously described to mitigate oxidative stress, inflammation, and inhibit NF-κB and 

JNK both in vitro and in vivo [14,20,21,41]. In our HFD model, the ability of EC to inhibit 

the activation of the redox sensitive IKK/NF-κB and JNK, and as a consequence to 

downregulate PTP-1B can be due to: i) an indirect effect, through EC capacity to inhibit 

NADPH oxidase activity [23] and expression [14], and consequently reduce the formation of 

superoxide anion and derived oxidant species, and ii) a direct interaction with NF-κB, 

inhibiting its binding to DNA [41].

In summary, our findings showed that EC restores insulin sensitivity in a mouse model of 

obesity and T2D triggered by high fat consumption in mice. Further studies are required to 

identify EC target/s involved in its capacity to improve insulin sensitivity. This, and the 

identification of potential EC metabolites that are responsible for the effects on insulin 

signaling, will help define rational and effective dietary recommendations to help prevent/ 

mitigate insulin resistance.
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EC (−)-epicatechin

ERK1/2 extracellular signal-regulated kinases 1/2

FFA free fatty acids
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GTT glucose tolerance test

HFD high fat diet

IκB inhibitor of nuclear factor κB

IKK IκB kinase

IR insulin receptor

IRS1 insulin receptor substrate 1

ITT insulin tolerance test

JNK c-Jun N-terminal kinase

MAPKs mitogen activated protein kinases

MetS metabolic syndrome

PKCδ protein kinase C delta

PTP1B protein tyrosine phosphatase 1B

TG triglycerides

T2D type 2 diabetes

TNFα tumor necrosis factor alpha.
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Fig. 1. Effects of EC supplementation on metabolic parameters in HFD-fed mice
A- (−)-Epicatechin chemical structure. B- food intake and C- body weight gain along the 15 

w dietary treatments were measured weekly or biweekly. Results are shown as means ± SE 

and are the average of 9–10 animals/group. Values having different symbols (*,#) are 

significantly different between them and from values without symbols. (p < 0.05, repeated 

measurement ANOVA).
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Fig. 2. Effects of EC supplementation on metabolic parameters in HFD-fed mice
A- ITT, B- GTT, C- Area under the curve for GTT and ITT tests, and D-plasma insulin 

concentration during GTT. ITT and GTT were performed on weeks 9 and 11 on the diets, 

respectively. Mice were fed a control diet (empty triangles and empty bars), the control diet 

supplemented with 20 mg EC/kg body weight (grey triangles and bars), a HFD (black circles 

and bars), or the HFD supplemented with 20 mg EC/kg body weight (grey circles and 

dashed bars). Results are shown as means ± SE and are the average of 9–10 animals/group. 

C,D- * significantly different from the other groups at the corresponding time points; (p < 

0.05, one way ANOVA).
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Fig. 3. EC supplementation enhances liver insulin signaling in HFD-fed mice
After 15 w on the corresponding diets, mice were fasted overnight then injected with saline 

or insulin (10 mU/g body weight) and then sacrificed after 10 min. Phosphorylation of IR, 

IRS1, ERK1/2, and Akt were measured in liver by Western blot. Bands were quantified and 

results for mice fed the control diet supplemented with EC (CE), the HFD (HF), and the 

HFD supplemented with EC (HFE) were referred to control group values (C). 

Representative immunoblots are shown. Bar charts represent p-IR/IR, p-IRS1/IRS1, p-ERK/

ERK, and p-Akt/Akt as means ± SEM from 4 to 5 animals/treatment. *, # significantly 
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different between them and from the insulin untreated groups (p < 0.05, one way ANOVA 

test).
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Fig. 4. EC supplementation enhances adipose tissue insulin signaling in HFD-fed mice
After 15 w on the corresponding diets, mice were fasted overnight then injected with saline 

or insulin (10 U/Kg body weight) and then sacrificed after 10 min. Phosphorylation of IR, 

IRS1, ERK1/2, and Akt were measured in adipose tissue homogenates by Western blot. 

Bands were quantified and results for mice fed the control diet supplemented with EC (CE), 

the HFD (HF), and the HFD supplemented with EC (HFE) were referred to control group 

values (C). Representative immunoblots are shown. Bar charts represent p-IR/IR, p-IRS1/

IRS1, p-ERK/ERK, and p-Akt/Akt as means ± SEM from 4 to 5 animals/treatment. *,# 
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significantly different between them, * significantly different from the insulin untreated 

groups, # not different from the untreated HF group, &,** significantly different from all 

other groups (p < 0.05, one way ANOVA test).
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Fig. 5. Effects of EC supplementation on liver and epididymal adipose tissue inhibitory insulin 
signaling in HFD-fed mice: IKK and JNK
Phosphorylation of IKKα/β (Ser178/180), JNK (Thr183, Tyr185) in liver and epididymal 

adipose tissue after 15 w on the corresponding diets. Bands were quantified and results for 

mice fed the control diet supplemented with EC (CE), the HFD (HF), and the HFD 

supplemented with EC (HFE) were referred to control group values (C). Representative 

immunoblots are shown. Bar charts represent pIKKαβ/IKKαβ and pJNK/JNK as means ± 

SEM from 9 to 10 animals/treatment. * significantly different from all other groups (p < 

0.05, one way ANOVA test).

Cremonini et al. Page 17

Arch Biochem Biophys. Author manuscript; available in PMC 2017 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Effects of EC supplementation on liver and epididymal adipose tissue inhibitory insulin 
signaling in HFD-fed mice: PKCd and PTP1B
Phosphorylation of PKCδ (Thr505) and PTP1B protein levels in liver and epididymal 

adipose tissue after 15 w on the corresponding diets. Bands were quantified and results for 

mice fed the control diet supplemented with EC (CE), the HFD (HF), and the HFD 

supplemented with EC (HFE) were referred to control group values (C). Representative 

immunoblots are shown. Bar charts represent p-PKCδ/tubulin and PTP1B/actin or tubulin as 
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means ± SEM from 9 to 10 animals/treatment. *are significantly different from all other 

groups (p < 0.05, one way ANOVA test).
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Table 1

Metabolic parameters.

Parameter Control C + EC HFD HFD + EC

Body Weight (g) 35.0 ± 0.6a 32.6 ± 1.1a 45.4 ± 1.3b 40.1 ± 1.7c

TG (mg/dl) 80.6 ± 0.6a 61.2 ± 0.8a 110.3 ± 1.1b 70.1 ± 0.9c

FFA (mEq/l) 0.39 ± 0.01a 0.35 ± 0.01b 0.54 ± 0.01c 0.35 ± 0.01b

Total Cholesterol (mg/dl) 163 ± 21a 192 ± 11a 232 ± 14b 235 ± 22b

Fasted glucose (mg/dl) 91 ± 6a 69 ± 3b 166 ± 8c 131 ± 3d

Fed glucose (mg/dl) 151 ± 7a 157 ± 6a 200 ± 12b 171 ± 8a

Fasted Insulin (ng/ml) 0.19 ± 0.10a 0.15 ± 0.11a 1.24 ± 0.27b 0.42 ± 0.10a

Fed Insulin (ng/ml) 0.96 ± 0.20a 0.65 ± 0.11b 2.04 ± 0.16c 1.12 ± 0.11d

Metabolic parameters from mice fed for 15 w the corresponding diets. Values are shown as means ± SE (n = 10). Values having different 
superscripts are significantly different (P < 0.05, one way ANOVA).
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