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A B S T R A C T

Insulin resistance (IR) produces qualitative, quantitative and kinetic changes of lipoproteins in Type 2 Diabetes
Mellitus (T2DM). Carob-fruit-extract (CFE) has demonstrated antidiabetic properties but barely studies have
evaluated the effect of CFE functional-meat consumption on early stages of T2DM. The current study was de-
signed to analyze the effect of CFE-enriched meat-consumption on lipemia, lipoprotein profile and its relation
with IR in T2DM model. Sixteen Wistar rats were divided in: C group, fed high-saturated-fat diet with com-
mercial meat; and CE group, fed high-saturated-fat diet containing CFE-enriched meat. After 8-weeks, C rats
showed hyperglycemia, hyperinsulinemia, hypertriglyceridemia and increased triglyceride-enriched-VLDL
compared to CE animals (p < 0.05). CE group was able to partially block diabetic dyslipidemia and reduce
HOMA-IR by showing higher PI3K, pAKTser473, GLUT2 and LDL-receptor levels versus their C counterparts
(p≤ 0.020). In conclusion, CFE-enriched meat-consumption strongly counterbalanced diabetic dyslipidemia by
improving insulin signaling, suggesting its being an adequate functional ingredient for T2DM.

1. Introduction

Type 2 Diabetes Mellitus (T2DM) prevalence has continued in-
creasing in recent years, implying great clinical and social impacts.
However, some pathophysiological facts remain poorly understood
(Forouhi & Wareham, 2014). Insulin-resistance (IR) is the most frequent
endogenous cause of lipid metabolism disorder contributing to higher
cardiovascular disease (CVD) risk in T2DM patients (Laakso & Kuusisto,
2014). This pathology produces alterations in plasma lipids levels and
consequently in lipoprotein metabolism (Verges, 2015). Fundamen-
tally, T2DM presents quantitative, qualitative and kinetic lipoprotein
alterations, which are clearly influenced by IR. The quantitative ab-
normalities consist in chylomicrons and VLDL increase, as a con-
sequence of hypertriglyceridemia, and plasma HDL-level reduction

(Parhofer, 2011; Tomkin & Owens, 2017; Verges, 2015). On the other
hand, among qualitative changes, the most relevant are the presence of
large VLDL particles, small and dense LDL, and triglyceride-enriched
HDL. Due to alterations in chylomicrons, VLDL and LDL catabolism,
kinetic changes can also be observed, which contributing to increase
CVD risk (Mbue, Mbue, & Anderson, 2017; Parhofer, 2011; Tomkin &
Owens, 2017). All these T2DM modifications seem to be related to
hepatic insulin signaling alterations. The insulin receptor (InsR)/phos-
phatidylinositol 3-kinase (PI3K)/AKT pathway, which is highly in-
volved in the metabolic actions of insulin, is altered in IR (Leavens &
Birnbaum, 2011; Tangvarasittichai, 2015). It has been demonstrated
that disturbances in this pathway influence liver VLDL assembly and
lipoprotein kinetic as a result, among other factors, of LDL-receptor
(LDLr) expression reduction. Therefore, achieving better IR seems to be
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an adequate therapeutic strategy to manage dyslipidemia in T2DM
(Tomkin & Owens, 2017; Verges, 2015).

At present, a direct relationship between meat intake, especially red
meat, and T2DM-risk has been suggested (Schwingshackl et al., 2017).
Other studies support ensuring protein-consumption to maintain or
improve insulin secretion in T2DM patients (Tian et al., 2017). Our
group research has been working for decades on introducing bioactive
compounds into meat matrix with the objective of reducing the po-
tential negative effects attributed to meat consumption (Garcimartín,
Santos-López, Bastida, Benedí, & Sánchez-Muniz, 2015; Olivero-David
et al., 2011; Santos-López et al., 2018). Recent studies have demon-
strated beneficial effects of fiber and polyphenols on carbohydrates and
fats metabolisms and are highly recommended for the diabetic popu-
lation (McRae, 2018; Xiao & Hogger, 2015). Taking this into account,
we have developed a functional meat incorporating carob fruit extract
(CFE). The consumption of this new meat product should counter-
balance the low intake of fiber and polyphenols observed in diabetic
patients (Kaline, Bornstein, Bergmann, Hauner, & Schwarz, 2007;
McRae, 2018). CFE is a great source of insoluble fiber and proantho-
cyanidins, to which has been related to powerful antidiabetic proper-
ties. Specifically, we have already reported a reduction in both post-
prandial glycemia and lipemia in healthy rats fed CFE (Macho-González
et al., 2017, 2018). Likewise, we have also observed a lipoprotein
profile improvement after CFE-enriched meat consumption in later-
stage T2DM rat model (Macho-González et al., 2019). Due to the
scarcity of studies evaluating the effect of functional meat-consumption
in the early stages of T2DM, we have tested the effect of CFE-enriched
meat-consumption on an established rat model (Fang, Lin, Huang, &
Chuang, 2019; Sah, Singh, Choudhary, & Kumar, 2016), in which this
early stage of T2DM was induced by a high-saturated-fat (HSF) diet.

Therefore, we hypothesized that CFE inclusion into a meat matrix
reduces dyslipidemia and IR in diabetic rats fed the HSF diet. The aims
of this study were to analyze the effect of CFE-enriched meat con-
sumption in diabetic rats induced by HSF diet on, a) the qualitative,
quantitative and kinetic lipoprotein changes; b) the InsR/PI3K/AKT
pathway modifications; and c) the relationship between lipoproteins,
main insulin pathway markers, and IR changes.

2. Materials and methods

2.1. Carob fruit extract (CFE)

CFE is a natural product with 71–81% of insoluble dietary fiber, that
contains 34–40% of high molecular weight proanthocyanidins, ac-
cording to Patent WO2006/000551 (Ruíz-Roso, Requejo, Pérez-Olleros,
& Holguin, 2006). This extract was obtained from the carob pulp fol-
lowing the procedure described in Patent WO2004/014150 (Ruíz-Roso,
Requejo, Pérez-Olleros, Martín-Casero, & Haber, 2004) and Macho-
González et al. (2018).

2.2. Restructured meat, diet preparation and experimental design

Diets and restructured meat (RM) were formulated according to the
protocol described by Macho-González et al. (Macho-González et al.,
2019) (Supplementary Table S1). Briefly, for each diet kilogram, 30%
of RM and 70% of a purified formulated diet were mixed and subse-
quently sieved 3 times until a completely homogenous powder was
obtained. Two experimental semisynthetic diets were prepared: a)
containing a control-RM (C) and b) containing CFE-enriched meat (CE),
whose composition is detailed in Table 1. Both diets contained 49.42%,
36.43 and 14.15% of the total Kcal from fats, carbohydrates and pro-
teins, respectively. Diets were calculated to accomplish micronutrient
requirements at their final concentration.

Two-month old male Wistar rats were obtained from the Harlan
Laboratories models (Harlan S.L., Barcelona, Spain) and housed in
couples under controlled temperature (22.3 ± 1.9 °C) and light (12-h

light/dark cycle) in the Animal Experimentation Center of the Alcalá
University, Madrid, Spain (register no. ES280050001165). Tap water
and food were provided ad libitum. Two rat groups of 8 rats each were
distributed according to the diet, C and CE. Each group received the
same diet for 8 weeks. Each group received the same diet for 8 weeks.
Food consumption was measured daily and body weight once a week.
Feces were collected the last week and fecal fat was extracted and
quantified as previously reported (Macho-González et al., 2018). In
order to avoid inter-assay variations, overnight fasted rats were taken,
anesthetized with isoflurane (5% v/v) and euthanized. Blood was col-
lected from the descending aorta with a heparinized syringe in cold
tubes and placed in ice until processing. Livers were removed, weighed,
and prepared properly.

This study was approved by the Spanish Science and Technology
Advisory Committee (project AGL2014-53207-C2-2-R) and by the
Ethics Committee of the Complutense University of Madrid (Spain).
Experiments were performed in compliance with Directive 86/609/EEC
of 24 November 1986 (amended by EU Directive 2010/63/EU) on the
protection of scientific research animals.

2.3. Glycemia and insulin determinations

Blood samples were collected in fasting conditions in heparinized
tubes at the middle of the third week and at the end of the experiment.
Plasma was isolated by centrifugation for 10min at 986g, and glycemia
was quantified immediately in a plate reader (SPECTROstar Nano, BMG
LABTECH, Offenburg, Germany) at 492 nm, using the GOD kit
(Spinreact, Barcelona, Spain) (Macho-González et al., 2017). Insulin
was measured using ELISA kit (Rat insulin ELISA Kit, ELR-Insulin,
RayBiotech, Inc., USA) according to the manufacturer’s manual. The
colour intensity was evaluated at 450 nm using a microplate reader
(SPECTROstar Nano). QUICKI index was calculated according to the
formula 1/[(log insulin)(mIU/l)+ (log glucose) mg/dl)] and HOMA-IR
was calculated as: glucose (mmol/l)× insulin (mIU/l)/22.5 (Bowe
et al., 2014; Gesteiro, Rodríguez Bernal, Bastida, & Sánchez-Muniz,
2012).

2.4. Lipoprotein isolation

Plasma was separated from the whole blood by centrifugation for
20min at 615g and kept at 4 °C until lipoprotein isolation. A SW 40.1
rotor was used to separate the different lipoprotein fractions in 2mL
plasma samples by saline gradient ultracentrifugation during 21 h
40min at 272,000g (40,000 rpm) at 4 °C (Beckman L8-70M, California,
USA) following a modification of the Terpstra et al. method (Terpstra,

Table 1
Composition of the Restructured Meat (RM) incorporated to the experimental
diets fed male Wistar rats.

Restructured meat components Control-RM CFE-RM

Protein, % 13.1 13.1
Fat, % 38.3 38.3
Water, % 46.9 46.9
Cholesterol, g/kg 0.74 0.74
SFA/MUFA/PUFA ratio 41.2/43.5/8.5 41.2/43.5/8.5
Ingredients
Lean pork, g/kg 663.1 663.1
Lard, g/kg 331.1 331.1
Na, g/kg 0.5 0.5
STP, g/kg 0.1 0.1
Sodium nitrite, g/kg 1.2 1.2
CFE, g/kg 0.0 4
Cellulose 4 0.0

Control Restructured Meat (Control-RM), CFE-enriched meat (CFE-RM). STP,
sodium tripolyphosphate. SFA, saturated fatty acids; MUFA, monounsaturated
fatty acid; PUFA, Polyunsaturated fatty acids.

A. Macho-González, et al. Journal of Functional Foods 64 (2020) 103600

2



Woodward, & Sánchez-Muniz, 1981) as previously described
(Garcimartín et al., 2015). Lipoproteins were isolated according to
conventional density range for rats [VLDL (ρ20 < 1.0063 g/mL), IDL
(1.0063 < ρ20 < 1.019), LDL (1.019 < ρ20 < 1.057), and HDL
(1.057 < ρ20 < 1.21 g/mL)] (Bocanegra et al., 2009).

2.5. Plasma lipid analysis and lipoprotein composition

Total cholesterol, triglycerides and phospholipids were determined
in plasma and lipoprotein fractions (VLDL, IDL, LDL, and HDL) using
standard enzymatic colorimetric tests (Spinreact) according to the
manufacturer’s manual in a plate reader at 492 nm (SPECTROstar
Nano). Total lipids were calculated as the sum of total cholesterol,
triglycerides, and phospholipids. The protein content of each lipopro-
tein fraction was analyzed by the Bradford method (Bradford, 1976).
The total mass of each lipoprotein fraction was calculated as the sum of
proteins and total lipids (cholesterol+ triglycerides+ phospholipids)
(both in mg/dL) (Macho-González et al., 2019). The atherogenic index
(AI) was calculated as described by Garcimartín et al. (Garcimartín
et al., 2015).

2.6. Liver and VLDL oxidation (TBARS assay)

The Mihara and Uchiyama method (Uchiyama & Mihara, 1978) was
used to quantify liver and VLDL oxidation (liver-ox and VLDL-ox, re-
spectively). Malondialdehyde (MDA) formed after adding thiobarbi-
turic acid to VLDL samples and liver extracts were measured in a
fluorescence plate reader (FLUOstar Omega, BMG LABTECH, Offen-
burg, Germany) at 485/20 nm excitation and 528/20 nm emission
wavelengths. MDA standard curve was performed to quantify liver and
VLDL oxidations. Results are expressed as mg MDA mg/L of plasma for
VLDL-ox and MDA/mg protein for liver-ox.

2.7. Arylesterase activity measurement

Plasma arylesterase (AE) activity was measured using simulated
body fluid as a buffer and phenylacetate as a substrate according to
Nus, Sánchez-Muniz, Gago, López-Oliva, and Sánchez-Montero (2008).
Reaction rates of AE were followed at 270 nm in thermostatically
controlled 10-mm Lightpath quartz cuvettes using a spectrophotometer
(SPECTROstar Nano). Liver AE activity was measured in liver extracts
according to Macho-González et al. (Macho-González et al., 2019) and
results expressed in AE units/mg protein. One unit of AE was defined as
the phenol (mmol) formed from phenylacetate per minute.

2.8. Western blotting

Immunoblots were performed using liver lysates. Protein extracts
(DC Protein Assay Kit, Bio-Rad, Madrid, Spain) from each sample were
separated by SDS–PAGE and transferred to polyvinylidene fluoride
membranes (GE Healthcare, Madrid, Spain). Membranes were in-
cubated overnight at 4 °C with the following primary antibodies: anti-
LDLr, anti-insulin receptor β, anti-PI3K, anti-AKT2, anti-pAKTser473,
anti-GSK3β, anti-pGSK3βser9 and anti-GLUT2 (Santa Cruz
Biotechnology, Quimigen, Madrid, Spain). Anti-β-actin and anti-α-tu-
bulin were used as the loading control. Antibodies hybridization was
revealed by incubating the membranes with the appropriate secondary
antibodies conjugated with peroxidase for 1 h at room temperature. The
chemiluminescence signal of membranes was read in an ImageQuant
LAS 500 (GE Healthcare, Madrid, Spain) using the ECL kit Select-kit (GE
Healthcare, Madrid, Spain).

2.9. Immunohistochemical staining

Paraffin-embedded liver sections were deparaffinized and rehy-
drated in a graded ethanol series. After retrieving citrate antigen and

quenching endogenous peroxidase, sections were incubated with dif-
ferent primary antibodies overnight at 4 °C to determine the presence
of: anti-LDLr, anti-insulin receptor β, anti-PI3K, anti-AKT2, anti-
pAKTser473, anti-GSK3β and anti-pGSK3βser9 (Santa Cruz
Biotechnology). The color reaction was developed with a polymerized
horseradish peroxidase-conjugated secondary antibody and counter-
stained with hematoxylin. The intensity of immunostaining for each
antibody was measured using ImageJ free software (U. S. National
Institutes of Health, Bethesda, USA). A total of 15 fields per section per
rat (200× magnification for image analysis) were selected and ana-
lyzed. The positive staining intensity was calculated as percentage of
the ratio of the stained area to the total field assessed.

2.10. Statistical analysis

Results were expressed as mean ± standard deviation (SD). Group
results were compared by the unpaired Student’s t-test. The Chi-squared
test was used to compare the prevalence of hypertriglyceridemia in
both diet groups. Pearson product-moment correlations were applied to
correlate GLUT2, insulin, HOMA-IR, QUICKI, VLDL total mass, VLDL
total lipids, PI3K, pAKT2ser473 and LDLr. Differences were considered
significant at p < 0.05. Statistical analysis was performed using SPSS
version 25.0 (SPSS Inc., Chicago, Illinois, USA).

3. Results

3.1. Growth rate, feed consumption and fecal excretion

Table 2 summarizes the feed intake, growth rate and fecal excretion
of both groups. CE animals showed significant differences respect to C
group in the growth rate, fecal excretion, fecal moisture, fecal fat and
dietary digestibility (p≤ 0.014). CE rats displayed lower growth rate
and dietary digestibility than C animals. Fecal excretion, fecal fat and
fecal moisture were significantly higher in CE rats respect to C group
(10.1%, 31.4% and 72.4%, respectively).

3.2. Plasma analysis

Table 3 shows glycemia, insulinemia, HOMA-IR, QUICKI, plasma
lipid concentrations, atherogenic index (AI) and the cholesterol-to-
phospholipid and cholesterol-to-HDL cholesterol ratios in the two ex-
perimental groups. C rats showed a typical T2DM status with fasting
hyperglycemia, hyperinsulinemia and high levels of HOMA-IR. Insulin,
HOMA-IR, QUICKI, triglycerides, total lipids and AI were significantly
affected by CFE-RM diet (p≤ 0.028). CE rats revealed significantly
lower insulin (−11.5%), HOMA-IR (−15.7%), triglycerides (−15.2%),
total lipids (−10.8%) and AI (−34.4%) than C animals, while QUICKI

Table 2
Feed intake, growth rate and fecal excretion of animals fed different diets.

C CE Student’s
t-test

Dietary intake (g/wk) 115.8 ± 8.52 101.0 ± 6.69 p=0.002
Growth rate* 0.20 ± 0.01 0.18 ± 0.01 p < 0.001
Final weight (g) 388.3 ± 38.9 377.6 ± 32.2 p > 0.05
Fecal excretion (g/wk)** 7.99 ± 0.56 8.80 ± 0.29 p=0.014
Fecal moisture (%) 14.35 ± 1.12 18.86 ± 1.21 p < 0.001
Fecal fat (mg/g faeces)** 80.00 ± 6.66 137.89 ± 7.15 p < 0.001
Dietary digestibility*** 0.92 ± 0.01 0.90 ± 0.01 p=0.001

Data are expressed as the mean ± standard deviation (n=8).
* Growth rate: g food converted in g body weight.
** Data are dry matter weights.
*** Dietary digestibility = (feed intake− faeces)/feed intake. Dietary intake

was measured daily and body weight, once a week; feces were collected the last
week of the study. C, rats fed diet with control restructured meat; CE, rats fed
diet with CFE-enriched meat.
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index was significantly higher in CE versus C group (p < 0.001). Hy-
pertriglyceridemia (≥1.7 mmol/L) was found in 62.5% of C rats, but
0% of CE rats (chi-square test, p < 0.001), showing a marked reduc-
tion in CE groups versus their C counterparts (−15.2%).

3.3. Lipoprotein composition

The composition of the different lipoprotein fractions in absolute
values (mmol/L or mg/dL) is shown in Table 4. HDLs were the major
carriers of cholesterol (75.7 versus 77.1%), phospholipids (72.7 versus
73.04%) and apolipoproteins (91.0 versus 85.7%) in C versus CE rats;
whereas VLDLs were the major carrier of TGs (86.2 versus 70.8% in C
and CE, respectively).

CE rats showed significantly (p < 0.05) lower content of choles-
terol, triglycerides, phospholipids, total lipids and total mass in VLDL
fraction with respect to C group. CE animals displayed higher trigly-
cerides, phospholipids, total lipids, proteins and total mass in IDL and
LDL lipoprotein fractions (p= 0.015) than their C counterparts. HDL
lipoprotein fraction only exhibited differences in phospholipids,
showing lower levels in CE rats respect to C (p= 0.014).

CE animals exhibited significantly lower total lipids/proteins and
cholesterol/proteins ratios in VLDL and LDL fractions (p= 0.001); and
lower total lipids/proteins of IDL than C rats. Non-significant differ-
ences (p > 0.05) were observed between C and CE groups in the IDL
cholesterol/protein ratio and HDL of lipids and cholesterol ratios (data
not-shown).

3.4. Percentage contribution of lipids to lipoprotein composition and liver
LDLr levels and immunolocalization

Fig. 1(a)–(d) displays the percentage contribution of lipids and
proteins to the total mass of plasma VLDL, IDL, LDL, and HDL. CE rats
had less triglycerides (−3.4%) and more proteins (55.4%) in VLDL
fraction than C group (p=0.041). Cholesterol (99.0%) and proteins
(169.6%) contributed more while phospholipids less (−40.1%) to the
IDL total mass in CE versus C rats (p= 0.002). CE animals showed LDL

with less cholesterol (−38.1%) and phospholipids (−24.8%) but more
proteins (82.7%) than C counterparts (p= 0.010). HDL total mass re-
vealed more cholesterol (10.5%) and less phospholipids (−12.9%)
contributions in CE versus C rats (p= 0.003).

The CFE-enriched meat effects on liver LDLr levels and im-
munolocalization are shown in Figs. 2 and 3(a) and (b). CE rats re-
vealed higher levels (12.9%) and immunohistochemical staining
(37.8%) than C animals (p < 0.05). Immunoblots from CE rats dis-
played higher LDLr levels (12.9%) compared to C animals (p < 0.05).
Immunohistochemistry revealed a diffuse and very faint cytoplasmic
staining pattern in sections from C liver using a monoclonal anti-LDLr
antibody. Punctate most intense and stronger LDLr-specific staining was
seen in the CE liver sections, showing a panlobular pattern. CE induced
a higher LDLr immunoreactivity (37.8%) compared with C liver sec-
tions.

3.5. Arylesterase activity, VLDL and liver oxidation

Table 5 shows the plasma AE activity, the AE activity-to-plasma
cholesterol ratio, liver AE activity and VLDL and liver oxidations.
Plasma AE activity and AE activity-to-plasma cholesterol ratio were
significantly reduced by CE diet (−19.5 and −16.7%, respectively;
p= 0.024). Instead, a significant increase was observed in the liver AE
activity (23.6%; p=0.037) in CE compared to C rats. Non-significant
differences were observed (p > 0.05) in VLDL-ox and liver-ox between
groups.

Table 3
Glycemia, insulin, plasma lipids, cholesterol:phospholipid and cholesterol:HDL-
cholesterol ratio and atherogenic index of animals fed different diets.

C CE Student’s
t-test

Glycemia 3rd week (mmol/L) 6.00 ± 0.44 6.44 ± 0.47 p > 0.05
Glycemia 8th week (mmol/L) 13.92 ± 0.91 13.23 ± 0.71 p > 0.05
Insulin (µIU/mL) 15.84 ± 0.73 14.02 ± 1.04 p=0.002
HOMA-IR* 9.79 ± 0.64 8.25 ± 0.63 p < 0.001
QUICKI** 0.278 ± 0.002 0.284 ± 0.003 p < 0.001
Total cholesterol (mmol/L) 2.16 ± 0.18 2.06 ± 0.18 p > 0.05
Phospholipids (mmol/L) 1.35 ± 0.32 1.23 ± 0.24 p > 0.05
Triglycerides (mmol/L) 1.78 ± 0.25 1.51 ± 0.13 p=0.017
Total lipids (mg/dL)+ 332 ± 35.3 296 ± 18.5 p= 0.028
Cholesterol:phospholipids

(mol/mol)
1.57 ± 0.29 1.65 ± 0.29 p > 0.05

Cholesterol:HDL cholesterol
(mol/mol)

1.43 ± 0.22 1.28 ± 0.14 p > 0.05

Atherogenic index++ 0.32 ± 0.06 0.21 ± 0.09 p=0.014

Data are expressed as the mean ± standard deviation (n= 8).
* HOMA-IR: (fasting insulin (μIU/mL)× fasting glucose (mmol/L)/22.5).
** QUICKI: 1/[log (fasting insulin (μIU/mL)+ log (fasting glucose (mg/

dL)]).
+ Total lipids: cholesterol+ triglycerides+ phospholipids.
++ Atherogenic index = (total cholesterol−HDL cholesterol)/HDL cho-

lesterol. To transform mmol/L into mg/dL of glucose, cholesterol, TGs, and
phospholipids, multiply data by 18.0, 38.68, 89.0, and 75.0, respectively. All
parameters were evaluated at the end of the study (8th week) with the ex-
ception of glycemia (3rd week). C, rats fed diet with control restructured meat;
CE, rats fed diet with CFE-enriched meat.

Table 4
Lipoprotein component concentrations in plasma of animals fed different diets.

Lipoproteins C CE Student’s
t-test

Cholesterol, mmol/L
VLDL 0.44 ± 0.05 0.35 ± 0.09 p=0.005
IDL 0.02 ± 0.00 0.10 ± 0.02 p < 0.001
LDL 0.03 ± 0.00 0.03 ± 0.01 p > 0.05
HDL 1.53 ± 0.14 1.62 ± 0.14 p > 0.05

Triglycerides, mmol/L
VLDL 1.56 ± 0.05 0.97 ± 0.06 p < 0.001
IDL 0.08 ± 0.04 0.19 ± 0.05 p < 0.001
LDL 0.03 ± 0.01 0.05 ± 0.01 p=0.014
HDL 0.14 ± 0.01 0.16 ± 0.02 p > 0.05

Phospholipids, mmol/L
VLDL 0.31 ± 0.03 0.20 ± 0.04 p < 0.001
IDL 0.05 ± 0.01 0.09 ± 0.01 p < 0.001
LDL 0.02 ± 0.00 0.09 ± 0.01 p < 0.001
HDL 1.01 ± 0.15 0.84 ± 0.11 p=0.014

Total lipids, mg/dL*
VLDL 178.60 ± 6.12 113.22 ± 10.20 p < 0.001
IDL 11.56 ± 3.69 27.50 ± 4.87 p < 0.001
LDL 4.93 ± 1.43 6.63 ± 0.96 p=0.015
HDL 145 ± 12.10 137 ± 11.58 p > 0.05

Proteins, mg/dL
VLDL 5.07 ± 0.81 5.05 ± 0.56 p > 0.05
IDL 0.57 ± 0.26 3.88 ± 0.87 p < 0.001
LDL 0.40 ± 0.14 1.08 ± 0.45 p=0.003
HDL 60.9 ± 5.43 60.1 ± 3.12 p > 0.05

Total lipoprotein mass, mg/dL**

VLDL 184 ± 6.44 118 ± 10.50 p < 0.001
IDL 12.05 ± 3.91 30.83 ± 5.78 p < 0.001
LDL 5.32 ± 1.49 7.72 ± 1.08 p=0.003
HDL 206 ± 15.96 197 ± 14.14 p > 0.05

Data are expressed as the mean ± standard deviation (n=8).
* Total lipids: cholesterol+ triglycerides+ phospholipids.
** Total mass: total lipids+ proteins. All samples were taken at the end of

8th week experiment. C, rats fed diet with control restructured meat; CE, rats
fed diet with CFE-enriched meat.
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3.6. Insulin signaling (InsR/PI3K/AKT/GSK3 pathway) analyzed by
western blot and immunohistochemistry

Fig. 3(a)–(d) displays the levels and distribution of the main pro-
teins related to liver insulin signaling pathway (InsR/PI3K/AKT/GSK3

pathway). CE rats showed higher protein expression levels of PI3K
(WB=29.3%), pAKT2ser473 (WB=13.1%) and GLUT2 (WB=33.9%)
than C animals. The immunohistochemistry analysis data supported the
quantitative western blot results. A homogeneously distributed staining
for InsR, PI3K, pAKT2ser473 and pGSK3βser9, which was slightly stronger

Fig. 1. Percentage contribution (%) of proteins and lipids to the total mass of plasma VLDL (a), IDL (b), LDL (c) and HDL (d) fractions in the C and CE groups. Data are
expressed as the mean ± standard deviation (n= 8). *p < 0.05; **p < 0.01; ***p < 0.001. C, rats fed diet with control restructured meat; CE, rats fed diet with
CFE-enriched meat.

Fig. 2. Liver LDL-receptor levels and localization in the different groups. Data are expressed as the mean ± standard deviation (n= 8). (a) LDLr im-
munohistochemical staining quantification and representative images of the different groups; (b) LDLr levels quantification by western blot. *p < 0.05; **p < 0.01;
***p < 0.001. C, rats fed diet with control restructured meat; CE, rats fed diet with CFE-enriched meat.
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in centrilobular areas, was observed in liver sections from both groups.
The CE livers showed a stronger PI3K (18.4%) and pAKT2ser473 (25.3%)
staining and bigger surface area in hepatocytes around periportal and
pericentral areas, suggesting PI3K and pAKT2ser473 over-expression.
Non-significant differences between C and CE groups were found for
InsR and pGSK3βser9 proteins.

4. Discussion

These results shed new light on the role of CFE and its utilization to
develop functional meats to reduce qualitative, quantitative and kinetic
lipoprotein alterations by improving insulin signaling in T2DM rats fed
a high-saturated-fat diet. CFE-enriched meat partially blocked T2DM
alterations, reduced insulinemina, HOMA-IR, triglyceridemia and VLDL
levels and composition; and increased fecal fat excretion, LDLr levels
and insulin signaling in the liver (Fig. 4). These results are relevant
given the high consumption of meat in Western countries and the low

fiber and polyphenols intakes observed in diabetic population. There-
fore, it can be suggested the possibility of reducing T2DM alterations
and increasing fiber intake, by including the CFE as a functional in-
gredient in meat products.

Experimental diets were well accepted and agreed with previous
results of our group on functional meat products (Macho-González
et al., 2019; Santos-López et al., 2018). Although the final weight of rats
was very similar in both groups, the lower dietary intake and dietary
digestibility of CE group justify the lower growth rate of those rats.
These results seem primarily due to a satiating effect and increase of
fecal bolus mediated by fiber (Macho-González et al., 2018; McRae,
2018). Likewise, differences in fecal amount and composition should be
related to CFE proanthocyanidins. Similar results were previously found
in a digestibility study in healthy and diabetic rats (Macho-González
et al., 2018, 2019). Proanthocyanidins have also been related to gastric
emptying delay. Together with the fiber satiating effect, these two
components would increase satiety and therefore a lower diet intake, as
observed in CE animals (Cires, Wong, Carrasco-Pozo, & Gotteland,
2016; Serrano et al., 2016).

Feeding with a HSF diet induces IR in different animal models (Sah
et al., 2016; Skovsø, 2014). As observed in our results, the C rats present
hyperglycemia, hyperinsulinemia, and typical dyslipemia at early
T2DM stage (Asrafuzzaman et al., 2017; Fang et al., 2019). CE animals
displayed lower HOMA-IR and higher QUICKI mainly due to their in-
sulinemia being significantly lower than that of C group and linked to
the proanthocyanidins effect on carbohydrates metabolism, as reported
by Yang et al. (Yang & Chan, 2017). Furthermore, proanthocyanidin-
consumption, by diminishing both glucose digestion and absorption,
improves IR by reducing glycemia and insulinemia (Cires et al., 2016;
Salvado, Casanova, Fernandez-Iglesias, Arola, & Blade, 2015; Yang &
Chan, 2017). In fact, a lower glycemia increase (−15%) was observed
between the third and eighth week in CE rats (6.79 versus 7.92mmol/
L), which was consistent with the hypoglycemic effect observed in
streptozotocin-nicotinamide diabetic rats (Macho-González et al., 2019)

Fig. 3. Levels and localization of the main proteins related to InsR/PI3K/AKT/GSK3 pathway of animals fed the experimental diets. Data are expressed as the
mean ± standard deviation (n=8). (a) representative images of liver immunohistochemical staining for the InsR/PI3K/AKT/GSK3 pathway; (b) staining area
quantification for each of the analyzed proteins; (c) quantification of InsR/PI3K/AKT/GSK3 levels in liver extracts by western blot; (d) representative images of the
different western blot realized. *p < 0.05; **p < 0.01; ***p < 0.001. C, rats fed diet with control restructured meat; CE, rats fed diet with CFE-enriched meat.

Table 5
LDL receptor levels, plasma and liver AE activity and VLDL and liver oxidation
of animals fed the experimental diets.

C CE Student’s
t-test

Plasma AE (U/L) 185 ± 38.9 149 ± 15.8 p= 0.006
Plasma AE:cholesterol (U/mg)* 0.24 ± 0.06 0.20 ± 0.02 p=0.024
Liver AE (U/g protein) 6.11 ± 1.05 7.55 ± 1.24 p=0.037
VLDL-ox (TBARS, mg MDA/L) 2.18 ± 0.24 2.23 ± 0.22 p > 0.05
Liver-ox (TBARS, mg MDA/mg

protein)
2.62 ± 0.44 2.52 ± 0.26 p > 0.05

Data are expressed as the mean ± standard deviation (n= 8).
* Units AE (U/L)/total cholesterol (mg/L). One unit of AE was defined as

mmols of phenol formed from phenylacetate per minute. All samples were
taken at the end of 8th week experiment. C, rats fed diet with control re-
structured meat; CE, rats fed diet with CFE-enriched meat.
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and in chow fed rats during a postprandial study (Macho-González
et al., 2017).

Diabetic dyslipidemia is the main and more frequently lipid ab-
normality observed in T2DM patients (Verges, 2015). Hypertriglycer-
idemia is considered one of the basic T2DM dyslipidemia pillars, being
the promoter of quantitative and qualitative lipoprotein changes
(Verges, 2015). Using 1.7mmol/L as a cut-off point of hypertriglycer-
idemia (Berglund et al., 2012), 62.5% of the C rats while 0% of CE
animals presented hypertriglyceridemia. These results agree with pre-
vious studies of our group in healthy rats, where CFE-consumption
reduced postprandial hypertriglyceridemia (Macho-González et al.,
2018), and with studies carried out in humans (Goulas, Stylos,
Chatziathanasiadou, Mavromoustakos, & Tzakos, 2016).

The lower plasma triglyceride, total lipid and AI observed in CE rats
seem to be due to the conjoint action of proanthocyanidins (reducing
fat digestion and absorption), and the drag effect of fiber (Kaline et al.,
2007; Salvado et al., 2015). Thus, the inclusion of CFE-enriched meat in
the diet seems to be an adequate nutritional strategy to ensure the fiber
and polyphenols intakes, usually reduced in T2DM patients (McRae,
2018). Together with the hypertriglyceridemia, C rats showed higher
total lipids and AI than CE rats. Results of C group on lipoprotein
fractions indicate VLDL qualitative and quantitative changes in com-
parison with previous studies in healthy rats (Schultz-Moreira et al.,
2014). C animals showed the typical lipoprotein profile of diabetic rats
with the presence of VLDL1, characterized by a larger size and by being
triglycerides-enriched (Haas, Attie, & Biddinger, 2013; Verges, 2015).
In fact, isolated VLDL in C rats contain 4.2 and 3.2 times more trigly-
cerides and their total lipid masses were 3.8 and 2.6 times higher than
those found by Schultz-Moreira et al. and Viejo, respectively (Schultz-

Moreira et al., 2014; Viejo, 1992), suggesting a VLDL overproduction or
lower VLDL catabolism. On the other hand, CE rats display 36% less
total VLDL mass than C rats. In addition, these VLDL particles seem to
be smaller and in a more advanced catabolism, because of their lower
content in triglycerides while higher in proteins (Fig. 1). Related to this,
an increase in total IDL and LDL mass was clearly observed in CE group.
A detailed study of IDL composition suggests that they were enriched in
cholesterol and impoverished in phospholipids. These results may be
due to lipoprotein kinetic modifications, proper of the diabetic situation
in which a decrease in lipoprotein remnant catabolism has been sug-
gested (Parhofer, 2011; Verges, 2015). In order to reduce this remnant
lipoprotein amount, higher LDLr levels were found in CE rats, a fact that
has also been observed in a previous study with diabetic and hy-
percholesterolemic rats (Macho-González et al., 2019). Finally, diabetic
dyslipidemia is also related to quantitative and qualitative changes in
the HDL fraction (Tomkin & Owens, 2017). However, in our study we
barely observed relevant modifications in the HDL fraction, just a re-
lative cholesterol-enrichment and phospholipid-impoverished of HDL
particles in CE group with respect to C, which could be associated with
greater cholesterol elimination from the tissues (Barter, 2002).

The PON-1 has been defined as a suicide enzyme with pleiotropic
antioxidant action (Aviram, 2004). According to Olivero-David et al.
(Olivero-David et al., 2011) this enzyme acts first to protect the pre-
sence of other antioxidant enzymes. As CFE shows antioxidant activity
(Bastida et al., 2009) it can be speculated that less AE is demanded to
protect the antioxidant status in CE rats versus C rats. Estrada-Luna et al.
(Estrada-Luna et al., 2018) found that rats fed antioxidants show a
decrease in the AE activity. The higher liver AE activity of CE animals
seems related to the enhanced lipoprotein catabolism of this group, in

Fig. 4. Proposed mechanism of the carob fruit extract (CFE) effects on lipoprotein metabolism and insulin signaling. The T2DM alterations induced by high-
saturated-fat diet consumption are based on hyperglycemia, hyperinsulinemia and insulin resistance. (1) The CFE-enriched meat consumption increases fat excretion
by decreasing digestion and absorption of lipids; (2) the main proteins levels involved in insulin signaling increased in the group fed with CFE, which would improve
glucose uptake; (3) the lower plasma triglycerides availability to form VLDL, together with the InsR/PI3K/AKT pathway inhibition on the VLDL assembly and
maturation, justify the lower levels and size of these lipoproteins; (4) the CFE increases LDLr levels, promoting the uptake of IDL and LDL. AKT; CFE, carob fruit
extract; HDL, high-density lipoproteins; GLUT2, glucose transporter 2; GSK3, glycogen synthase kinase 3; IDL, intermediate-density lipoproteins; Ins, insulin receptor;
IRS, insulin receptor substrate; LDL, low-density lipoproteins; LDLr, low density lipoprotein receptor; LPL, lipoprotein lipase; LRP, low density lipoprotein receptor-
related protein; PI3K, phosphoinositide 3-kinase (formed by p85 and p110 subunits); QM, chylomicrons; QMr, remnant chylomicrons; VLDL, very low-density
lipoproteins.
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order to reduce the radical oxygen species formation during fatty acids
oxidation. However, more research has to be performed to ascertain
this potential relationship.

In order to find the relationship between diabetic dyslipidemia and
insulinemia, we evaluated hepatic insulin-signaling as the central axis
of the altered lipoprotein metabolism (Haas et al., 2013; Verges, 2015).
Several studies indicate that the Ins/PI3K/AKT pathway modulates the
insulin effect on lipoproteins metabolism, and its alteration may pro-
duce a VLDL overproduction (Brown & Gibbons, 2001; Taghibiglou
et al., 2002) and hepatic LDLr reduction (Duvillard et al., 2003), results
that explain, at least partially, C rat data. CE rats presented higher PI3K
and pAKT2ser473 levels than their C counterparts, suggesting that a CE
diet promotes a more effective insulin signals transduction than the C
diet. The insulin binding to its receptor causes the recruitment of pro-
teins from the insulin receptor substrate and the subsequent PI3K
translocation, inducing many of the known metabolic insulin effects.
PI3K activates AKT, which phosphorylates and inhibits GSK3, favoring
glucose uptake and glycogen synthesis (Lee & Kim, 2007). This sig-
naling pathway is affected by IR and the proanthocyanidins consump-
tion may improve its activation in order to manage glucose homeostasis
(Salvado et al., 2015). The Ins/PI3K/AKT pathway participates in the
assembly and VLDL maturation, by inhibiting the lipids transfer to the
VLDL precursors (Sparks, Sparks, & Adeli, 2012) and justifies the lower
VLDL amount and size in CE rats. Likewise, the improvement in insulin
signaling induces the LDLr expression, as observed and previously
discussed in rats fed CFE-enriched meat (Macho-González et al., 2019).
On the other hand, the PI3K and pAKT2ser473 higher levels in CE rat
liver are also related to better glucose uptake. Proanthocyanidin-con-
sumption has shown beneficial effects in glycemia by improving glu-
cose uptake in different tissues through the AKT2 phosphorylation
(Salvado et al., 2015; Yang & Chan, 2017). Proanthocyanidin con-
sumption has been associated with an increase in liver GLUT2 levels
(Cao et al., 2016). In the present study CE rats showed a 31% higher
GLUT2 levels versus those C animals, being a clear indication of im-
proved glucose uptake and insulin-sensitivity. In fact, a strong negative
and significant correlation (r=−0.696; p < 0.01) was found between
GLUT2 and HOMA-IR. A detailed study of data suggests a very high
relationship between insulin-signaling, glucose homeostasis and VLDL
levels. Thus, PI3K and pAKT2ser473 quantified by im-
munohistochemistry were negatively and very significantly correlated
(r=−0.700; p < 0.01) with VLDL mass, VLDL lipids, insulin and
HOMA-IR; and positively and significantly correlated with LDLr, GLUT2
and QUICKI (r= 0.648; p < 0.05).

Despite the positive results observed, this study presents some
possible limitations: (1) only the study has been carried out in males,
(2) healthy control could be added to the study, and (3) the study lasted
only 8 weeks. As T2DM is a chronic degenerative disease, future re-
searches should analyze the CFE-enriched meat effect in animal model
longitudinal studies. In addition, as CFE has been found to be safe in
healthy and diabetic rats (Macho-González et al., 2017, 2018) and in
hypercholesterolemic human (Ruiz-Roso, Quintela, de la Fuente, Haya,
& Perez-Olleros, 2010), it seems desirable to conduct a clinical trial in
prediabetic and/or T2DM patients.

In conclusion, present results show for the first time that a diet
containing meat formulated with CFE improves both lipoprotein me-
tabolism and InsR/PI3K/AKT pathway as a consequence of insulin
sensitivity-ameliorating. Fundamentally, CFE reduces VLDL and plasma
triglyceride levels by increasing fecal fat excretion, and permitting to
increase the effectiveness of the insulin signaling. At the same time, it
favors the clearance of atherogenic lipoproteins, by increasing hepatic
LDLr (Macho-González et al., 2019). Therefore, we can suggest that
CFE-enriched meat is adequate functional food to be consumed by
T2DM patients to control diabetic dyslipidemia and IR.
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