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Abstract: The liver and kidneys are crucial for glucose homeostasis and are seriously damaged
in diabetes. Cocoa and carob possess antidiabetic activity, but their hepatorenal protective effects,
especially when combined with antidiabetic drugs, are unknown. The aim of this study is to
investigate the effects of a cocoa—carob-supplemented diet (CC), either alone or in combination with
metformin, on liver and kidney damage in Zucker diabetic fatty (ZDF) rats, a type 2 diabetes model.
Male ZDF animals received a control or CC-supplemented diet, with or without metformin, and
Zucker lean rats were fed the control diet. The CC-supplemented diet improved glucose tolerance
and insulin resistance and alleviated functional and structural alterations in the diabetic liver and
renal cortex. The CC-supplemented diet also ameliorated oxidative stress, downregulated apoptosis,
and improved insulin signalling and glucose homeostasis. The combination of CC and metformin
boosted several benefits as certain parameters related to morphological and structural alterations,
apoptosis, oxidative stress, glucose homeostasis, and insulin resistance, were improved in comparison
to animals receiving the CC-supplemented diet or metformin alone; these include the following:
apoptotic index, Bax, hepatic insulin receptor or glutathione content, among others. These results
demonstrate that the CC-supplemented diet alleviates the hepatorenal damage in type 2 diabetic
ZDF rats, highlighting its potential alone or as an adjuvant therapy.

Keywords: cocoa—carob blend; glucose homeostasis; insulin resistance; oxidative stress; apoptosis;
liver and renal cortex; type 2 diabetic ZDF rats

1. Introduction

Type 2 diabetes is a worldwide, highly prevalent disease caused by a metabolic disor-
der and characterised by sustained hyperglycaemia that leads to severe complications [1].
The liver and kidney are crucial organs that play an important role in maintaining systemic
glucose homeostasis in the body. In diabetes, the liver and kidneys are severely damaged
due to exacerbated oxidative stress, insulin resistance, and abnormal glucose homeostasis,
which also contribute to maintaining hyperglycaemia in this disease [2—4]. Accordingly, an
altered response of antioxidant defences, including glutathione (GSH) and the enzymes glu-
tathione reductase (GR), glutathione peroxidase (GPx), and superoxide dismutase (SOD),
has been reported in patients with diabetes [5,6]. Importantly, the transcription nuclear
factor erythroid 2-related factor 2 (Nrf2), a key protein in the regulation of the antioxidant

Nutrients 2024, 16, 3087. https:/ /doi.org/10.3390/nul6183087

https:/ /www.mdpi.com/journal /nutrients


https://doi.org/10.3390/nu16183087
https://doi.org/10.3390/nu16183087
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0001-6871-7153
https://orcid.org/0000-0002-2811-4558
https://orcid.org/0000-0001-8173-4521
https://orcid.org/0000-0003-2649-2616
https://doi.org/10.3390/nu16183087
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu16183087?type=check_update&version=1

Nutrients 2024, 16, 3087

20f19

response, and several signalling pathways involved in the cellular response to the insult,
such as sirtuin-1 (SIRT-1) and apoptosis-related proteins (caspases, Bcl-2 family proteins)
are also dysregulated in diabetes [3,5]. In addition, insulin resistance leads to a situation in
which the insulin receptor (IR) is less responsive to insulin, leading to the blockage of this
pathway and altered glycogen synthesis in the diabetic liver and kidney [2,4,7]. Similarly,
glucose uptake and gluconeogenesis in the liver and renal cortex are altered due to the dys-
regulation of key proteins involved in these processes, e.g., glucose transporter 2 (GLUT-2)
and phosphoenolpyruvate carboxykinase (PEPCK) [2,4,7]. Consequently, therapies aimed
at preventing oxidative stress, abnormal glucose homeostasis, insulin resistance, and the
dysregulation of closely related processes, such as apoptosis, may represent an interesting
approach against diabetes.

Cocoa is a rich source of phenolic compounds, mainly flavanols, and has demon-
strated beneficial effects against diabetes and its associated complications [8,9]. Cocoa
possesses antioxidant and antidiabetic properties that may contribute to improving glucose
homeostasis, redox status, and insulin sensitivity in this disease [8,9]. Similarly, carob,
a Mediterranean legume (Ceratonia siliqua L.), is rich in polymeric flavanols and other
polyphenols, and has attracted attention for its potential health benefits, such as the main-
tenance of glucose homeostasis [10]. In addition, either the combination of antidiabetic
drugs with phenolic compounds or the use of mixtures of extracts enriched with these
natural compounds have recently been suggested as effective therapeutic interventions that
could provide an efficient treatment [11,12]. In this context, metformin (M) is the first-line
antihyperglycaemic drug used in patients with type 2 diabetes; however, the evaluation of
the effect of dietary flavonoids or flavonoid-rich diets in diabetes alone or in combination
with antidiabetic drugs, including metformin, has been scarcely studied. Moreover, the
combination of drugs with these natural compounds may bring synergistic effects and
more effective therapies against diabetes [13].

Taking all this into account, a polyphenol-supplemented food was prepared by com-
bining cocoa powder and carob flour (60:40, CC). In our recent studies, this potential
functional food has shown protective effects on pancreatic beta cells and the heart in
diabetes [14,15]. In this context, it was investigated whether the potential antidiabetic
preventive properties of this mixture extend to the associated liver and kidney damage
in the animal model of type 2 diabetes. Thus, the aim of this study was to investigate the
effects of a CC-supplemented diet, alone or in combination with metformin, on liver and
kidney morphology, functionality, redox status, and the molecular mechanisms connected
to the modulation of apoptosis and glucose homeostasis, namely insulin signalling (IR and
glycogen content), gluconeogenesis (PEPCK), and glucose transporter levels (GLUT-2) in
both tissues of ZDF rats. In addition, the potential enhanced benefits derived from the
co-administration of the CC-supplemented diet and metformin were studied.

2. Materials and Methods
2.1. Chemicals and Materials

3,3'-diaminobenzidine (DAB), dichlorofluorescein (DCFH), dinitrophenylhidazine
(DNPH), glucose assay kit, glutathione reductase (GR), reduced and oxidised glutathione
(GSH and GSSG, respectively), hydrogen peroxide, nicotine adenine dinucleotide phos-
phate reduced salt (NADPH), o-phthaldehyde (OPT), proteinase K, tert-butylhydroperoxide
(t-BOOH), and SOD kit were purchased from Sigma Chemicals (Madrid, Spain). Anti-IRf3
and anti-phospho-IRf (targeting phosphorylated Tyr1150/1151 of IR), anti-Bcl-x, anti-Bax,
anti-SIRT-1, and anti-PEPCK antibodies were obtained from Santa Cruz (sc-711, sc-81500,
sc-634, sc-526, sc-74465, and sc-32879, respectively; Qimigen, Madrid, Spain). Antiphospho-
Nrf2 antibody (recognizing phosphorylated Ser40 of Nrf2) was purchased from Signalway
antibody (Qimigen, Madrid, Spain). Additionally, x-tubulin and anti-3-actin were obtained
from Abcam (Madrid, Spain) and Cell Signalling Technology (Werfen, Barcelona, Spain),
respectively. The anti-GLUT-2 antibody was procured from Merck (Madrid, Spain). Kits for
albumin and glycated haemoglobin (HbAlc) were acquired from Spinreact (BioAnalitica,
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Madrid, Spain) and the rat insulin ELISA kit was from Mercodia (AD Bioinstruments,
Barcelona, Spain). The creatinine kit was purchased from Linear Chemicals S.L. (Barcelona,
Spain), and alanine aminotransferase (ALT) and aspartate aminotransferase (AST) kits were
obtained from BioSystems (Barcelona, Spain). Chemicals and materials for electrophoresis
were acquired from BioRad Laboratories S.A. (Madrid, Spain).

2.2. Cocoa—Carob Diet

The cocoa—carob diet (CC) was produced by blending pure cocoa powder (generously
provided by Idilia S.L., Barcelona, Spain) with carob flour (purchased from Casa Ruiz
Granel Selecto S.L., Madrid, Spain) in a 60:40 ratio. This proportion was selected after
performing a preliminary sensory analysis, which showed that 40% of carob was preferred
by 60% of the participants [16]. A detailed description of this cocoa—carob product is given
elsewhere [16].

Diets are based on the AIN-93G formulation, which supplies all the necessary nutrients
for adult rats. The 10% cocoa—carob (CC) diet was prepared by incorporating 100 g/kg of
the cocoa—carob blend in the AIN-93G formulation. Briefly, AIN-93G formulation without
cellulose, starch, and sucrose was prepared by including these ingredients to adjust the
carbohydrate and dietary fibre content based on the amount of the cocoa—carob blend
added. The composition of these diets is presented in Table S1.

2.3. Animals and Diets

This study is an extension of a previous investigation in which animal descriptions
and experimental designs were described in detail [14]. Briefly, male Zucker lean (ZL)
animals and Zucker diabetic fatty [ZDF; ZDF/crl-lepr (fa/fa)] rats were obtained at 11 weeks
of age from Charles River Laboratories (" Arbresle, France). Animals were housed in
groups under controlled conditions, maintaining a temperature of 19-23 °C, humidity of
50-60%, and a 12 h light—dark cycle. Following a one-week acclimatization period, ZDF rats
(n = 32) were randomly assigned to four groups: one group was fed a standard diet (ZDF),
another group was administrated with metformin in the drinking water (300 mg/kg/day)
and standard diet (ZDF-M), and the remaining two groups were fed the cocoa—carob-
supplemented diet and received metformin (ZDF-M + CC) or not (ZDF-CC). Thus, the
present study is focused on the effects of the combination of cocoa and carob, as well as the
potential boosted effect of the CC supplementation in combination with metformin and
does not allow to independently assess the responses derived from cocoa or carob, which
have already demonstrated to be helpful against diabetes [8-10]. ZL rats were kept as a
single group and received the standard diet. This healthy ZL group was included as an
internal control of the diabetic situation in ZDF rats. Both diets were isocaloric, and all
animals had ad libitum access to food and water. Daily food intake was recorded, and body
weight was monitored weekly throughout the study.

At 24 weeks of age, animals were fasted overnight, and blood samples were taken
for biochemical analysis. The serum was prepared by centrifugation of blood at 1000x g
(4 °C, 10 min) and used for further biochemical determinations. Livers and kidneys were
harvested, weighed, and divided into two portions: one was fixed in paraformaldehyde
(PFA) for histological analysis, the other was frozen in liquid nitrogen and kept at —80 °C.
All animal procedures were approved by the Regional Committee on animal care and use
for experimental purposes (Comunidad de Madrid, Ref. number PROEX 079/19), and the
animals were treated according to the European [17] and Spanish [18] legislation on the
care and use of experimental animals.

2.4. Biochemical Analysis

Glycaemia was assessed weekly with an Accounted Glucose Analyser (LifeScan Es-
pafia, Madrid, Spain), and blood HbAlc was determined through latex turbidimetry
according to the manufacturer’s instructions. Serum insulin, ALT, AST, and creatinine were
assayed using commercial kits according to the manufacturer’s instructions. Insulin sensi-
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tivity was estimated by the homeostasis model assessment of insulin resistance (HOMA-IR)
and the homeostasis model assessment of insulin sensitivity (HOMA-IS).

Urine samples were collected over a 24 h period by placing the animals in metabolic
cages. Urinary glucose levels were determined using the glucose oxidase method, while
albumin levels were assessed using a latex turbidimetry kit. Estimated glomerular filtration
rate (eGFR, mL/min) was also calculated.

To measure hepatic and renal glycogen content, samples were boiled in 30% KOH,
precipitated with 95% ethanol, and centrifuged at 840x g for 25 min. The glycogen was
then resuspended, treated with H,SO4 and 5% phenol, and incubated for 30 min. The
released glucose was measured at 530 nm.

2.5. Glucose Tolerance Test (GTT)

Overnight-fasted rats received an intraperitoneal injection of a 35% glucose solution
(2 g/kg body weight), and blood samples were taken from the tail vein at baseline (t = 0)
and at 15, 30, 60, 90, and 120 min following glucose administration. Blood glucose levels
were measured using a glucometer (LifeScan Espafia, Madrid, Spain). Overall changes in
glucose levels during the GTT were assessed by calculating the area under the curve (AUC)
above the baseline values.

2.6. Histological and Immunohistochemical Analysis

The liver and kidney were excised, fixed overnight in 4% PFA (dissolved in 0.1 M
phosphate buffer pH 7.4), and then embedded in paraffin. Serial sections (4 pm) were
mounted on glass slides, hydrated, and stained with Haematoxylin and Eosin (H&E),
periodic acid-Schiff (PAS), or Masson’s trichrome according to the manufacturer’s instruc-
tions. To assess histological changes, 10 images of stained sections were acquired under a
light microscope using a Leica DM LB2 microscope and a Leica DFC 320 digital camera
(Leica, L "Hospitalet del Llobregat, Spain). Morphometric analysis was carried out with
Image] 1.5.4 software (U. S. National Institutes of Health, Bethesda, MD, USA) and the
colour deconvolution plugin. All slides were independently examined by two different
researchers under blinded conditions. In the liver, the area occupied by lipid vacuoles in
the H&E-stained sections from each rat was assessed across 10 fields and expressed as a
percentage of the total surface area of these fields. Hepatic steatosis was graded according
to the percentage of hepatocytes containing fat in accordance with the guidelines described
by Kleiner et al. [19]. In the kidney, the glomerular and Bowman’s space were evaluated.
Measurements were taken from the average of 10 cortical fields, or 10 glomeruli cut at the
vascular pole for each kidney

Masson’s positive staining for fibrosis showing a blue colour to collagen and PAS-
positive staining for glycogen or mucopolysaccharide deposits showing magenta-coloured
granules in the cytoplasm of hepatocytes and renal tubules were determined using Image]
1.5.4 software (U.S. National Institutes of Health, Bethesda, MD, USA), and the colour
deconvolution plugin was used to measure the stained area. The total area was determined
and expressed as a percentage for statistical analysis.

Immunohistochemical analysis was performed on deparaffinised and rehydrated
liver and kidney sections. After retrieving citrate antigen and quenching endogenous
peroxidase, sections were incubated overnight at 4 °C with the primary antibodies to detect
phospho-Ser (40)-Nrf2 and SIRT1.

The colour reaction was developed using a polymerised horseradish peroxidase-
conjugated secondary antibody and counterstained with haematoxylin. Immunostaining
intensity for each antibody was quantified using Image] 1.5.4 software (U.S. National
Institutes of Health, Bethesda, MD, USA). Ten fields per section per rat were selected for
analysis. Positive staining intensity was calculated as the percentage ratio of the stained
area to the total field examined.

The colour reaction was developed with a polymerised horseradish peroxidase-
conjugated secondary antibody and counterstained with haematoxylin. The immunostain-
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ing intensity for each antibody was measured using Image] 1.5.4 software (U.S. National
Institutes of Health, Bethesda, MD, USA). For analysis, 10 fields per section per rat were
selected and evaluated. The positive staining intensity was calculated as a percentage of
the stained area relative to the total field analysed.

2.7. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labelling (TUNEL) Assay

In the liver and kidney sections, apoptotic cells were labelled in situ by detecting DNA
fragmentation on paraffin-embedded sections using the TUNEL assay. After permeabilisa-
tion and rehydration, sections were incubated with proteinase K (20 ug/mL) for 15 min
at 37 °C, followed by treatment with 3% hydrogen peroxide (5 min) to quench endoge-
nous peroxidase activity. Then, slices were incubated with equilibration buffer for 10 min
before immediately applying TdT-enzyme for 1 h at 37 °C. Sections were treated with
peroxidase-conjugated streptavidin, stained with DAB, and counterstained with methyl
green. The apoptotic index, representing the percentage of cells undergoing apoptosis,
was calculated as the ratio of TUNEL-positive cells to the total number of cells counted
across 10 consecutive fields using Image] 1.5.4 software (U.S. National Institutes of Health,
Bethesda, MD, USA).

2.8. Fluorometric Analysis of Caspase-3 Activity

Activity of caspase-3 was analysed as described [20]. In brief, tissues were lysed and
caspase-3 activity was assayed in a reaction mixture containing Ac-DEVD-AMC (N-acetyl-
Asp-Glu-Val-Asp-7-amino-4-methylcoumarin) as substrate. To determine the enzymatic
activity, fluorescence was measured at an excitation wavelength of 380 nm and an emission
wavelength of 440 nm.

2.9. Preparation of Hepatic and Renal Lysates and Western Blot Analysis

Frozen liver and kidney samples were homogenised 1:5 (w:V) in extraction buffer [21,22].
Homogenates were then centrifuged at 14,000 x g for 60 min. Supernatants were harvested,
protein concentrations were measured using Bradford reagent, and samples were stored at
—80 °C until use.

Equal amounts of protein were separated by SDS-PAGE. Then, membranes were
incubated with the appropriate primary antibody, followed by treatment with peroxide-
conjugated secondary antibodies: anti-rabbit (GE Healthcare, Madrid, Spain) or anti-mouse
(Sigma, Madrid, Spain). Blots were developed using the ECL system (GE Healthcare,
Madrid, Spain). Western blot normalisation was performed using (3-actin or «-tubulin, and
band quantification was carried out using a scanner and associated software.

2.10. Determination of ROS, Protein Carbonyl Groups, and GSH Content

ROS were quantified using an assay that detects the oxidation of DCFH to the fluores-
cent compound dichlorofluorescein (DCF) [21,22]. Briefly, homogenates of liver and renal
cortex tissues were diluted 1:20 (V/V) with ice-cold Locke’s buffer and then incubated with
5 uM DCFH (30 min, 37 °C). Fluorescence was measured at an excitation wavelength of
485 nm and an emission wavelength of 530 nm.

Protein oxidation in liver and kidney cortex homogenates was quantified by analysing
carbonyl group content, as previously described [21,22]. Absorbance was measured at
360 nm, and the carbonyl content was calculated as nmol/mg protein (extinction coefficient
of 22,000 nmol/L/cm). Protein concentrations were analysed with the Bradford reagent.

GSH levels were measured using the Hissin and Hilf fluorimetric assay, as previ-
ously described [21,22]. Liver and renal cortex tissues were homogenised (1:20, w/V) in
50 mM phosphate buffer pH 7.0. Proteins were precipitated and subsequently centrifuged
(10,000x g, 30 min). The assay was based on the reaction of GSH with OPT at pH 8.0. Fluo-
rescence was measured at an excitation wavelength of 340 nm and an emission wavelength
of 460 nm.
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2.11. Analysis of GPx, GR, and SOD Activities

For analysis of antioxidant enzyme activity (GPx, GR, and SOD), frozen samples of
liver and renal cortex were homogenised (1:5, w/V) in 0.25 M Tris, 0.2 M sucrose, and
5 mM DTT buffer pH 7.4 and centrifuged at 3000x g for 15 min. Determination of GPx
activity relies on the oxidation of GSH by GPx, using t-BOOH as a substrate, which is
coupled with the depletion of NADPH by GR [21,22]. GR activity was measured by
monitoring the decrease in absorbance resulting from the oxidation of NADPH during the
reduction of oxidised glutathione [21,22]. SOD activity was analysed using a commercial
kit following the manufacturer’s instructions [21,22]. The assay relies on SOD’s ability
to reduce superoxide anions, which is linked to the disappearance of Dojindo’s highly
water-soluble tetrazolium salt (WST-1) to produce a dye. SOD activity was quantified by
measuring the decrease in absorbance at 440 nm. Protein concentration was analysed using
the Bradford reagent.

2.12. Statistics

Before conducting statistical analysis, data were assessed for homogeneity of vari-
ances using Levene’s test. For multiple comparisons, a one-way ANOVA was performed,
followed by the Bonferroni test if variances were homogeneous or the Tamhane test if vari-
ances were not homogeneous. Statistical significance was determined at p < 0.05. Analyses
were carried out using SPSS (IBM, Madrid, Spain) version 28.0.

3. Results
3.1. CC-Supplemented Diet Alone or in Combination with Metformin Improves Body Weight,
Glucose Tolerance, and Insulin Sensitivity in ZDF Rats

The initial body weight was higher in all diabetic animals compared to the ZL rats,
whereas the final body weight gain increased more in the ZL and ZDF-M rats than in all
other diabetic animals, which showed similar values to those of the ZDF group (Table S2).
The total food intake was lower in ZL rats than in all other ZDF groups; therefore, food
efficiency was reduced in all diabetic animals (Table S2). All ZDF animals displayed
greater liver and kidney weights than the ZL group, which exhibited the characteristic
hepatomegaly and nephromegaly of diabetes (Table 1). This increase was also maintained
for the liver-to-body weight ratio in all diabetic animals, whereas for the kidney/body
weight ratio, only differences between the ZL and ZDF rats were observed (Table 1).

Table 1. Liver and kidney weights of rats fed standard (ZL and ZDF) and cocoa—carob-rich (ZDF-CC)
diets, and metformin-treated rats fed standard (ZDF-M) and cocoa—carob-rich diets (ZDF-CC + M) .

ZL ZDF ZDF-M ZDF-CC ZDF-CC + M
Liver weight (g) 1015+ 1.14* 1871 +£149*% 1968+204* 1812+£193* 1489 +125%
Liver-to-body weight ratio 2690+£025% 477+£042% 450 +£0.67% 4554+ 0.60*%  3.63 £ 0.27 &S
(x100)

Kidney weight (g) 136 +£014* 178+£028*  1.60+022%  1704023*  147+£023™
Kidney-to-body weight ratio (x 100) 036 +£003* 047+£009% 038+£007" 044 4+005™  0.38+0.03"

t Data represent the means + SD. * p < 0.05 vs. ZL; # p < 0.05 vs. ZDF; & p < 0.05 ZDF-M vs. ZDE-M + CC;
$ p <0.05 ZDF-CC vs. ZDF-M + CC; ns, not significant.

Glucose and HbAlc levels were reduced by the administration of CC, metformin, or
both agents compared to the ZDF animals (Table 2). Interestingly, the combination of CC
and metformin achieved levels comparable to the ZL rats for both parameters. Consistently,
insulin resistance (HOMA-IR and HOMA-IS indices) increased in the ZDF rats vs. ZL,
and all other experimental groups showed intermediate values for both indices compared
to their lean and diabetic littermates (Table 2). Overall, these results suggest that the CC-
supplemented diet alone or in combination with metformin alleviates glucose intolerance
and insulin resistance in ZDF rats, with the combined treatment having a more remarkable
effect on glucose control than either CC or the drug alone.
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Table 2. Biochemical parameters connected with the metabolism and liver and kidney function
in rats fed the standard diet (ZL and ZDF) and treated with metformin (ZDF-M) and fed with the
cocoa—carob-rich (ZDF-CC) diet and treated with metformin (ZDF-CC + M) *.

ZL ZDF ZDF-M ZDF-CC ZDF-CC + M
Serum
Glucose (mmol/L) 534 £+ 0.63* 16.22 +1.19* 8.58 & 0.76 ** 9.65 + 1.28 *# 6.42 + 0.60 #&5
Insulin (WU/mL) 11.26 + 0.73 * 10.56 4 0.51 s 12.68 4+ 0.63 1S 1453 +1.81 18 13.81 4+ 0.47 1S
HbAlc (%) 4324021 2028 + 1.71 % 6.24 £0.23* 15.75 4 0.93 "+ 3.58 +0.23 %8
AUC glucose (mM/min) 1010 + 118 * 3025 + 227 * 1804 + 419 *# 1758 + 557 *# 1181 4 472 +#
HOMA-IR 1.98 +0.17 * 8.98 +0.82* 4.06 + 0.36 ** 5.35 + 0.57 ** 445 + 0.40 **
HOMA-IS 365.50 +£31.83*  81.65+7.80* 157.55+ 8.42 *  138.17 + 13.55 ** 160.24 + 15.16 **
ALT (U/L) 71.00 £5.81*  257.38 £19.56*  77.66 +8.84%  213.45+ 10.83 *#+ 71.50 4+ 8.97 #%
AST (U/L) 240.00 + 10.58 * 69551 +£3827* 22857 +£22.86%  607.35 4+ 28.36 *#* 24150 + 12.84 #%
Creatinine (mg/dL) 0.20 + 0.01 * 0.33 £0.01* 0.28 + 0.02 *# 0.33 £ 0.03 ** 0.30 £ 0.02 *
Urine
Glucose (mmol/24 h) 1.78 +£0.20 * 14742 £926* 8594+ 16.30*  136.37 + 11.51 ** 1.87 + 0.32 #&5
Albumin (mg/24 h) 413 +0.25* 72.34 +£7.13* 42.60 + 4.69 ** 38.64 + 6.69 ** 17.76 + 3.67 *#&$
eGFR (mL/min) 0.48 + 0.08 * 125+0.11* 0.66 +0.10 * 0.99 =+ 0.10 *#+ 0.45 4+ 0.04 #

* Data represent the means + SD. * p < 0.05 vs. ZL; # p < 0.05 vs. ZDF; + p < 0.05 ZDF-M vs. ZDF-CC; & p < 0.05
ZDF-M vs. ZDF-M + CC; $ p < 0.05 ZDF-CC vs. ZDF-M + CC; ns, not signiﬁcant.

3.2. CC-Supplemented Diet, Metformin, and Their Combination Ameliorate Hepatic and Renal
Dysfunction in ZDF Rats

To further explore the effects of the CC-supplemented diet, alone or in combination
with metformin, on the liver and kidney of diabetic rats, hepatic ALT and AST, as well as
serum and urinary parameters associated with the renal function, were assayed.

Hepatic ALT and AST levels were elevated in the ZDF rats compared to the ZL and
diabetic animals receiving metformin alone or in combination with the CC-supplemented
diet, whilst those fed with CC alone showed values intermediate to those of the ZL and
ZDF rats (Table 2). Regarding renal function, serum creatinine increased in the ZDF
animals compared to the ZL rats, whereas it decreased in the diabetic groups treated with
metformin alone or in combination with the CC-supplemented diet (Table 2). Urine glucose
decreased in metformin-treated animals compared to all diabetic groups and reached
levels comparable to those of the ZL group when it was administrated in combination
with the CC-supplemented diet (Table 2). Similarly, protein excretion decreased in all
diabetic animals treated with CC and/or metformin compared to the ZDF rats, and the
group receiving both agents showed the closest values to the lean littermates (Table 2). In
addition, the increased eGFR in the ZDF rats was improved in the ZDF-CC group, and
displayed values lower than those of the ZDF animals but higher than those of the ZL or
metformin-treated diabetic rats (ZDF-M and ZDF-M + CC rats) (Table 2). All these changes
induced by CC supplementation alone or in combination with metformin suggest that the
CC-supplemented diet and the antidiabetic drug might contribute to alleviate hepatic and
renal dysfunction in the ZDF rats.

3.3. CC-Supplemented Diet Alone or in Combination with Metformin Alleviates Hepatic and Renal
Cortex Morphological Alterations in ZDF Rats

Diabetes is accompanied by clinical and morphological alterations in the liver and
kidney, and to gain further insight into the potential protective effects of CC and/or
metformin on structural changes, histological analyses were performed using H&E, PAS,
and Masson’s trichrome staining in the liver and renal cortex sections.

The ZL rats displayed a normal hepatic architecture, characterised by typical hepatic
lobules with a thin-walled central vein and hepatic cords extending toward the periph-
ery, alternating with hepatic sinusoids (Figure 1A). The ZDF rats showed a signet-ring
hepatocyte morphology due to extensive fat accumulation occupying between 34—66 % of
the liver parenchyma (steatosis score = 2.7), which appeared as focal pericentral macro-
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and micro-vesicular fatty degeneration with the vacuolization of liver cells. In addition,
the mild periportal interstitial mononuclear inflammatory infiltrates and enlargement
of sinusoids affecting the centrilobular zone with a progressive loss of general organ
structure were observed (Figure 1A). However, all other animal groups showed a no-
table restoration of normal hepatic architecture, with a decrease in the accumulation of
fat droplets within the hepatocyte cytoplasm with diffuse macro-vesicular fat droplets
(steatosis scores: ZDF-M = 0.9, ZDF-CC= 1.4, ZDF-CC + M= 0.6) and the regeneration of
the hepatic parenchyma (Figure 1A).
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Figure 1. Effect of the cocoa—carob diet (CC), metformin (M), and their combination on the structure of
the liver and renal cortex. (A) Representative hepatic tissue sections stained with H&E and Masson’s
positive staining, and representations of the steatosis grade and percentage of fibrosis area. (Scale
bar: 250 um, magnification 4 x; scale bar: 50 um, magnification 20 x; inserts 20 um, magnification
40x.) (B) Representative renal cortical sections stained with H&E and Masson’s positive staining, and
quantification of the glomerular tuft, Bowman'’s space, and percentage of fibrosis areas. (Scale bar:
250 um, magnification 4 x; scale bar: 50 um, magnification 20x.) Values are depicted as mean + SD
(n=6-8). *p <0.05vs. ZL; # p < 0.05 vs. ZDF; + p < 0.05 ZDF-M vs. ZDF-CC; & p < 0.05 ZDF-M vs.
ZDF-M + CC; $ p < 0.05 ZDF-CC vs. ZDF-M + CC.
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As in the liver, the ZL rats showed a normal architecture of both renal corpuscles and
tubules, whilst the ZDF animals exhibited an extensive pattern of renal disease characterised
by glomerular, tubular, and renal interstitial injury. As illustrated in Figure 1B, the renal
cortex of the ZDF rats showed glomerular hypertrophy and focal glomerulosclerosis,
characterised by the regional adhesion of the enlarged glomerular tuft to Bowman'’s capsule,
associated with the expansion of the mesangial matrix and capillary filling and widening of
Bowman’s space. Increased deposits of mucopolysaccharide and hyaline substances were
also found in the cortex proximal tubules. In the ZDF rats, the renal medulla exhibited
tubulointerstitial tissue with distended tubules covered by atrophic epithelial cells filled
with protein casts and accompanied by increased inflammatory infiltrate around the tubules.
The intrarenal arterial vessel showed a mild thickening of the walls and lipid droplets
inside the capillaries and collagen deposition with hyalinisation. These alterations were
largely prevented when the ZDF animals were supplemented with the CC diet and/or
administered with metformin (Figure 1B).

In addition, although fibrosis was not very prominent in any animal, it was enhanced
in the liver and kidney of the ZDF rats vs. ZL (Figure 1A,B). However, compared to the ZDF
animals, rats receiving the CC diet and/or metformin showed ameliorated fibrotic damage
(Figure 1A,B). Taken together, this may indicate that CC intake could contribute to minimise
the adverse morphological hepatic and renal lesions in ZDF animals. Interestingly, the
combination of diet and metformin treatment had a greater effect in preventing structural
changes compared to the diet or drug alone.

3.4. CC-Supplemented Diet, Metformin, and Their Combination Prevent Apoptosis in the Liver
and Renal Cortex of ZDF Rats

Diabetes could lead to apoptosis in the liver and kidney. Therefore, to gain insight into
the molecular mechanisms of the protective effect of CC and/or metformin administration
in the liver and renal cortex of the ZDF rats, apoptosis was analysed by TUNEL assay.
Also, caspase-3 activity was measured, and key anti and pro-apoptotic Bcl-2 proteins were
evaluated by Western blot.

Histological sections showed a pro-apoptotic effect in the hepatocytes and renal cortical
tubular cells of the ZDF animals, as assayed by TUNEL, whilst CC and/or metformin
consumption remarkably prevented these changes (Figure 2A). TUNEL-positive cells were
detected in the hepatocytes, and were scarcely observed in the glomeruli, with the majority
of apoptotic cells localised in the renal cortical tubules (Figure 2A). In addition, the liver
and renal cortex of the ZDF rats showed increased values of Bax with a concomitant
decrease in Bcl-xg, levels (Figure 2B-E). However, in both tissues, supplementation with
the CC diet and/or metformin administration reduced Bax values and raised Bcl-x; levels
(Figure 2B-E). Interestingly, Bcl-x|, levels were restored to control values (ZL animals) in
the kidney of all treated ZDF rats and in the liver of the ZDF-CC + M group (Figure 2B-E).

Similarly, caspase-3 activity was increased in the liver and renal cortex of the ZDF
group; in both tissues, these values were comparable to those of the ZL rats when animals
received metformin or the CC-supplemented diet or their combination, except for the
liver in the ZDF-CC group, which showed levels intermediate to those of their lean and
diabetic littermates (Figure 2FG). These results suggest that the CC-supplemented diet
and metformin may also contribute to hepatic and renal protective effects by preventing
increased apoptosis in both tissues in diabetic animals.

3.5. CC-Supplemented Diet Alone or in Combination with Metformin Ameliorate the Hepatic and
Renal Cortex Redox Imbalance in ZDF Rats

Oxidative stress is a major contributor to the induction of apoptosis in the liver and
kidney in diabetes. To continue studying the protective effects of CC supplementation
and metformin (alone or combined) in the liver and kidney of the ZDF rats, markers of
oxidative stress (ROS and carbonyl groups), key antioxidant defences (GSH, GPx, GR,
and SOD), and phosphorylated levels of Nrf2 and SIRT-1, which contribute to counteract
oxidative stress and regulate the antioxidant response, were evaluated.
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Figure 2. Effect of the cocoa—carob diet (CC), metformin (M), and their combination on apoptosis
in the liver and renal cortex. (A) Representative TUNEL-positive hepatic and renal cells (scale bar:
20 um, magnification 40 x ) and apoptotic index expressed as the percentage of positive nuclei relative
to the total nuclei in the liver and renal cortex. Representative bands of Western blot analyses (B) in
the liver and (C) in the renal cortex. Percentage levels of (D) hepatic and (E) renal cortex Bax and
Bcel-x, relative to the ZL animals (means + SD, n = 6-8). Caspase-3 activity (F) in the liver and
(G) renal cortex expressed as the percent of controls (ZL values). Values are shown as means & SD
of n = 6-8 animals. * p < 0.05 vs. ZL; # p < 0.05 vs. ZDF; + p < 0.05 ZDF-M vs. ZDF-CC; & p < 0.05
ZDF-M vs. ZDF-M + CC; $ p < 0.05 ZDF-CC vs. ZDF-M + CC; ns, not significant.

In the liver and renal cortex, ROS and protein carbonyl values were augmented in
the ZDF rats when compared to all other experimental groups, whereas both parameters
showed intermediate levels to those of the ZL and ZDF animals in the liver of all other
diabetic rats (Figure 3A) and were similar to those of the ZL rats in the kidneys of both CC-
fed groups (Figure 3B). In concert, GSH content was reduced in the ZDF animals compared
to the ZL group in both tissues, but this effect was partially or completely suppressed
in the liver and kidney of animals receiving the CC-supplemented diet (Figure 3A,B).
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Furthermore, in the liver, all enzymatic activities were decreased in the ZDF rats compared
to the lean group, whereas GPx and SOD activities were restored to the ZL values in all
other groups of animals, whereas GR activity was only partially recovered. Similarly, in the
renal cortex, SOD activity was reduced in the ZDF vs. ZL rats, but its activity was partially
improved with all the treatments, although both the CC-fed animal groups showed higher
values than those receiving metformin alone (Figure 2D). Cortical renal GR activity was
not modified in any group of rats, while GPx activity was enhanced in the ZDF animals
compared to the ZL rats, being its activity partially or totally restored to control values (ZL
animals) in ZDF-CC and ZDF-CC + M, respectively (Figure 3D).
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Figure 3. Effect of the cocoa—carob diet (CC), metformin (M), and their combination on the main
antioxidant defences in the liver and renal cortex. Percentage of ROS levels, carbonyl groups, and
GSH content (A) in the liver and (B) in the renal cortex relative to the ZL rats. Percentage of the
activity of antioxidant enzymes GPx, GR, and SOD (C) in the liver and (D) in the renal cortex relative
to the ZL animals. Data are shown as means =+ SD of n = 6-8 animals. * p < 0.05 vs. ZL; # p < 0.05
vs. ZDF; + p < 0.05 ZDF-M vs. ZDF-CC; & p < 0.05 ZDF-M vs. ZDE-M + CC; $ p < 0.05 ZDF-CC vs.
ZDF-M + CC; ns, not significant.

As shown in Figure 4, the liver and renal cortex of the ZDF rats showed the lowest
levels of p-Nrf2 and SIRT-1 of all the animal groups, whereas rats fed with the CC diet alone
exhibited intermediate levels of p-Nrf2 and SIRT-1 compared to their lean and diabetic
littermates. Interestingly, as with most of the other parameters related to redox status in
both tissues, the animals with values closer to or equal to those of the ZL group were rats
receiving the CC-supplemented diet and metformin (Figures 3 and 4).

Altogether, it is suggested that the CC-supplemented diet and metformin could con-
tribute to restore the redox balance of the liver and renal cortex of the ZDF rats by modulat-
ing relevant antioxidant defences and closely related proteins, with the combined treatment
being more effective than either the diet or drug alone.

3.6. CC-Supplemented Diet, Metformin, and Their Combination Improve Insulin Signalling in
ZDF Rat Liver and Renal Cortex

The regulation of the insulin signalling pathway in the liver and kidney contributes to
the maintenance of glucose homeostasis. In view of the results obtained, it was investigated
whether supplementation with CC alone or in combination with metformin modulates the
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insulin route in the liver and renal cortex; thus, the phosphorylated and total levels of the
first limiting step of this pathway, the levels of IR, and glycogen content were assayed by
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Figure 4. Effect of the cocoa—carob diet (CC), metformin (M), and their combination on levels of
p-Nrf2 and SIRT-1 in the liver and renal cortex. Representative images of p-Nrf2 and SIRT-1 (scale
bar: 50 um, magnification 20x) and percentage of the stained area (A) in the liver and (B) in the renal
cortex. Data are depicted as mean & SD (n = 6-8). * p < 0.05 vs. ZL; # p < 0.05 vs. ZDF; + p < 0.05
ZDF-M vs. ZDF-CC; $ p < 0.05 ZDF-CC vs. ZDF-M + CC.

Phosphorylated-(Tyr) IR levels are associated with an early response to insulin stimu-
lation and were decreased in the ZDF rats compared to all other experimental groups in
the liver and renal cortex (Figure 5A-D). In contrast, CC and/or metformin administration
contribute to restore p-IR values in both tissues, with the ZDF-CC + M animals showing
the highest levels or even similar levels to those of the ZL group in the renal cortex and
liver, respectively (Figure 5A-D). Total insulin receptor (IR) levels were similar in all animal
groups in both tissues (Figure 5A-D).

IR activation may contribute to the modulation of glycogen content. As shown in
Figure 5E,F hepatic glycogen levels decreased in the ZDF rats compared to all other animal
groups, and its content was completely restored to ZL values in the ZDF-CC + M rats,
in agreement with the increased p-(Tyr) IR levels. However, glycogen content was only
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partially restored in the livers of animals receiving metformin or CC alone (Figure 5E,F).
On the contrary, an increase in the renal glycogen content was observed in the ZDF rats,
whereas the ZDF-CC + M rats had values similar to those of the ZL group, and the ZDF-
M and ZDF-CC animals showed values intermediate to those of their lean and diabetic
littermates, as in the liver (Figure 5E,G).
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Figure 5. Effect of the cocoa—carob diet (CC), metformin (M), and their combination on insulin
signalling in the liver and renal cortex. Bands of representative experiments for the phosphorylated
and total levels of IR (A) in the liver and (B) in the renal cortex. Densitometric quantification of
p-(Tyr)-IR and IR (C) in the liver and (D) in the renal cortex. Values (means + SD) are expressed as a
percentage relative to the ZL rats (n = 6-8). (E) Representative hepatic and renal cortex tissue sections
stained with PAS (scale bar: 50 um, magnification 20x) and the percentage of stained areas. Data are
shown as mean =+ SD (n = 6-8). Percentage of glycogen content in the (F) liver and (G) renal cortex.
Values are expressed as a percentage relative to the ZL rats (means + SD, n = 6-8). * p < 0.05 vs. ZL;
#p<0.05vs. ZDF; + p < 0.05 ZDF-M vs. ZDF-CC; & p < 0.05 ZDF-M vs. ZDF-M + CC; $ p < 0.05
ZDF-CC vs. ZDE-M + CC.
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Taken together, this suggests that in the liver and renal cortex, the CC-supplemented
diet, and metformin prevent the blockade of the insulin route observed in the ZDF rats
by regulating this pathway at the earliest step and contributing to the regulation of the
glycogen content.

3.7. CC-Supplemented Diet Alone or in Combination with Metformin Regulates the Rate-Limiting
Proteins of Gluconeogenesis and Transport of Glucose in the Liver and Renal Cortex of ZDF Rats

Increased gluconeogenesis and altered glucose uptake and reabsorption have been
reported in the diabetic liver and renal cortex. To further investigate glucose homeosta-
sis, key proteins involved in glucose production (PEPCK) and transport (GLUT-2) were
analysed by Western blots in both tissues.

PEPCK levels augmented in the liver and renal cortex of the ZDF animals were
compared to the lean group, and this effect was partially reversed in animals receiving
the CC-supplemented diet and/or metformin (Figure 6). In addition, hepatic GLUT-2
values decreased in the ZDF animals compared to the ZL littermates, while rats fed the CC-
supplemented diet and/or treated with metformin showed levels comparable to those of
the ZL rats (Figure 6A,C). On the other hand, in the renal cortex, GLUT-2 levels were similar
in the ZL and diabetic animals receiving the CC-supplemented diet and/or metformin,
but the levels of this transporter were increased in the ZDF group (Figure 5A-C). All this
suggests that the CC-supplemented diet alone or in combination with metformin may also
help to preserve liver and kidney function and modulate glucose homeostasis in ZDF rats.
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Figure 6. Effect of the cocoa—carob diet (CC), metformin (M), and their combination on levels of
PEPCK and GLUT-2 in the liver and renal cortex. Bands of representative experiments (A) in the liver
and (B) in the renal cortex. Densitometric quantification of PEPCK and GLUT-2 levels (C) in the liver
and (D) in the renal cortex. Values (means + SD) are expressed as a percentage relative to the ZL
animal group (n = 6-8). *p <0.05 vs. ZL; # p < 0.05 vs. ZDF; + p < 0.05 ZDF-M vs. ZDF-CC; & p < 0.05
ZDF-M vs. ZDF-M + CC; ns, not significant.

4. Discussion

Policies to prevent and treat diabetes and its associated complications are receiving
increasing attention as morbidity and mortality rates continue to rise [1]. Different antidia-
betic drugs are available, but their side effects and the occurrence of drug resistance are a
concern. Flavonoids have been shown to have protective effects against diabetes due to
their antioxidant and antidiabetic properties, among other beneficial activities [8,9]. In ad-
dition, a growing body of literature points out the synergistic effects of combined flavonoid
administration [23,24]. However, there is a lack of evidence on the benefits of combining
these natural compounds, especially with antidiabetic drugs, in the diabetic milieu in key
organs such as the liver and kidneys. The present study demonstrates, for the first time
in a well-established model of type 2 diabetes, ZDF rats, the hepatorenal protective effect
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of a mixture of cocoa and carob (CC) and a more promising effect in combination with
metformin, the first-line drug used in diabetes.

In diabetes, suppressed body weight gain has been related to an increased energy
loss [25], as shown in this study. However, the absolute liver and kidney weights, and the
ratio of these organ weights to the body weight increased in the diabetic animals (hepato-
and nephromegaly), whereas these parameters decreased when the animals received
CC and/or metformin (Table 1). These results agree with previous reports showing an
improvement in the diabetic condition by reducing weight loss and decreasing hepatic and
renal weights in animals receiving polyphenol-rich extracts [24,25].

Diabetes also causes changes in the structure and function of the liver and kid-
neys [12,26,27] and importantly, at present, it is widely accepted that the alterations in one
of these organs impair the function of the other [2]. In this regard, reduced renal function
has been associated with the progression of liver fibrosis in diabetic patients [28]. Thus,
in the present study, all the recoveries in histological changes could be related to the im-
provement in hyperglycaemia and could be associated with the attenuation of weight loss,
reduced hepato- and nephromegaly, as well as with the alleviation of renal hyperfiltration,
which in turn is connected with reduced levels of serum creatinine and urinary glucose and
albumin [26,27]. In fact, improved glucose homeostasis delayed the progression of diabetes
and its complications, including nephropathy [2,29], which is in line with studies support-
ing that various hepatic and renal alterations can be reversed at a certain point by good
glycaemic control [27,30,31]. Overall, the results obtained here are consistent with previous
studies showing that extracts rich in flavonoids or pure phenolic compounds, as well as
the drug metformin alone, have protective effects against diabetes-induced functional and
structural alterations in the liver and kidneys of diabetic rodents [25,26,32,33]. However, it
is worth noting that none of these studies evaluated the effects of combining a mixture of
polyphenol-rich foods with any antidiabetic drug, including metformin, on the liver and
kidneys in type 2 diabetes, and most of them did not study both organs.

Chronic hyperglycaemia-mediated apoptosis in the liver and kidney contributes to
the dysfunction of both organs in diabetes [29,34]. However, various pure polyphenols
and flavonoid-rich extracts, as well as metformin, have been shown to attenuate apoptosis
cell death in the liver and kidney, thus contributing to the alleviation of the diabetic
milieu [21,26,27], in agreement with the present results.

Oxidative stress induced by chronic hyperglycaemia is closely related to apoptosis and
is an important pathophysiological mechanism underlying the structural and functional
changes in the liver and kidney in diabetes [5,29,34]. In fact, hyperglycaemia increases
glucose oxidation and the release of large amounts of ROS, leading to cellular oxidative
damage that can anticipate to liver and kidney injury [26]. In this study, the administration
of CC and/or M to the diabetic animal groups enhanced several markers of oxidative
stress, i.e., ROS generation, the oxidation of proteins, and altered antioxidant defences.
In addition, the levels of redox-sensitive proteins Nrf2 and SIRT-1 were enhanced by CC
supplementation and/or M administration in comparison to the ZDF rats. Consistently,
several studies have demonstrated the ability of flavonoid-rich extracts and diets, as well
as pure phenolic compounds, alone or combined with each other or with metformin, to
prevent hepatic and renal oxidative stress by activating antioxidant defences via Nrf2 or
SIRT-1, raising the antioxidant capacity against oxidative insult and contributing to the
maintenance of redox balance [21-23,35], as shown here. Moreover, it is worth noting
that the reduction in hyperglycaemia mediated-oxidative stress could also contribute to
the amelioration of fibrosis and apoptosis in both organs [12,25], which is in line with the
present study. Interestingly, the exploration of oxidative stress-related molecular pathways,
such as endoplasmic reticulum stress, whichplays a major role on main altered biological
processes in diabetes, is challenging and deserves further investigation.

Alterations in insulin signalling, gluconeogenesis, and glucose uptake in key or-
gans critically involved in glucose homeostasis, such as the liver and kidneys, occur in
diabetes [4]. Thus, chronic hyperglycaemia impairs hepatic and cortical renal insulin
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signalling at the early steps, i.e., IR recruitment and activation are inhibited [4,29], as
shown in the current study. However, in agreement with the present results, it has been
reported that the administration of a cocoa-rich diet, metformin, and flavonoid-rich ex-
tracts from mulberry leaves or basil ameliorated insulin resistance by increasing the total or
tyrosine-phosphorylated levels of IR in the liver or renal cortex of diabetic rodents [26,30,33].
Importantly, insulin resistance has been associated with liver fibrosis and albuminuria in
diabetic patients [36,37]. Similarly, the administration of CC and/or metformin improved
insulin sensitivity and alleviated albuminuria and fibrosis in the liver and kidneys of the
ZDF rats.

Activation of insulin signalling can lead to increased glycogen synthesis for energy
storage and the suppression of glucose output by inhibiting PEPCK [2,4,29]. Thus, restora-
tion of hepatic glycogen content has previously been shown in the liver of diabetic animals
receiving metformin, flavonoid-rich foods, or mixtures of polyphenols [23,31,38], as pre-
sented here. Interestingly, the administration of flavanol-rich foods prevented glycogen
accumulation in the renal tubules of diabetic rats, which is in agreement with the current
study [30,32]. This differential regulation of the glycogen content in the liver and renal
cortex of diabetic animals has been associated with the progression of injury induced by
the disease [39]. In addition, it should be highlighted that the glycogen content in the renal
cortex, as assessed here, has been scarcely studied, and that increased levels of hepatic
glycogen have been reported in rats in the pre-diabetic period [31], which decrease in the
later stages of the disease [38]. Taken together, CC supplementation alone or with met-
formin could improve both hepatic and renal insulin resistance and contribute to glucose
homeostasis by modulating the glycogen content of both tissues in ZDF rats.

Another mechanism to regulate glucose homeostasis is the modulation of glucose
production. Only the liver and renal cortex are capable of gluconeogenesis, and PEPCK
plays a crucial role in this process as a rate-limiting enzyme [2,3]. In this line, in diabetes,
low levels of this key enzyme in the liver and renal cortex could contribute to the inhibition
of gluconeogenesis in both tissues, thus reducing hyperglycaemia in diabetic rats, which is
in line with the present results [24,30,31]. Furthermore, it has been suggested that reduced
levels of IR in hepatocytes and renal proximal tubules contribute to the maintenance of
high glucose levels through enhanced gluconeogenesis [4,40]. Therefore, the current results
suggest that CC and/or metformin may also contribute to a reduction in hyperglycaemia
by regulating gluconeogenic PEPCK enzyme levels in the ZDF rats, with insulin signalling
playing a role in this process.

Glucose uptake also contributes to the maintenance of glucose homeostasis [2,4].
Indeed, impaired glucose uptake in the liver and peripheral tissues leads to hyperglycaemia
in diabetic patients [41]. Thus, reduced hepatic levels of GLUT-2 have been demonstrated in
ZDF rats [42], as shown here, but the transporter levels were restored to the control values
(ZL group) in ZDF animals receiving CC and/or metformin. Consistently, pure phenolic
compounds, meat enriched with carob fruit extract, and antidiabetic drugs, including
metformin, increased hepatic GLUT-2 levels [11,43], suggesting the normalisation of post-
receptor insulin signalling and the restoration of hepatic insulin sensitivity. Similarly, the
kidney also plays a relevant role in glucose homeostasis [29], although glucose transporter
modulation in this organ has been disregarded. In the current study, upregulated levels of
GLUT-2 were detected in the renal cortex of the ZDF animals, as previously shown [42].
This alteration contributes to the aggravation of hyperglycaemia and insulin resistance and
has been associated with the accumulation of glycogen in the renal tubules [32], which is in
agreement with the present results. Interestingly, a cocoa-rich diet and phlorizin supported
the restoration of renal GLUT?2 levels in diabetic rodents, demonstrating a renoprotective
effect [30,44], as shown here. Therefore, the improved glucose homeostasis and insulin
sensitivity in diabetic animals could also be related to the modulatory effect of CC and/or
metformin on the hepatic and renal GLUT-2 content.
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5. Conclusions

This study demonstrates that a cocoa—carob-rich diet alleviates hepatorenal dysfunc-
tion in ZDF diabetic rats by preventing structural alterations, including fibrosis, ultimately
improving glucose homeostasis. These benefits were related to the alleviation of insulin
resistance and to the modulation of the glucose transporter GLUT-2 and PEPCK gluco-
neogenic enzyme levels. In addition, the CC-rich diet promoted redox balance through the
restoration of antioxidant defences, thereby mitigating oxidative stress and apoptosis. Im-
portantly, several of these benefits were further improved by the combination of a CC-rich
diet and metformin compared to either agent alone, demonstrating the efficacy of combin-
ing natural bioactive compounds with antidiabetic drugs in the treatment of diabetes, and
also highlighting the potential of the CC-rich diet against hepatorenal complications alone
or as an adjuvant therapy in the diabetic milieu.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nul6183087/s1. Supplementary Table S1: composition of the
experimental control (C) and cocoa—carob-rich (CC) diets (g/kg dry weight). Supplementary Table S2:
body weight data, food intake, and food efficiency of rats fed with standard (ZL and ZDF) and
cocoa—carob-rich (ZDF-CC) diets, and treated with metformin and fed with standard (ZDF-M) and
cocoa—carob-rich diets (ZDF-CC + M).

Author Contributions: Conceptualization, S.R.; data curation, E.G.-D., M.AM. and S.R.; formal
analysis, E.G.-D., M.E.L.-O., M.AM. and S.R.; funding acquisition, J.P.-J., M.AM. and S.R.; method-
ology, M.E.L.-O., ].P-],, M.AM. and S.R;; investigation, M.E.L.-O., ].P-]., M.AM. and S.R; project
administration, M.A.M. and S.R.; resources, M.E.L.-O., ].P-]., M.AM. and S.R;; supervision, S.R.;
writing—original draft, S.R.; writing—review and editing, E.G.-D., M.E.L.-O., ].P-]., M.AM. and S.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the grant RTI2018-095059-B-100, funded by MCIN /AEI/10.13039/
501100011033/ and by “ERDF A way of making Europe”. E.G.-D. was the recipient of a contract from
Comunidad de Madrid (PEJ-2020-AI/BIO-18529).

Institutional Review Board Statement: All the experiments were conducted according to the Eu-
ropean Union (2010/63/EU) and Spanish (RD 53/2013) legislation, and with the approval (16 May
2019) of the Animal Care and Use Committee of the Community of Madrid (PROEX 079/19).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request to the authors. The data are not
publicly available due to principle of confidentiality.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  International Diabetes Federation. IDF Diabetes Atlas, 10th ed.; International Diabetes Federation: Brussels, Belgium, 2021;
Available online: https://www.diabetesatlas.org (accessed on 9 August 2024).

2. Artunc, F; Schleicher, E.; Weigert, C.; Fritsche, A.; Stefan, N.; Haring, H.U. The impact of insulin resistance on the kidney and
vasculature. Nat. Rev. Nephrol. 2016, 12, 721-737. [CrossRef]

3. DeFronzo, R.A.; Ferrannini, E.; Groop, L.; Henry, R.R.; Herman, W.H.; Holst, ].].; Hu, EB.; Kahn, C.R;; Raz, I.; Shulman, G.I; et al.
Type 2 diabetes mellitus. Nat. Rev. Dis. Primers 2015, 1, 15019. [CrossRef]

4.  Petersen, M.C.; Shulman, G.I. Mechanisms of insulin action and insulin resistance. Physiol. Rev. 2018, 98, 2133-2223. [CrossRef]

5. Rochette, L.; Zeller, M.; Cottin, Y.; Vergely, C. Diabetes, oxidative stress and therapeutic strategies. Biochim. Biophys. Acta 2014,
1840, 2709-2729. [CrossRef]

6. Arabshomali, A.; Bazzazzadehgan, S.; Mahdi, F; Shariat-Madar, Z. Potential benefits of antioxidant phytochemicals in type
2 diabetes. Molecules 2023, 28, 7209. [CrossRef]

7.  Sharma, R;; Tiwari, S. Renal gluconeogenesis in insulin resistance: A culprit for hyperglycemia in diabetes. World |. Diabetes 2021,
12, 556-568. [CrossRef]

8.  Chen, X,; Guan, X,; Tang, Y.; Deng, J.; Zhang, X. Effects of cocoa products intake on cardiometabolic biomarkers of type 2 diabetes
patients: A systematic review and meta-analysis based on both long-term and short-term randomised controlled trials. Int. . Food
Sci. Nutr. 2022, 73, 571-587. [CrossRef]

9. Ramos, S.; Martin, M.A.; Goya, L. Effects of cocoa antioxidants in type 2 diabetes mellitus. Antioxidants 2017, 31, 84. [CrossRef]


https://www.mdpi.com/article/10.3390/nu16183087/s1
https://www.mdpi.com/article/10.3390/nu16183087/s1
https://www.diabetesatlas.org
https://doi.org/10.1038/nrneph.2016.145
https://doi.org/10.1038/nrdp.2015.19
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1016/j.bbagen.2014.05.017
https://doi.org/10.3390/molecules28207209
https://doi.org/10.4239/wjd.v12.i5.556
https://doi.org/10.1080/09637486.2022.2046711
https://doi.org/10.3390/antiox6040084

Nutrients 2024, 16, 3087 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Brassesco, M.L.; Brandao, T.R.S.; Silva, C.L.M.; Pintado, M. Carob bean (Ceratonia siliqgua L.): A new perspective for functional
food. Trends Food Sci. Technol. 2021, 114, 310-322. [CrossRef]

Sekar, V.; Mani, S.; Malarvizhi, R.; Nithya, P; Vasanthi, H.R. Antidiabetic effect of mangiferin in combination with oral
hypoglycemic agents metformin and gliclazide. Phytomedicine 2019, 59, 152901. [CrossRef]

Chtourou, Y.; Morjen, M.; Ammar, R.; Mhiri, R.; Jemaa, M.; ELBini-Dhouib, L; Fetoui, H.; Srairi-Abid, N.; Marrakchi, N.; Jebali,
J. Investigation of the renal protective effect of combined dietary polyphenols in streptozotocin-induced diabetic aged rats.
Nutrients 2022, 14, 2867. [CrossRef]

Blahova, J.; Martiniakova, M.; Babikova, M.; Kovacova, V.; Mondockova, V.; Omelka, R. Pharmaceutical drugs and natural
therapeutic products for the treatment of type 2 diabetes mellitus. Pharmaceuticals. 2021, 14, 806. [CrossRef]

Garcia-Diez, E.; Lopez-Oliva, M.E.; Caro-Vadillo, A.; Pérez-Vizcaino, F,; Pérez-Jiménez, J.; Ramos, S.; Martin, M.A. Supplementa-
tion with a cocoa-carob blend, alone or in combination with metformin, attenuates diabetic cardiomyopathy, cardiac oxidative
stress and inflammation in Zucker diabetic rats. Antioxidants 2022, 11, 432. [CrossRef]

Gallardo-Villanueva, P,; Fernandez-Marcelo, T.; Villamayor, L.; Valverde, A.M.; Ramos, S.; Fernandez-Millan, E.; Martin, M. A.
Synergistic effect of a flavonoid-rich cocoa-carob blend and metformin in preserving pancreatic beta cells in Zucker diabetic fatty
rats. Nutrients 2024, 16, 273. [CrossRef]

Garcia-Diez, E.; Sanchez-Ayora, H.; Blanch, M.; Ramos, S.; Martin, M.A.; Pérez-Jiménez, J. Exploring a cocoa-carob blend as
a functional food with decreased bitterness: Characterization and sensory analysis. LWT-Food Sci. Technol. 2022, 165, 113708.
[CrossRef]

Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the Protection of Animals Used
for Scientific Purposes. (O] L 276 20.10.2010, p. 33), European Union. 2010. Available online: http://data.europa.eu/eli/dir/2010
/63/2019-06-26 (accessed on 9 August 2024).

Real Decreto 53/2013, de 1 de Febrero, por el Que Se Establecen Las Normas Basicas Aplicables Para la Proteccién de Los
Animales Utilizados en Experimentacion y Otros Fines Cientificos, Incluyendo la Docencia. BOE-A-2013-1337, Spain. 2013.
Available online: https://www.boe.es/eli/es/rd/2013/02/01/53/con (accessed on 9 August 2024).

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.; et al. Design and validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology 2005,
41,1313-1321. [CrossRef]

Granado-Serrano, A.; Martin, M.; Bravo, L.; Goya, L.; Ramos, S. Quercetin induces apoptosis via caspase activation, regulation of
Bcl-2, and inhibition of PI-3-Kinase/ Akt and ERK pathways in a human hepatoma cell line (HepG2). J. Nutr. 2006, 136, 2715-2721.
[CrossRef]

Alvarez-Cilleros, D.; Lopez-Oliva, M.E.; Martin, M.A.; Ramos, S. Cocoa ameliorates renal injury in Zucker diabetic fatty rats by
preventing oxidative stress, apoptosis and inactivation of autophagy. Food Funct. 2019, 10, 7926-7939. [CrossRef]
Cordero-Herrera, I.; Martin, M.A.; Goya, L.; Ramos, S. Cocoa intake ameliorates hepatic oxidative stress in young Zucker diabetic
fatty rats. Food Res. Int. 2015, 69, 194-201. [CrossRef]

Wang, Y.; Yuan, H.; Wang, Y. Treatment of diabetes nephropathy in mice by germinating seeds of Euryale ferox through improving
oxidative stress. Foods 2023, 12, 767. [CrossRef]

Xin, C.; Zhao, M.; Wang, J.; Wang, Z. Hawthorn polyphenols, D-chiro-inositol, and epigallocatechin gallate exert a synergistic
hypoglycemic effect. |. Food Biochem. 2021, 45, €13771. [CrossRef]

Salim, N.S.; Abdel-Alim, M.; Said, H.E.M.; Foda, M.E. Phenolic profiles, antihyperglycemic, anti-Diabetic, and antioxidant
properties of Egyptian Sonchus oleraceus leaves extract: An in vivo study. Molecules 2023, 28, 6389. [CrossRef]

Othman, M.S.; Khaled, A.M.; Al-Bagawi, A.H.; Fareid, M.A.; Ghany, R.A.; Habotta, O.A.; Moneim, A.E.A. Hepatorenal
protective efficacy of flavonoids from Ocimum basilicum extract in diabetic albino rats: A focus on hypoglycemic, antioxidant,
anti-inflammatory and anti-apoptotic activities. Biomed. Pharmacother. 2021, 144, 112287. [CrossRef]

Othman, M.S.; Khaled, A.M.; Al-Bagawi, A.H.; Fareid, M.A.; Hameed, R.A.; Zahra, EA.A.; Moneim, A.E.A. Echinops spinosus
effect against diabetes and its hepatorenal complications: Total extract and flavonoids fraction. Environ. Sci. Pollut. Res. 2022, 29,
38606-38617. [CrossRef]

Wang, Y.; Yu, Y.; Wan, H.; Chen, Y; Xia, F; Zhang, W.; Zhang, K.; Gu, X.; Zhang, Y,; Lin, Z.; et al. Lower eGFR is associated with
increased probability of liver fibrosis in Chinese diabetic patients. Diabetes Metab. Res. Rev. 2020, 36, €3294. [CrossRef]

Thomas, M.C.; Brownlee, M.; Susztak, K.; Sharma, K.; Jandeleit-Dahm, K.A.M.; Zoungas, S.; Rossing, P.; Groop, P.-H.; Cooper,
M.E. Diabetic kidney disease. Nat. Rev. Dis. Primer 2015, 1, 15018. [CrossRef]

Alvarez-Cilleros, D.; Lopez-Oliva, E.; Goya, L.; Martin, M.A.; Ramos, S. Cocoa intake attenuates renal injury in Zucker Diabetic
fatty rats by improving glucose homeostasis. Food Chem. Toxicol. 2019, 127, 101-109. [CrossRef]

Cordero-Herrera, 1.; Martin, M.A.; Escriva, F; Alvarez, C.; Goya, L.; Ramos, S. Cocoa-rich diet ameliorates hepatic insulin
resistance by modulating insulin signaling and glucose homeostasis in Zucker diabetic fatty rats. J. Nutr. Biochem. 2015, 26,
704-712. [CrossRef]

Renno, WM.; Abdeen, S.; Alkhalaf, M.; Asfar, S. Effect of green tea on kidney tubules of diabetic rats. Br. J. Nutr. 2008, 100,
652-659. [CrossRef]


https://doi.org/10.1016/j.tifs.2021.05.037
https://doi.org/10.1016/j.phymed.2019.152901
https://doi.org/10.3390/nu14142867
https://doi.org/10.3390/ph14080806
https://doi.org/10.3390/antiox11020432
https://doi.org/10.3390/nu16020273
https://doi.org/10.1016/j.lwt.2022.113708
http://data.europa.eu/eli/dir/2010/63/2019-06-26
http://data.europa.eu/eli/dir/2010/63/2019-06-26
https://www.boe.es/eli/es/rd/2013/02/01/53/con
https://doi.org/10.1002/hep.20701
https://doi.org/10.1093/jn/136.11.2715
https://doi.org/10.1039/C9FO01806A
https://doi.org/10.1016/j.foodres.2014.12.039
https://doi.org/10.3390/foods12040767
https://doi.org/10.1111/jfbc.13771
https://doi.org/10.3390/molecules28176389
https://doi.org/10.1016/j.biopha.2021.112287
https://doi.org/10.1007/s11356-022-18824-9
https://doi.org/10.1002/dmrr.3294
https://doi.org/10.1038/nrdp.2015.18
https://doi.org/10.1016/j.fct.2019.03.002
https://doi.org/10.1016/j.jnutbio.2015.01.009
https://doi.org/10.1017/S0007114508911533

Nutrients 2024, 16, 3087 19 of 19

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Zhang, L.; Su, S.; Zhu, Y.; Guo, J.; Guo, S.; Qian, D.; Ouyang, Z.; Duan, J.-A. Mulberry leaf active components alleviate type
2 diabetes and its liver and kidney injury in db/db mice through insulin receptor and TGF-[3 /Smads signaling pathway. Biomed.
Pharmacother. 2019, 112, 108675. [CrossRef]

Schattenberg, ] M.; Schuchmann, M. Diabetes and apoptosis: Liver. Apoptosis 2009, 14, 1459-1471. [CrossRef]

Wu, P; Yan, Y,; Ma, L.-L.; Hou, B.-Y.; He, Y.-Y,; Zhang, L.; Niu, Z.-R; Song, ].-K.; Pang, X.-C.; Yang, X.-Y.; et al. Effects of the Nrf2
protein modulator salvianolic acid A alone or combined with metformin on diabetes-associated macrovascular and renal injury.
J. Biol. Chem. 2016, 291, 22288-22301. [CrossRef]

Sesti, G.; Fiorentino, T.V.; Arturi, F,; Perticone, M.; Sciacqua, A.; Perticone, F. Association between noninvasive fibrosis markers
and chronic kidney disease among adults with non-alcoholic fatty liver disease. PLoS ONE 2014, 9, e88569. [CrossRef]

Manco, M.; Ciampalini, P.,; DeVito, R.; Vania, A.; Cappa, M.; Nobili, V. Albuminuria and insulin resistance in children with biopsy
proven non-alcoholic fatty liver disease. Pediatr. Nephrol. 2009, 24, 1211-1217. [CrossRef]

Zhou, Q.; Song, N.; Wang, 5.-Q.; Wang, Y.; Zhao, Y.-K. Effect of gegen ginlian decoction on hepatic gluconeogenesis in ZDF Rats
with type 2 diabetes mellitus based on the farnesol X receptor/ceramide signaling pathway regulating mitochondrial metabolism
and endoplasmic reticulum stress. Evid. Based Complement. Altern. Med. 2021, 2021, 9922292. [CrossRef]

Pang, Y.-L.; Hu, J.-W.; Liu, G.-L.; Lu, S.-Y. Comparative medical characteristics of ZDF-T2DM rats during the course of develop-
ment to late stage disease. Anim. Model Exp. Med. 2018, 1, 203-211. [CrossRef]

Tiwari, S.; Singh, R.S,; Li, L.; Tsukerman, S.; Godbole, M.; Pandey, G.; Ecelbarger, C.M. Deletion of the insulin receptor in the
proximal tubule promotes hyperglycemia. J. Am. Soc. Nephrol. 2013, 24, 1209-1214. [CrossRef]

Basu, A.; Basu, R.; Shah, P; Vella, A.; Johnson, C.M.; Nair, K.S.; Jensen, M.D.; Schwenk, W.E,; Rizz, R.A. Effects of type 2 diabetes
on the ability of insulin and glucose to regulate splanchnic and muscle glucose metabolism: Evidence for a defect in hepatic
glucokinase activity. Diabetes 2000, 49, 272-283. [CrossRef]

Dion, F; Dumayne, C.; Henley, N.; Beauchemin, S.; Arias, E.B.; Leblond, F.A.; Lesage, S.; Lefrancois, S.; Cartee, G.D.; Pichette, V.
Mechanism of insulin resistance in a rat model of kidney disease and the risk of developing type 2 diabetes. PLoS ONE 2017,
12, €0176650. [CrossRef]

Macho-Gonzélez, A.; Garcimartin, A.; Lopez-Oliva, M.E.; Celada, P; Bastida, S.; Benedj, J.; Sanchez-Muniz, F.J. Carob-fruit-
extract-enriched meat modulates lipoprotein metabolism and insulin signaling in diabetic rats induced by high-saturated-fat diet.
J. Funct. Food 2020, 64, 103600. [CrossRef]

Brouwers, B.; Pruniau, V.P.; Cauwelier, E.J.; Schuit, F.; Lerut, E.; Ectors, N.; Declercq, J.; Creemers, ].W. Phlorizin pretreatment
reduces acute renal toxicity in a mouse model for diabetic nephropathy. J. Biol. Chem. 2013, 288, 27200-27207. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.biopha.2019.108675
https://doi.org/10.1007/s10495-009-0366-2
https://doi.org/10.1074/jbc.M115.712703
https://doi.org/10.1371/journal.pone.0088569
https://doi.org/10.1007/s00467-009-1134-9
https://doi.org/10.1155/2021/9922292
https://doi.org/10.1002/ame2.12030
https://doi.org/10.1681/ASN.2012060628
https://doi.org/10.2337/diabetes.49.2.272
https://doi.org/10.1371/journal.pone.0176650
https://doi.org/10.1016/j.jff.2019.103600
https://doi.org/10.1074/jbc.M113.469486
https://www.ncbi.nlm.nih.gov/pubmed/23940028

	Introduction 
	Materials and Methods 
	Chemicals and Materials 
	Cocoa–Carob Diet 
	Animals and Diets 
	Biochemical Analysis 
	Glucose Tolerance Test (GTT) 
	Histological and Immunohistochemical Analysis 
	Terminal Deoxynucleotidyl Transferase dUTP Nick End Labelling (TUNEL) Assay 
	Fluorometric Analysis of Caspase-3 Activity 
	Preparation of Hepatic and Renal Lysates and Western Blot Analysis 
	Determination of ROS, Protein Carbonyl Groups, and GSH Content 
	Analysis of GPx, GR, and SOD Activities 
	Statistics 

	Results 
	CC-Supplemented Diet Alone or in Combination with Metformin Improves Body Weight, Glucose Tolerance, and Insulin Sensitivity in ZDF Rats 
	CC-Supplemented Diet, Metformin, and Their Combination Ameliorate Hepatic and Renal Dysfunction in ZDF Rats 
	CC-Supplemented Diet Alone or in Combination with Metformin Alleviates Hepatic and Renal Cortex Morphological Alterations in ZDF Rats 
	CC-Supplemented Diet, Metformin, and Their Combination Prevent Apoptosis in the Liver and Renal Cortex of ZDF Rats 
	CC-Supplemented Diet Alone or in Combination with Metformin Ameliorate the Hepatic and Renal Cortex Redox Imbalance in ZDF Rats 
	CC-Supplemented Diet, Metformin, and Their Combination Improve Insulin Signalling in ZDF Rat Liver and Renal Cortex 
	CC-Supplemented Diet Alone or in Combination with Metformin Regulates the Rate-Limiting Proteins of Gluconeogenesis and Transport of Glucose in the Liver and Renal Cortex of ZDF Rats 

	Discussion 
	Conclusions 
	References

