
Citation: Ramos-Barbero, M.;

Rufino-Palomares, E.E.;

Serrano-Carmona, S.; Hernández-Yera,

M.; García-Salguero, L.; Lupiáñez,

J.A.; Pérez-Jiménez, A. Effect of

Nutraceutical Factors on Hepatic

Intermediary Metabolism in Wistar

Rats with Induced Tendinopathy. Int.

J. Mol. Sci. 2024, 25, 629. https://

doi.org/10.3390/ijms25010629

Academic Editor: Emerito

Carlos Rodriguez-Merchan

Received: 28 November 2023

Revised: 27 December 2023

Accepted: 30 December 2023

Published: 3 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Effect of Nutraceutical Factors on Hepatic Intermediary
Metabolism in Wistar Rats with Induced Tendinopathy
Marta Ramos-Barbero 1, Eva E. Rufino-Palomares 1,* , Sergio Serrano-Carmona 2, Manuel Hernández-Yera 1,
Leticia García-Salguero 1, José Antonio Lupiáñez 1 and Amalia Pérez-Jiménez 3,*

1 Department of Biochemistry and Molecular Biology I, Faculty of Science, University of Granada,
18071 Granada, Spain; ramosb@correo.ugr.es (M.R.-B.); elgarcia@ugr.es (L.G.-S.); jlcara@ugr.es (J.A.L.)

2 Sergio Serrano Fisiomedicina Avanzada, Physiotherapy Clinic, 41011 Sevilla, Spain;
drserranocarmona@gmail.com

3 Department of Zoology, Faculty of Science, University of Granada, 18071 Granada, Spain
* Correspondence: evaevae@ugr.es (E.E.R.-P.); calaya@ugr.es (A.P.-J.)

Abstract: Tendinopathy (TP) is a complex clinical syndrome characterized by local inflammation,
pain in the affected area, and loss of performance, preceded by tendon injury. The disease develops
in three phases: Inflammatory phase, proliferative phase, and remodeling phase. There are currently
no proven treatments for early reversal of this type of injury. However, the metabolic pathways of the
transition metabolism, which are necessary for the proper functioning of the organism, are known.
These metabolic pathways can be modified by a number of external factors, such as nutritional
supplements. In this study, the modulatory effect of four dietary supplements, maslinic acid (MA),
hydroxytyrosol (HT), glycine, and aspartate (AA), on hepatic intermediary metabolism was observed
in Wistar rats with induced tendinopathy at different stages of the disease. Induced tendinopathy
in rats produces alterations in the liver intermediary metabolism. Nutraceutical treatments modify
the intermediary metabolism in the different phases of tendinopathy, so AA treatment produced
a decrease in carbohydrate metabolism. In lipid metabolism, MA and AA caused a decrease in
lipogenesis at the tendinopathy and increased fatty acid oxidation. In protein metabolism, MA
treatment increased GDH and AST activity; HT decreased ALT activity; and the AA treatment
does not cause any alteration. Use of nutritional supplements of diet could help to regulate the
intermediary metabolism in the TP.

Keywords: Achilles tendon; aspartate; glycine; hydroxytyrosol; maslinic acid; nutritional factors;
rehabilitation; tendinitis

1. Introduction

The term tendinopathy (TP) defines the clinical syndrome characterized by a combina-
tion of pain, inflammation, and impaired tendon performance, usually due to its overuse,
traumatism, or pathologies [1]. The etiology of this condition remains unclear, although hy-
poxia, ischemic damage, oxidative stress, hyperthermia, impaired apoptosis, inflammatory
mediators, and matrix metalloproteinase (MMP) imbalance have been studied as possible
causes [2]. In addition, age, gender, and genetics are considered risk factors [3]. These
factors as genetic conditions contribute to both localized inflammation and degeneration of
collagen fibers that have been implicated in the study of TP. The affected genes are either
related to abnormal collagen production levels or collagen malformation [4].

Epidemiological studies of TP focus on two main factors, extrinsic and intrinsic. As
extrinsic factors can be included the overuse of tendons due to physical activity and en-
vironmental conditions as risk factors, including the use of drugs. The intrinsic factors
are associated with metabolic, systemic, neurological, and infectious diseases. Moreover,
they can also include renal failure, psoriasis, hyperparathyroidism, and hyperthyroidism [5].
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Histologically, TP is characterized by the absence of inflammatory cells, poor healing, intra-
tendinous degeneration, disorientation and thinning of collagen fibers, hypercellularity with
high concentrations of glycosaminoglycans and proteoglycans, and neovascularization [6].

TP consists of three phases that overlap in time. The first phase is the acute inflam-
matory phase, in which erythrocytes and inflammatory cells rush to the affected area [7].
Erythrocytes and inflammatory cells migrate to the site of injury in the first hours after
injury. Vascular permeability increases, angiogenesis, tenocyte proliferation, and collagen
fiber production are initiated by the release of vasoactive and chemotactic factors [8]. In the
second phase, named the proliferation phase, collagen associates with fibroblasts to form
immature fibrils, which subsequently attach to the end of other fibrils to grow linearly [9].
In this second stage, type III collagen synthesis peaks and lasts for a few weeks. In addition,
water content and glycosaminoglycan concentrations remain high during this stage [8].
The last one is the remodeling phase, in which collagen fibers increase and improve the
strength, elasticity, and structure of the tendon [7]. Fibroblasts, with their oval core, inter-
pose themselves between the collagen fibers they produce and, progressively, their core
elongates [9]. The repaired tissue changes from cellular to fibrous and the collagen fibers
align in the direction of the loads applied to the tendon [8].

TPs have no effective treatment to date, with invasive procedures having the most
negative side effects. However, treatment of TP with non-invasive nutritional factors, or
in combination with other existing therapeutic approaches, could open up a new line of
research. Since TP is characterized by irregular or disturbed homeostasis, poor nutrition
can lead to the development of this disease [3]. However, adequate food intake of both
macro- and micronutrients may be a plausible strategy in the prevention and amelioration of
the disease, with potential benefits of nutrition on tendon health emerging [10]. It is necessary
to understand the effect of the interaction of these substances with cell and tissue biology and,
thus, use nutritional management as a unique tool towards the treatment of TP [11,12].

Functional foods and nutraceuticals, including natural compounds derived from the
oleic industry, such as hydroxytyrosol and maslinic acid, have been shown to possess
numerous bioactive properties, including anti-inflammatory, antioxidant, anticarcinogenic,
and other properties [13,14]. In addition, it is well known that the amino acids glycine and
L-aspartic acid play an essential role in collagen synthesis [15].

Hydroxytyrosol (3,4-dihydroxyphenyl ethanol; HT) is one of the most potent an-
tioxidants known. HT has been shown to prevent cytokine formation, nitric oxide (NO)
generation, tumor necrosis factor-alpha (TNF-α) secretion, and mRNA expression and
to inhibit the expression of nitric oxide synthase (iNOS) and cyclooxygenase (COX-2).
Some research has shown that HT treatment prevents acanthocyte formation observed
after HgCl2 exposure and prevents HgCl2 induced oxidative stress damage, including ROS
production, lipid peroxidation, and oxidation of the sulfhydryl group of total proteins in
the plasma membrane [16].

Maslinic acid (2-α, 3-β-dihydroxyolean-12-en-28-oic acid; MA) is a triterpenoid de-
rived from plants, such as olive, which prevents the generation of proinflammatory cytokines
and oxidative stress. MA, in addition to its anti-inflammatory properties, has anticarcinogenic,
antidiabetic, antimicrobial, neuroprotective, and hepatoprotective properties [17].

Glycine (Gly) is an amino acid that modulates the systemic inflammation cascade
and inhibits TNF-α and IL-1β. Previous studies have demonstrated the beneficial effects
of a glycine diet on the remodeling process of inflamed tendons following tendinopathy.
A glycine-rich diet has benefits on biochemistry, structure, and biomechanics in the Achilles
tendon with TP due to its involvement in the molecular structure of collagen [18]. Aspartic
acid (Asp) is important for its role in matrix synthesis and degradation. In tendinopathies,
there is an imbalance of matrix metalloproteases, which leads to a failure in the remodeling
of the lesions. Asp must be incorporated in its L-form into proteins, otherwise, if it is not, or
if its D-form is increased, there is a slower matrix turnover, leading to problems of matrix
synthesis and tendon physiology, with the mechanical effects that this entails [19]. A mix of
Gly and Asp was used in this study (AA).
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All these bioactive molecules (HT, MA, and AA) could support tendon regeneration,
as well as the prevention of chronic tendinopathies.

The aim of this study is to understand and analyze biomolecular processes by studying
the modulatory effects of HT, MA, and AA on hepatic intermediary metabolism and plasma
metabolites produced in the healthy and pathological Achilles tendon during the different
phases of the pathology.

2. Results
2.1. Interaction between Parameters

The results showed interaction between the factors analyzed. The effects of the
different treatments on all the parameters studied were analyzed using two-way analysis
of variance (two-way ANOVA), as shown in Table 1.

Table 1. p values obtained from two-way ANOVA analysis performed for diet and phases of
tendinopathy.

p Value

Enzymes Diet Phases Diet × Phases

CS p < 0.01 p < 0.01 p < 0.05
ME p < 0.001 p < 0.001 p < 0.001

G6PDH p < 0.001 ns p < 0.001
LDH ns p < 0.001 p < 0.05
FAS p < 0.01 p < 0.01 p < 0.001

FBPase p < 0.05 p < 0.001 p < 0.001
GDH p < 0.05 p < 0.001 p < 0.001
AST p < 0.05 p < 0.001 p < 0.001
ALT ns p < 0.001 p < 0.001

T-HK ns p < 0.001 p < 0.001
HOAD ns p < 0.001 p < 0.001

PK p < 0.001 p < 0.001 p < 0.001
ns: No significant differences (p > 0.05). The enzymes: Citrate Synthase (CS), Glucose-6-Phosphate Dehydrogenase
(G6PDH), Lactate Dehydrogenase (LDH), Fructose Bisphosphatase (FBPase), Total Hexokinase (T-HK), Pyruvate
Synthase (PK), Malic Enzyme (ME), Fatty Acid Synthase (FAS), Hydroxyacyl-CoA Dehydrogenase (HOAD),
Glutamate Dehydrogenase (GDH), Aspartate Aminotransferase (AST), and Alanine Aminotransferase (ALT).

2.2. Growth Trial

All animals were subjected to weight monitoring throughout the experiment. The
growth performance mean weight variations according to the experimental group are
shown in Table 2.

Table 2. Weight monitoring.

Initial Weight (g) Final Weight (g) Weight Gain (g/Kg/day) Intake g/Kg/day

C 316.8 ± 3.3 470.0 ± 24.4 11.8 ± 0.8 73.8 ± 1.2
DC 317.7 ± 3.3 483.0 ± 7.2 10.2 ± 0.9 72.8 ± 0.9
HT 320.9 ± 3.8 487.2 ± 12.6 10.7 ± 0.8 76.2 ± 0.5
MA 321.4 ± 3.3 451.7 ± 12.0 10.8 ± 0.5 73.9 ± 0.9
AA 318.8 ± 2.8 449.5 ± 9.0 10.7 ± 0.9 74.0 ± 1.4

Average weight of rats in each of the groups: Healthy Control (C), Diseased Control (DC), Hydroxytyrosol (HT),
Maslinic Acid (MA), AA: Amino Acids Glycine and Aspartate (Gly + Asp). Values are presented as mean ± SEM
(n = 4) and were considered significantly different at p < 0.05.

2.3. Activity of Intermediary Metabolism Key Enzymes

The enzymatic activity of the main enzymes involved in intermediary metabolism
was modified in response to different treatments assayed and in the different phases of
tendinopathy. The results for each of the enzymes assayed in each of the phases are shown
below in Table 3 (Phase I), Table 4 (Phase I–II), Table 5 (Phase II), and Table 6 (Phase III).
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Table 3. Phase I. Effect of different nutritional treatments on the enzyme activities in the liver of rats
with or without TP.

Treatment C DC HT MA AA (Gly + Asp)
Enzymes
CS 6.41 ± 0.59 8.08 ± 0.63 8.51 ± 1.41 4.32 ± 0.49 a 7.35 ± 1.29 ab

G6PDH 27.5 ± 2.4 bAB 32.5 ± 2.7 bB 20.5 ± 3.4 aA 22.4 ± 0.7 A 19.0 ± 1.2 abA

LDH 3417.5 ±92.5 b 3366.6 ± 197.4 ab 3339.8 ± 189.5 ab 3163.3 ±52.3 3886.0 ± 271.2 b

FBPase 34.42 ± 1.43 AB 40.88 ± 1.89 B 32.91 ± 1.95 aAB 28.93 ± 2.64 aA 40.12 ± 3.43 abB

T-HK 1.69 ± 0.13 b 1.93 ± 0.48 2.24 ± 0.19 1.77 ± 0.29 ab 2.08 ± 0.26 ab

PK 229.1 ± 10.4 AB 317.3 ± 13.5 bC 294.2 ± 23.1 BC 187.9 ± 13.2 aA 222.4 ± 12.9 A

ME 4.86 ± 0.45 abA 7.05 ± 0.77 B 8.93 ± 0.17 cB 3.44 ± 0.15 aA 4.52 ± 0.29 bA

FAS 0.82 ± 0.02 aAB 1.13 ± 0.05 BC 1.89 ± 0.04 D 0.70 ± 0.04 aA 1.44 ± 0.14 bcC

HOAD 145.04 ± 10.85 a 171.0 ± 12.71 218.6 ± 32.08 142.3 ± 2.48 a 188.4 ± 18.05 ab

GDH 530.1 ± 16.73 a 645.4 ± 85.49 573.1 ± 0.53 567.6 ± 20.6 a 606.2 ± 81.83
AST 702.8 ± 51.85 743.1 ± 79.36 630.5 ± 35.42 662.8 ± 52.12 ab 754.7 ± 56.28 ab

ALT 91.16 ± 12.54 AB 132.2 ± 4.81 BC 78.67 ± 3.43 aA 89.54 ± 13.94 aAB 151.7 ± 15.51 C

Effect of different nutritional treatments and stages of tendinopathy on the activity (nmol/min/mg protein) of
enzymes Citrate Synthase (CS), Glucose-6-Phosphate Dehydrogenase (G6PDH), Lactate Dehydrogenase (LDH),
Fructose Bisphosphatase (FBPase), Total Hexokinase (T-HK), Pyruvate Synthase (PK), Malic Enzyme (ME), Fatty
Acid Synthase (FAS), Hydroxyacyl-CoA Dehydrogenase (HOAD), Glutamate Dehydrogenase (GDH), Aspartate
Aminotransferase (AST), and Alanine Aminotransferase (ALT) in rat liver samples with and without induced
tendinopathy. Healthy Control (C), Diseased Control (DC), Hydroxytyrosol (HT), Maslinic Acid (MA), Amino
Acids Glycine and Aspartate (AA (Gly + Asp)). Values are presented as mean ± SEM (n = 4) and were considered
significantly different at p < 0.05. Lower case letters indicate significant differences between tendinopathy stages
within each of the experimental treatments. Uppercase letters indicate significant differences between treatments
within each of the tendinopathy phases. The blue color represents enzymes involved in carbohydrate metabolism,
the green color represents enzymes involved in lipid metabolism, and the orange color represents enzymes
involved in protein metabolism.

Table 4. Phase I–II. Effect of different nutritional treatments on the enzyme activities in the liver of
rats with or without TP.

Treatment C DC HT MA AA (Gly + Asp)
Enzymes
CS 5.70 ± 0.51 A 9.58 ± 1.23 B 8.32 ± 0.24 AB 7.14 ± 0.48 bAB 8.75 ± 0.81 bAB

G6PDH 26.7 ± 2.5 b 21.4 ± 1.9 a 23.5 ± 1.6 ab 25.1 ± 4.0 19.8 ± 0.9 b

LDH 3290.0 ± 184.1 b 4079.4 ± 247.0 b 3716.8 ± 222.1 bc 3453.7 ± 298.4 4112.2 ± 104.3 b

FBPase 41.06 ± 5.64 AB 39.15 ± 1.39 AB 42.97 ± 3.12 aAB 53.07 ± 1.61 B 37.81 ± 3.27 abA

T-HK 2.58 ± 0.29 c 1.81 ± 0.04 1.5 ± 0.27 1.21 ± 0.21 a 2.73 ± 0.73 b

PK 244.3 ± 38.8 241.8 ± 12.3 a 344.9 ± 32.1 316.9 ± 57.6 ab 272.2 ± 21.7
ME 6.19 ± 0.71 b 6.52 ± 0.68 6.91 ± 0.32 b 6.33 ± 0.79 b 6.20 ± 0.41 c

FAS 1.30 ± 0.12 abAB 1.86 ± 0.17 BC 1.37 ± 0.085 AB 2.04 ± 0.22 bAB 1.08 ± 0.06 abA

HOAD 189.9 ± 19.6 abA 184.9 ± 11.2 A 202.8 ± 16.6 A 321.4 ± 30.2 bB 213.2 ± 22.7 bA

GDH 683.82 ± 79.6 abA 866.4 ± 88.7 AB 667.1 ± 18.57 A 1200.3 ± 85.5 bB 668.9 ± 88.7 A

AST 979.0 ± 116.2 A 1065.6 ± 106.7 A 1035.3 ± 105.7 A 1513.6 ± 72.8 cB 749.9 ± 70.8 abA

ALT 196.3 ± 55.9 105.3 ± 11.2 155.7 ± 16.2 b 144.4 ± 13.9 bc 158.1 ± 12.7
Effect of different nutritional treatments and stages of tendinopathy on the activity (nmol/min/mg protein) of
enzymes Citrate Synthase (CS), Glucose-6-Phosphate Dehydrogenase (G6PDH), Lactate Dehydrogenase (LDH),
Fructose Bisphosphatase (FBPase), Total Hexokinase (T-HK), Pyruvate Synthase (PK), Malic Enzyme (ME), Fatty
Acid Synthase (FAS), Hydroxyacyl-CoA Dehydrogenase (HOAD), Glutamate Dehydrogenase (GDH), Aspartate
Aminotransferase (AST), and Alanine Aminotransferase (ALT) in rat liver samples with and without induced
tendinopathy. Healthy Control (C), Diseased Control (DC), Hydroxytyrosol (HT), Maslinic Acid (MA), Amino
Acids Glycine and Aspartate (AA (Gly + Asp)). Values are presented as mean ± SEM (n = 4) and were considered
significantly different at p < 0.05. Lower case letters indicate significant differences between tendinopathy stages
within each of the experimental treatments. Uppercase letters indicate significant differences between treatments
within each of the tendinopathy phases. The blue color represents enzymes involved in carbohydrate metabolism,
the green color represents enzymes involved in lipid metabolism, and the orange color represents enzymes
involved in protein metabolism.
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Table 5. Phase II. Effect of different nutritional treatments on the enzyme activities in the liver of rats
with or without TP.

Treatment C DC HT MA AA (Gly + Asp)
Enzymes
CS 7.84 ± 0.98 B 7.25 ± 0.60 B 6.39 ± 0.63 AB 5.05 ± 0.74 abAB 4.08 ± 0.25 aA

G6PDH 25.6 ± 1.0 b 26.4 ± 3.6 ab 24.5 ± 4.9 ab 17.3 ± 0.3 19.6 ± 3.2 b

LDH 2307.5 ± 156.8 a 2875.4 ± 397.0 a 2730.5 ± 216.8 a 3008.3 ± 150.5 2757.4 ± 318.4 a

FBPase 32.62 ± 2.46 AB 43.73 ± 3.93 B 31.23 ± 3.25 aAB 27.31 ± 2.70 aA 29.86 ± 1.86 aA

T-HK 0.67 ± 0.04 aAB 1.32 ± 0.12 C 1.99 ± 0.19 C 1.10 ± 0.04 aAB 0.61 ± 0.03 aA

PK 225.5 ± 8.6 ABC 268.7± 12.6 abBC 273.6 ± 24.0 C 172.8 ± 10.8 aA 207.8 ± 12.0 AB

ME 2.65 ± 0.03 aA 4.45 ± 0.44 B 3.96 ± 0.40 aAB 3.47 ± 0.28 aAB 2.94 ± 0.28 aA

FAS 2.00 ± 0.17 cB 1.01 ± 0.06 A 1.15 ± 0.07 A 0.85 ± 0.02 aA 0.78 ± 0.03 aA

HOAD 228.1 ± 14.0 bC 210.6 ± 17.2 BC 157.5 ±10.5 AB 141.7 ± 15.3 aA 139.4 ± 6.7 aA

GDH 883.4 ± 69.4 bB 645.1 ± 5.95 A 531.1 ± 84.4 A 443.6 ± 36.7 aA 499.6 ± 35.6 A

AST 1046.5 ± 100.5 B 802.5 ± 19.9 AB 762.5 ± 139.6 AB 529.8 ± 57.9 aA 520.9 ± 56.4 aA

ALT 125.1 ± 9.53 ABC 156.4 ± 17.8 C 80.38 ± 3.02 aA 102.1 ± 11.2 abAB 133.6 ± 13.3 C

Effect of different nutritional treatments and stages of tendinopathy on the activity (nmol/min/mg protein) of
enzymes Citrate Synthase (CS), Glucose-6-Phosphate Dehydrogenase (G6PDH), Lactate Dehydrogenase (LDH),
Fructose Bisphosphatase (FBPase), Total Hexokinase (T-HK), Pyruvate Synthase (PK), Malic Enzyme (ME), Fatty
Acid Synthase (FAS), Hydroxyacyl-CoA Dehydrogenase (HOAD), Glutamate Dehydrogenase (GDH), Aspartate
Aminotransferase (AST), and Alanine Aminotransferase (ALT) in rat liver samples with and without induced
tendinopathy. Healthy Control (C), Diseased Control (DC), Hydroxytyrosol (HT), Maslinic Acid (MA), Amino
Acids Glycine and Aspartate (AA (Gly + Asp)). Values are presented as mean ± SEM (n = 4) and were considered
significantly different at p < 0.05. Lower case letters indicate significant differences between tendinopathy stages
within each of the experimental treatments. Uppercase letters indicate significant differences between treatments
within each of the tendinopathy phases. The blue color represents enzymes involved in carbohydrate metabolism,
the green color represents enzymes involved in lipid metabolism, and the orange color represents enzymes
involved in protein metabolism.

Table 6. Phase III. Effect of different nutritional treatments on the enzyme activities in the liver of rats
with or without TP.

Treatment C DC HT MA AA (Gly + Asp)
Enzymes
CS 5.39 ± 0.8 7.39 ± 1.74 5.60 ± 1.09 6.46 ± 0.17 ab 4.75 ± 0.29 a

G6PDH 13.1 ± 0.5 aAB 18.6 ± 0.9 aB 35.9 ± 1.5 bC 27.1 ± 2.1 C 11.8± 0.9 aA

LDH 4031.8 ± 269.1 b 4415.8 ± 245.6 b 4351.5 ± 196.3 c 4093.8 ± 446.4 3388.7 ± 76.0 ab

FBPase 41.38 ± 7.60 A 50.95 ± 4.73 AB 58.59 ± 4.26 bAB 63.46 ± 4.15 bB 43.36 ± 2.92 bAB

T-HK 2.27 ± 0.22 bc 1.94 ± 0.22 1.63 ± 0.13 2.22± 0.18 b 2.16 ± 0.16 ab

PK 327.6 ± 40.6 B 390.4 ± 24.4 cB 341.3 ± 11.8 B 412.0 ± 33.8 bB 197.2 ± 28.5 A

ME 3.97 ± 0.65 abA 5.57 ± 0.82 AB 8.01 ± 0.57 bcB 7.60 ± 0.56 bB 4.07 ± 0.33 abA

FAS 1.44 ± 0.11 bAB 2.12 ± 0.56 B 1.41 ± 0.37 AB 0.74 ± 0.06 aA 1.57 ± 0.16 aAB

HOAD 177.8 ± 10.3 abA 204.5 ± 15.0 AB 238.3 ± 12.0 B 200.6 ± 19.0 aAB 206.1 ± 7.1 bAB

GDH 726.8 ± 87.2 ab 792.5 ± 95.6 655.3 ± 59.6 587.6 ± 55.5 a 725.7 ± 58.0
AST 973.3 ± 88.9 1073.3 ± 84.1 972.3 ± 90.4 787.1 ± 54.7 b 927.7 ± 57.5 b

ALT 115.4 ± 17.2 A 112.0 ± 11.7 A 216.1 ± 17.5 cB 196.3 ± 11.3 cB 160.4 ± 25.9 B

Effect of different nutritional treatments and stages of tendinopathy on the activity (nmol/min/mg protein) of
enzymes Citrate Synthase (CS), Glucose-6-Phosphate Dehydrogenase (G6PDH), Lactate Dehydrogenase (LDH),
Fructose Bisphosphatase (FBPase), Total Hexokinase (T-HK), Pyruvate Synthase (PK), Malic Enzyme (ME), Fatty
Acid Synthase (FAS), Hydroxyacyl-CoA Dehydrogenase (HOAD), Glutamate Dehydrogenase (GDH), Aspartate
Aminotransferase (AST), and Alanine Aminotransferase (ALT) in rat liver samples with and without induced
tendinopathy. Healthy Control (C), Diseased Control (DC), Hydroxytyrosol (HT), Maslinic Acid (MA), Amino
Acids Glycine and Aspartate (AA (Gly + Asp)). Values are presented as mean ± SEM (n = 4) and were considered
significantly different at p < 0.05. Lower case letters indicate significant differences between tendinopathy stages
within each of the experimental treatments. Uppercase letters indicate significant differences between treatments
within each of the tendinopathy phases. The blue color represents enzymes involved in carbohydrate metabolism,
the green color represents enzymes involved in lipid metabolism, and the orange color represents enzymes
involved in protein metabolism.
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T-HK activity was significantly modified when comparing between TP phases, but not
between treatments. Thus, the control group (C) significantly increased its T-HK activity in
interphase (Phase I–II), then decreased in the proliferation phase (Phase II) and significantly
increased in the remodeling phase (Phase III). The DC and HT groups showed no change
in the activity of this enzyme throughout the disease. However, the MA treatment showed
a reduction in T-HK activity in the transition phase of TP (Phase I–II) and an increase in the
last phase (Phase III). Finally, the AA group showed an increase in T-HK activity in Phase
I–II compared to Phase I, which was then reduced in Phase II and increased in Phase III
(p < 0.05) (Tables 3–6). Results between treatments within the same phase on T-HK showed
significant differences between MA and AA (Gly + Asp) groups with respect to the DC
group only in the proliferation phase (Phase II). Similar T-HK activities were found in MA
and C conditions and AA was the treatment that had the lowest T-HK activity found in
Phase II (p < 0.05) (Table 5).

PK activity showed changes when compared to phases of TP but not between treat-
ments. Thus, the DC and MA groups were the only ones to be significantly modified. The
DC group showed a reduction of PK in the transition phase (Phase I–II) with respect to the
inflammatory phase (Phase I) and significantly increased its activity in Phase II and III, with
Phase III showing the highest activity. The MA group showed an increase in activity in the
remodeling phase (Phase III) with respect to the proliferation phase (Phase II) (p < 0.05)
(Tables 3–6). In addition, PK showed significant differences between treatments, within
phases. In Phase I, PK activity was significantly decreased in MA and AA groups with
respect to DC (Table 3). However, the transition phase (Phase I–II) showed no significant
differences between treated groups and controls (Table 4). In Phase II, a significant decrease
in PK activity was observed in the MA compared to the DC group (p < 0.05) (Table 5). In
the last phase of the TP (Phase III), a decrease in PK activity was noted in the AA compared
to the DC group (p < 0.05) (Table 6).

FBPase activity was not altered in either the healthy (C) or diseased control (DC)
groups with respect to the different phases of TP (p < 0.05) (Tables 3–6). In contrast, all
groups treated with nutritional factors showed changes in the FBPase activity in the course
of the disease. The HT group increased its FBPase activity in Phase III of the disease.
The MA group significantly increased activity in Phase I–II, decreased it in Phase II, and
increased it again in Phase III. Finally, the AA group showed a significant increase in FBPase
activity in Phase III (p < 0.05) (Tables 3–6). When comparing the FBPase enzyme activity
between the different phases of TP, results showed that in Phase I, FBPase activity was
significantly lower in the MA group compared to DC (Table 3). In Phase I–II and Phase
III, neither group treated with nutritional factors differed significantly from the DC group
(Tables 4 and 6). In Phase II, the MA and AA groups had significantly lower FBPase values
than the DC group (p < 0.05) (Table 5).

The activity of the enzyme G6PDH was altered when comparing the different phases
of TP. The healthy control group (C) showed a significant reduction of G6PDH activity in
the remodeling phase (Phase III, Table 6). The diseased control group (DC) decreased this
enzyme activity in the transition phase (Phase I–II, Table 4) with respect to the inflammation
phase (Phase I). The HT group showed increased activity in Phase III compared to Phase I
(Table 6). The MA group did not induce significant changes in G6PDH activity in any of
the phases. Finally, the AA group showed a decrease in G6PDH activity in Phase III with
respect to the two previous phases (Phase I–II, II) (p < 0.05) (Tables 4–6). In Phase I, HT,
MA, and AA treatments showed a lower G6PDH activity when comparing the DC and C
groups (p < 0.05, Table 3) and no significant differences between treatments were observed
in Phase I–II and II of TP (Tables 4 and 5). However, in Phase III the G6PDH levels in the
HT and MA groups were significantly higher than in the DC group (p < 0.05) (Tables 3–6).

With regard to LDH activity, significant differences were observed between the dif-
ferent phases in each treatment, except in the group treated with MA. In the C group,
differences were observed between Phase II (where LDH activity is lower) and the other
phases of tendinopathy (p < 0.05) (Table 5). In the DC group, lower LDH activity was
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observed in Phase II compared to Phases I–II and III (p < 0.05) (Tables 4–6). In the HT
condition, significant differences were found between Phases I, II, and III, with higher LDH
activity in Phase III and lower LDH activity in Phase II (p < 0.05) (Tables 3–6). The AA
group showed a significant decrease between Phase II and Phases I, I–II, and III (p < 0.05)
(Tables 3–6). There were no significant differences in LDH activity in the different phases
between the nutritional treatments (HT, MA, and AA).

CS activity showed changes between phases of tendinopathy in MA and AA groups
but did not show variations in the other groups. The MA group presented a significant
increase in CS activity in the transition phase (Phase I–II) with respect to the inflammatory
phase (Phase I) to return to similar levels in the remodeling phase (Phase III) (p < 0.05)
(Tables 3–6). However, the AA group showed significantly lower levels in Phases II and III
compared to Phase I–II (p < 0.05) (Tables 4–6). CS activity showed no differences between
treatments within Phases I and III (p < 0.05) (Tables 3 and 6). There were also no significant
differences in Phased I–II between HT, MA, and AA and C and DC groups, while C and DC
groups were different (p < 0.05) (Table 4). In Phase II, the AA group showed significantly
lower CS activity compared with C and DC treatments (p < 0.05) (Table 5).

With respect to lipid metabolism (FAS, EM, and HOAD activities), there were observed
differences in treatments and phases (Tables 3–6). In group C, FAS activity is decreased
in Phase I, increasing in Phase I–II, until it reaches a significant maximum in Phase II
(p < 0.05) (Tables 3–5). The MA group presented significantly higher levels in Phase I–II
compared to all other phases (Table 4). The AA group showed a progressive decrease in
activity during the course of the phases (p < 0.05) (Tables 3–6). In Phase I, the HT group
had significantly higher levels of FAS activity than the control groups (C and DC); the
MA group had significantly lower activity than the DC group; and the AA group had
significantly higher levels than the C group but not the DC group (p < 0.05) (Table 3). In
Phase I–II, the AA group showed significantly lower levels of FAS activity than the DC
group (p < 0.05) (Table 4). Phase II was characterized by an increase in FAS activity in
group C compared to all other groups (p < 0.05) (Table 5). Finally, in Phase III, there was a
significant decrease in FAS activity in the MA group with respect to DC (p < 0.05) (Table 6).

ME activity showed significant differences between disease phases in C, HT, AM, and
AA groups. The C group showed a significant increase in ME activity in the transition
phase (Phase I–II) and a significant decrease in the proliferation phase (Phase II) (p < 0.05)
(Tables 4 and 5). In the HT group, significant reduction in ME activity during the first three
phases was found (Phases I, I–II, and II) (p < 0.05) (Tables 3–5). The MA group showed
a significant increase in activity in Phases I–II and III with respect to the other phases
(Tables 3–6). Lastly, the AA group presented maximum levels of this enzyme in Phase I–II
(p < 0.05) (Table 4). With regard to the differences between treatments within each phase, it
is noteworthy that in the inflammation phase (Phase I), the MA and AA groups showed
lower levels of ME activity than the DC group (p < 0.05) (Table 3). In Phase II, the AA group
showed lower levels of ME activity than the DC group (Table 5). However, in Phase III,
the ME activity in HT, MA, and AA groups did not differ with respect to the DC group,
although the HT and MA groups exhibited higher levels of ME activity than the C group
(p < 0.05) (Table 6).

HT and DC groups did not present significant differences between phases of TP in the
HOAD activity. The C group showed an increase in HOAD activity in the Phases I–II, II,
and III with respect to Phase I, with the highest activity being found in Phase II (Table 5).
The MA group showed significantly higher enzyme activity in Phase I–II compared to the
other phases (Table 4). The AA group showed a maximum of HOAD activity in Phase III of
the disease (p < 0.05) (Table 6). In Phase I–II, there was an increase in HOAD activity in the
MA group with respect to the controls (C and DC) and a decrease in activity in the MA and
AA groups with respect to the controls in Phase II (p < 0.05) (Tables 4 and 5).

GDH, AST, and ALT activities were measured as key enzymes to protein metabolism.
These enzymes were altered in the phases of TP and in response to the different treatments.
GDH activity showed significant differences between phases only in the C and MA groups.
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The C group displayed a maximum activity of GDH in the proliferative phase of the disease
(Phase II), while the MA group showed its maximum activity in the transition phase (Phase
I–II) (p < 0.05) (Tables 4 and 5). Furthermore, this GDH activity did not show variations
between treatments (HT, MA, and AA) in the inflammatory phase (Phase I) and in the
remodeling phase (Phase III). In the transition phase (Phase I–II), there was a significant
increase in GDH activity in the MA group with respect to the C group but not with respect
to the DC group (Table 4). Phase II showed a decrease in GDH activity of all treatments
with respect to group C but not to DC (p < 0.05) (Table 5).

AST activity manifested in the MA treatment an increase in Phases I and I–II (Tables 3
and 4), decreasing significantly during Phase II (Table 5) to increase again in Phase III
(Table 6). In the AA group, significant differences were only observed between Phases II
and III, with minimum and maximum AST activity values, respectively (p < 0.05) (Tables 5
and 6). Regarding the differences between treatments within the same phase of TP, an
increase in AST activity was observed in the MA group in Phase I–II (Table 4) and a
significant decrease in activity in the MA and AA groups with respect to the C group in
Phase II (p < 0.05) (Table 5).

Finally, ALT activity showed differences between phases of TP only in the HT and MA
groups. Both groups showed a significant increase in ALT activity in Phases I–II and III,
with this increase being higher in the latter phase (Phase III) (Tables 4 and 6). Focusing
on the differences between treatments within the same phase of TP, a significant decrease
in activity was observed in the HT group with respect to the DC group in Phase I and a
significantly higher increase in the AA group with respect to the C group (Table 3). In
Phase II, a significant decrease of ALT activity was observed in the HT and MA groups
with respect to the DC group (Table 5). In Phase III, an increase occurred in ALT activity
in all treatment groups (HT, AM, and AA) with respect to the control groups (C and DC)
(p < 0.05) (Table 6).

3. Discussion

Tendinopathy (TP) is a chronic disease with difficult therapeutic problems for the
patient as well as the health care professional because the etiology and management are
uncertain. Although different treatment strategies have been studied against TP, the current
ones are not completely effective because they do not definitively resolve the disease. In
recent decades, several non-surgical treatment modalities have been introduced, with an
increasingly relevant role of local drug injections, such as sclerosing agents, corticosteroids,
and high-volume image-guided injections and physiotherapy ranging from external shock
waves to electric fields and intratissue transcutaneous electrolysis [11,20]. Non-steroidal
anti-inflammatory drugs (NSAIDs) and steroidal anti-inflammatory drug treatments pro-
duce loss of fibrous tissue, cell death, and loss of mechanical strength of muscles [21]. All
these treatments tested against TP lack a solid scientific basis [20]. This is why the search
for new treatments is necessary in order to combat this pathology. The aim of this study
was to determine the possible modulatory effects of three or several potential nutraceutical
compounds, namely hydroxytyrosol (HT), maslinic acid (MA), and a mix of glycine and
aspartic acid (AA), on the activity of key enzymes of intermediary metabolism in the liver
of Wistar rats with induced TP throughout the different phases of the disease. To this end,
the possible modifications of glucose, lipid, and protein metabolism on T-HK, PK, FBP,
G6PDH, LDH, CS, FAS, ME, HOAD, GDH, AST, and ALT enzymes were evaluated during
the development of the different stages of TP.

It is well known that nutrition has an impact on human health. Nutritional components
can be a good ally in the prevention of diseases because they possess important biological
properties such as anticancer, antioxidant, anti-inflammatory, and antimicrobial properties,
among others [22]. Natural compounds such as HT and MA have not yet been studied as
anti-inflammatories against TP, but it would be important since this bioactivity improves
the lipid profile, reducing oxidative stress and activating inflammatory cells [23]. This is
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the first evidence of these compounds (HT and MA) and AA as possible treatments for this
pathology (TP).

Recent findings have demonstrated that glucose metabolism is disturbed during
injury and recovery in TP in both humans and mice [10]. These changes include increases
in glucose, lactate, and pyruvate contents in healing human Achilles tendons [10] and
stimulation of glycolysis, lactate synthesis, and TCA cycle in injured mouse Achilles
tendons [11]. The lower T-HK activity found in the MA and AA groups in Phase II may
be because the function of T-HK is to phosphorylate glucose using ATP to form glucose-
6-phosphate [24]. An increase in these enzymes in the proliferation phase in the DC
group indicates a down-regulation of glucose levels. Previous studies have shown how
tendon inflammation may be due to reduced response to damage and how a high-glucose
environment can lead to chronic tissue inflammation and, therefore, the untreated group
has higher levels of enzymes involved in glucose metabolism [25].

One biological activity shown by MA is related to the modulation of glycogen metabolism,
inhibiting glycogen phosphorylase [26]. This fact explains why MA treatment lowers
PK activity in Phases I and II. On the other hand, the amino acid Gly is involved in
biological functions such as protein synthesis and collagen production. This function of
Gly implies that it plays important roles in cellular metabolism and thus may influence
specific metabolic pathways, such as glycolysis [27]. It is noteworthy that glycolysis may
influence inflammatory response [28] and the PK activity modulates glycolysis, therefore,
the lower activity of PK in nutritional factors and amino acid groups may indicate an early
anti-inflammatory effect, which does not occur in the untreated diseased (DC) group.

The function of FBPase is to participate in gluconeogenesis, which can be influenced
by inflammation leading to metabolic stress. Therefore, when there is a prolonged presence
of inflammation, as in the case of the untreated (DC) group, gluconeogenic processes will be
activated to provide a continuous source of glucose [29]. The DC group has higher FBPase
activity due to the demand for glucose to repair the damage caused by PT. Regarding
MA and AA in Phase II, the disease groups have lower FBPase activity levels due to
earlier regeneration of the injury, and therefore less inflammation. Glycogen can play an
important role during inflammation by providing a source of quick energy and contributing
to metabolic regulation. In situations of acute inflammation, such as infection or injury, the
body often experiences increased metabolic stress. Under these conditions, mobilization of
stored glucose in the form of glycogen may be essential to meet the energy demands of the
immune system and other affected tissues [30].

On the other hand, the enzyme G6PDH plays a vital role in preventing cell damage by
reactive oxygen species [31] and therefore may be elevated by the acute inflammation of the
first phase (Phase I) of TP, in which there is a migration of proinflammatory molecules to the
site of injury [32]. However, when treatment is effective, the activity of this enzyme should
be reduced because its presence is not required since inflammation will have disappeared.
Thus, in the absence of treatment, normal tendon function has not been restored and the
tendon is still injured and the inflammation continues. This fact explains why the DC group,
which does not receive any treatment, has higher levels of G6PDH activity in the late phase
(Phase III) of the disease. However, the group treated with AA, which are involved in
the formation of collagen synthesis, was able to regenerate the tendon more rapidly, and
therefore reduce the presence of enzymes associated with damage [33]. Some authors have
observed that type I collagen in TP mice increases after administration of Gly, improving
the biomechanical properties of the tendon and the degree of fiber compaction [18]. This
result is in concordance with results obtained in this study of the AA group regarding
G6PDH activity.

LDH activity showed significant changes between the different phases of TP in each
treatment, with the exception of the MA group. These results are consistent with other
studies that measured LDH isoenzymes in patients with healthy and damaged tendons. The
specific LDH activity of hypokinetic tendons was 13–66% of the specific activity of normal
tendons [34]. A possible explanation for this phenomenon is that tendon damage causes
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an interruption of movement and, therefore, an alteration of tendon metabolism, reducing
LDH activity in the different phases of TP where tendon recomposition predominates, i.e.,
a reduction of enzyme activity especially in Phase II or the proliferation phase, where all
tendon repair processes are active, regenerating new fibers [34].

The enzyme citrate synthase (CS) acts in the first step of the Krebs cycle and is com-
monly used as a quantitative enzyme marker for the presence of intact mitochondria [35].
Although there is no evidence of a direct connection between AA and CS, the reduction in
activity in the proliferation phase (Phase II) with respect to the DC group may be due to the
involvement of amino acids in protein synthesis and their influence on complex metabolic
pathways. So, glycine may lead to a reduction in inflammation in early stages of the disease
through inhibition of proinflammatory cytokines [36].

FAS enzyme is involved in numerous biological processes related to lipid metabolism.
It actively participates in the synthesis of membrane components necessary for cell division,
protein modification, cell signaling, and proliferation [37] and redistributes the energy
generated for protein synthesis [38]. The results found in this study showed an increase in
FAS activity in the diseased control (DC) group, indicative of the need for cell synthesis
and proliferation until late phases of the TP. This higher synthesis and proliferation are
related to a reduction of FAS activity in MA and AA groups, from the early phases to the
late phases of the TP, indicating an early tendon recovery when the injury is treated with
these nutritional factors and amino acids.

ME activity was lowest in the AA group with respect to the DC group only in Phase I.
This fact added to the subsequent rise in the final phase of TP may be due to the disease’s
effect on oxidative stress, inducing metabolic disorders, as has been described in previous
studies in liver injury, in which the authors concluded that ME enzyme did not participate in
the regenerative processes of the tissue and therefore did not need to increase its expression
levels for greater recovery [39]. The greater activity of ME found in the MA group supplies
NADPH molecules to the liver which are key for the antioxidant response in which MA is
implicated [22]. This result is also supported by the higher G6PDH activity found in the
MA group.

HOAD activity showed an increase in the MA group with respect to the DC in the
transition phase (Phase I–II) and a decrease in activity of the MA and AA groups with
respect to the controls in Phase II. This effect can be explained by the relationship of amino
acids in obtaining energy from the beta-oxidation of fatty acids. The group treated with AA
could be provided with these compounds for early energy production and greater tendon
recovery thanks to the decomposition of glycine and aspartic acid to enter these metabolic
pathways and thus adapt to energy needs [33].

Proteins, along with lipids, are the main sources of energy. GDH plays an important
role in the metabolism of amino acids, properly channeling the main nitrogen pathway of
these compounds [22]. A significant decrease was only observed in the second phase of
tendinopathy for the GDH enzyme in all treatments with respect to group C, probably due
to its allosteric inhibition by the higher amount of NADPH and ATP produced for fiber
repair [40].

The main tissue involved in protein catabolism is the liver, where the first step con-
sists of the elimination of the amino group, which is catalyzed by transaminases, among
others [22]. AST data show an increase in the activity in the MA group in Phase I–II and
a significant decrease in activity in the MA and AA groups compared to the C group in
Phase II. It has been observed that the levels of this enzyme increase when tissue damage or
inflammation occurs, an event that has been demonstrated in other diseases and that would
explain why anti-inflammatory factors such as MA and AA cause a decrease in this enzyme
in the proliferation phase of TP [41]. Similarly, ALT activity shows significantly lower levels
in the HT and MA groups compared to the DC group in Phase II. Additionally, in Phase III,
an increase in ALT activity occurs in all treatment groups (HT, MA, and AA) with respect to
the control groups. This confirms the presence of ALT activity in inflammatory processes,
as group C, which did not have tendinopathy induced, had the lowest levels of activity [41].
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HT and MA showed a significant increase in ALT activity in Phases I–II and III. This may
be due to the fact that the remodeling phase is a period of intense activity in which mature
tendon fibers are formed and recover elasticity and strength so that the tissue can regain its
normal function [7].

The effect of HT in carbohydrate metabolism produced an increase in FBPase and
decrease in G6PDH activity in Phase III compared to the control group. The decrease
in the G6PDH activity could be explained by the fast recovery of TP with disappearing
inflammation and the higher FBPase activity found is related to cell damage by reactive
oxygen species [29,30]. In lipid metabolism, FAS levels in HT conditions showed a signif-
icant increase in the first phase of TP and a reduction of this activity in all other phases.
This result suggests that the induced TP interferes with the effect of HT on lipogenesis.
This same result has been observed previously, as HT can preserve the glycemic index,
reduce triglyceride levels, and prevent inflammation and LDL oxidation [36,42]. In protein
metabolism, a decrease in ALT activity was observed in the inflammation phase with
respect to DC, while in the latter phase this activity is significantly higher in the HT group.
This may be due to the fact that the remodeling phase is a period of intense activity in
which mature tendon fibers are formed and recover elasticity and strength so that the tissue
can revert to its normal function [7].

In carbohydrate metabolism, the lower T-HK, PK, and FBPase activities and higher
G6PDH activity found in the MA treatment may be due to the fact that MA promotes
glycogen uptake [43]. In lipid metabolism, MA produced less FAS activity and higher ME
and HOAD activities. This decrease in FAS may be due to inhibition of this enzyme in a
situation of inflammation, as observed in previous studies [22]. The increase in ME and
HOAD activities in this experimental condition may because MA in lipolysis increased
beta-oxidation during the first two phases of the disease, indicating a faster production
of energy to be used in tissue regeneration [44]. In protein metabolism, MA produced a
decrease in AST and ALT activities causing an increase in glutamate and aspartate to be
incorporated into the new fibers that are synthesized during injury repair [38].

Finally, with respect to the carbohydrate metabolism in the AA group, lower T-HK,
PK, FBPase, G6PDH, and CS activities were found. This is because the amino acids are used
for the synthesis of new fibers during fibroblast repair [37], which would prevent aspartate
from increasing glycolysis [45]. Moreover, these results are in concordance with an increase
in the energy requirements during the remodeling phase of TP [38] and could indicate that
TP modulates the effect of aspartate on increasing CS expression [46]. In lipid metabolism,
the AA group produced a decrease in FAS, ME, and HOAD activities. This could imply
that glycine and aspartate inhibit this metabolic pathway and this energy could be used
for injury repair and tendinopathy recovery [38]. In protein metabolism, the higher ALT
activity found in the AA group may be due to the fact that the remodeling phase is a period
of intense activity in which mature tendon fibers are formed and recover elasticity and
strength so that the tissue can regain its normal function [7].

4. Materials and Methods
4.1. Animals and Experimental Conditions

The present study was approved by the Ethics Committee of the University of Granada
(authorization number 05/07/216/231). The animals were maintained at the facilities of
the Institute of Biomedical Sciences (CIBM—University of Granada) during the experi-
mental phase. A total of 64 male albino Wistar rats, Crl:CD (SD) code (Charles Rives,
Laboratories International, Inc., Wilmington, MA, USA), with a mean initial body weight
of 319.12 ± 0.89 g were homogeneously distributed in 5 triplicate groups: Healthy control
(HC), diseased control (DC), hydroxytyrosol (HT), maslinic acid (MA), and amino acids
(Gly + Asp). Rats were housed in plastic cages under controlled environmental conditions
(12 h light/dark cycle) with free access to water and different experimental diets. Experi-
mental diets were manufactured by ENVIGO RMS Spain S.L. The composition of the base
diet in dry weight was 14.5% crude protein, 4.0% crude lipids, 4.5% crude fiber, and 4.7%
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ash. Vitamins and minerals were added to cover nutritional needs of the animals. This base
diet was supplemented with 3 g of HT per kg diet, 0.65 g of MA per kg diet, and 28.1 + 9.4 g
Gly + Asp per kg diet for the different experimental groups (HT, MA, and Gly + Asp). The
composition of the diets is the same in terms of maslinic acid and hydroxytyrosol but differs
in the diet with glycine and aspartate, with crude protein constituting 18.00% and crude ash
4%. To determine the approximate composition of the experimental diets (Table 7), AOAC
methods were used (AOAC® OFFICIAL METHODS) [47]. The maslinic acid (AM60®) and
hydroxytyrosol (Olivesan®) were supplied by Extractos y Derivados S.L. (Granada, Spain).
The glycine and the aspartate were purchased from Quimipur S.L.U. (Madrid, Spain).

Table 7. Proximate analyses (% dry matter) of the experimental diets.

Proximate Analysis Control AA AM HT

Dry matter 9.48 8.15 8.11 8.74
Crude protein 14.58 17.48 13.96 14.62

Crude lipid 3.76 3.60 2.76 4.37
Ash 3.77 3.84 3.93 3.87

Nitrogen-free extract 68.41 66.93 71.24 68.40
Energetic value (KJ/100 dry weight) 1529 1547 1528 1552

Nitrogen-free extract = 100 − (crude protein + crude lipid + ash).

The experiment lasted 41 days. On the first day, except for the HC group, tendinopathy
was induced in the right Achilles tendon by administration of 50 µg of collagenase type
I (Sigma-Aldrich, St. Louis, MO, USA) per 300 g of body weight. During the following
40 days, all groups were sampled at different times, coinciding with the phases of the
tendinopathy process. Four samples were taken on days 6 (inflammatory phase), 13
(transition phase between inflammatory and proliferative), 26 (proliferative phase), and 40
(remodeling phase), coinciding with the different phases of tendinopathy. For sampling,
the rats were anesthetized using sodium pentobarbital, from the commercial company
Eutanax®, which was administered intraperitoneally at a dose that depended on the
weight of the animal. When the state of sedation of the animal was verified, a needle
was introduced into the left costal area of the animal from where 3 to 5 mL of blood was
extracted from the heart with syringes that were previously heparinized. Then, by action
of an overdose of sodium pentobarbital, the animals were sacrificed and the liver was
extracted and immediately frozen in liquid nitrogen for subsequent biochemical analysis.

The extracted blood was centrifuged with a centrifuge model Sigma GmbH- 3K30
(Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany) at 1000× g at 4 ◦C for
10 min in order to isolate the plasma from the cellular fraction. Liver was mechanically
homogenized with a lysis buffer of 100 mM Tris HCl, 0.1 mM EDTA, and 0.1% Triton X-100,
pH 7.8 at proportion 1/5 (weight/volume). Subsequently, the homogenate of each extract
was centrifuged in an ultracentrifuge for 30 min at 30,000× g, at 4 ◦C. All samples were
aliquoted and stored at −80 ◦C.

4.2. Quantification of Plasma Metabolites, Ions

Commercial kits were used for the determination of plasma metabolites: Glucose
(Spinreact, Ref. 41010), triglycerides (Spinreact, Ref. 41031), total cholesterol (Spinreact,
Ref. 41019), LDL cholesterol (Spinreact, Ref. MD41023), HDL cholesterol (Spinreact, Ref.
MI1001096), and total lipid (Spinreact, Ref. 1001270) in the plasma. The concentration of
total amino acids and soluble protein present in the plasma was determined according to
Spies (1957) [48] and Bradford (1976) [49], respectively.

4.3. Intermediary Metabolism Enzyme Analysis

The analysis of the activity of each of the enzymes measured was performed by
determining the variation of the optical density (OD) at 37 ◦C in a Synergy HTX plate
reader and using the Gen 5™ software (version 2.0.0).
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All enzymes were determined following the methods described by Pérez-Jiménez et al.
(2009) [50], except FAS [51] and LDH.

4.3.1. Hexokinase and Glucokinase

Briefly, hexokinase (HK; EC 2.7.1.1) and glucokinase (HK-IV; EC 2.7.1.2) activities were
measured in a reaction mixture containing 50 mM imidazole-HCl buffer (pH 7.4), 2.5 mM
ATP, 5 mM MgCl2, 0.4 mM NADP, 2 units mL−1 G6PDH, and 1 mM (HK) or 100 mM
(HK-IV) glucose [50].

4.3.2. Pyruvate Kinase

Pyruvate kinase (PK; EC 2.7.1.40) activity was measured in a reaction mixture consist-
ing of 50 mM imidazole-HCl buffer (pH 7.4), 5 mM MgCl2, 100 mM KCl, 0.15 mM NADH,
1 mM ADP, 2 units mL−1 LDH, and 2 mM PEP [50].

4.3.3. Fructose 1,6-Bisphosphatase

Fructose 1,6-bisphosphatase (FBPase; EC 3.1.3.11) activity was measured in a reaction
mixture consisting of 50 mM imidazole-HCl buffer (pH 7.4), 5 mM MgCl2, 12 mM 2-
mercaptoethanol, 0.5 mM NADP, 2 units mL−1 G6PDH, 2 units mL-1 PGI, and 0.5 mM
fructose 1,6-bisphosphate [50].

4.3.4. Glutamate Dehydrogenase

Glutamate dehydrogenase (GDH; EC 1.4.1.2) activity was measured in a reaction
mixture containing 50 mM imidazole-HCl buffer (pH 7.4), 0.2 mM NADH, 1 mM ADP,
100 mM ammonium acetate, 2 units mL−1 LDH, and 10 mM α-ketoglutarate [50].

4.3.5. Aspartate Aminotransferase

Aspartate aminotransferase (AspAT; EC 2.6.1.1) activity was determined in a reaction
mixture containing 50 mM imidazole-HCl buffer (pH 7.4), 10 mM α-ketoglutarate, 0.3 mM
NADH, 0.05 mM pyridoxal phosphate, 3 units mL−1 MDH, and 25 mM L-aspartate [50].

4.3.6. Alanine Aminotransferase

Alanine aminotransferase (AlaAT; EC 2.6.1.2) activity was determined via a reaction
mixture containing 50 mM imidazole-HCl buffer (pH 7.4), 10 mM α-ketoglutarate, 0.2 mM
NADH, 0.05 mM pyridoxal phosphate, 2 units mL−1 LDH, and 25 mM L-alanine [50].

4.3.7. Citrate Synthase

Citrate synthase (CS; EC 4.1.3.7) activity was measured in a reaction mixture containing
50 mM imidazole-HCl buffer (pH 8), 0.1 mM DTNB, 0.2 mM acetyl-CoA, and 0.2 mM
oxalacetic acid [50].

4.3.8. Glucose 6-Phosphate Dehydrogenase

Glucose 6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49) activity was measured
using a reaction mixture containing 50 mM imidazole-HCl buffer (pH 7.4), 5 mM MgCl2,
2 mM NADP, and 1 mM glucose-6-phosphate [50].

4.3.9. Malic Enzyme

Malic enzyme (ME; EC 1.1.1.40) activity was measured in a reaction mixture con-
taining 50 mM imidazole-HCl buffer (pH 7.4), 5 mM MgCl2, 0.4 mM NADP, and 2 mM
L-malate [50].

4.3.10. β-Hydroxyacyl-CoA Dehydrogenase

β-Hydroxyacyl-CoA dehydrogenase (HOAD; EC 1.1.1.35) activity was measured
using a reaction mixture containing 50 mM imidazole-HCl buffer (pH 8), 0.1 mM NADH,
and 0.1 mM acetoacetyl-CoA [50].



Int. J. Mol. Sci. 2024, 25, 629 14 of 17

4.3.11. Fatty Acid Synthase

Fatty acid synthase (FAS; EC 2.3.1.85) activity was measured in a reaction mixture
containing 0.1 M potassium dihydrogen phosphate, 0.1 M dipotassium hydrogen phosphate
trihydrate, 0.1 mM NADPH, 0.25 µM acetyl-CoA, and 100 mM phosphate buffer at pH 6.5 [51].

4.3.12. Lactate Dehydrogenase

Lactate dehydrogenase (LDH; EC 1.1.1.27) was determined using the Spinreact quanti-
tative LDH determination kit (ref: 41222), following the manufacturer’s specifications. The
decrease in OD was measured at 340 nm.

All enzyme activities are expressed as milliunits per milligram of soluble protein
(specific activity). One unit of enzyme activity was defined as the amount of enzyme
required to transform 1 µmol of substrate per min under the above assay conditions.
Soluble protein concentration was determined using the method of Bradford (1976) [49],
with bovine serum albumin used as a standard.

4.4. Statistical Analysis

Results are expressed as the mean ± standard error of the mean (SEM). The effects
of the different treatments on all the parameters studied were analyzed using two-way
analysis of variance (two-way ANOVA), followed by Tukey’s HSD test. When interaction
between the factors analyzed was observed, one-way ANOVA was performed for each
factor independently, followed by Tukey’s HSD test. The n is the number of independent
experiments. The confidence interval was 95%, and the differences were considered signifi-
cant for values of p < 0.05. The statistical treatment of the data was carried out using the
IBM SPSS Statistics program (IBM® Armonk, NY, USA), software (version 25).

5. Conclusions

Induced tendinopathy (DC group) in rats produces alterations in the liver interme-
diary metabolism, highlighting an increase in NADPH production by the ME activity
and decreased lipogenesis in the fibroblast remodeling phase (Phase II). In carbohydrate
metabolism, MA has no potentiating effect, and it even decreases PK and FBPase activity;
HT also did not cause any notable effect; and AA treatment produces a decrease in this
metabolism. Regarding lipid metabolism, MA causes a decrease in lipogenesis at the
beginning and at the end of tendinopathy and increases fatty acid oxidation during Phase
I–II; HT increases lipogenesis during the inflammatory phase (Phase I); and glycine and
aspartate decrease lipogenesis in general and lipolysis during the fibroblastic regeneration
phase. In protein metabolism, MA treatment increases GDH and AST activity during Phase
I–II; HT decreases ALT activity during the first two phases; and the AA treatment does not
cause any alteration.

The results obtained show a modification of intermediary metabolism when subjects
with induced tendinopathy were treated with nutritional factors implemented in their diet.
Therefore, nutritional factors as a dietary supplement could be an alternative to the current
invasive and ineffective treatment of tendinopathies.

Author Contributions: Conceptualization, A.P.-J., E.E.R.-P. and J.A.L.; methodology, M.R.-B., A.P.-J.,
E.E.R.-P., J.A.L., L.G.-S., S.S.-C. and M.H.-Y.; validation, M.R.-B., A.P.-J., E.E.R.-P., J.A.L., L.G.-S., S.S.-C.
and M.H.-Y.; investigation, M.R.-B., A.P.-J., E.E.R.-P., J.A.L., L.G.-S., S.S.-C. and M.H.-Y.; data curation,
M.R.-B., E.E.R.-P., A.P.-J., M.H.-Y. and S.S.-C.; writing—original draft preparation, M.R.-B., E.E.R.-P.
and A.P.-J.; writing—review and editing, M.R.-B., E.E.R.-P., A.P.-J. and J.A.L.; visualization, M.R.-B.,
A.P.-J., E.E.R.-P., J.A.L., L.G.-S., S.S.-C. and M.H.-Y.; supervision, A.P.-J., E.E.R.-P. and J.A.L.; funding
acquisition, J.A.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by funds of the consolidated Research Group BIO-157, “Drugs,
Environmental Toxics and Cellular Metabolism”, from the Government of the Junta de Andalucía
(Andalusian Research Plan, Junta de Andalucía, Spain).

Institutional Review Board Statement: Not applicable.



Int. J. Mol. Sci. 2024, 25, 629 15 of 17

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors of this work sincerely appreciate the donation of the olive extract
from the company “Extractos y Derivados” S.L. from Granada, Spain. We also thank the central
facility of the Center for Scientific Instrumentation of the University of Granada (CIC-UGR) for their
technical support during experimental assay with rats.

Conflicts of Interest: The authors of this work declare that this research has been carried out in the
absence of any commercial or financial relationship and, therefore, does not present any conflict of
interest now or in the future. The funders had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results.

References
1. D’Addona, A.; Maffulli, N.; Formisano, S.; Rosa, D. Inflammation in tendinopathy. Surgeon 2017, 15, 297–302. [CrossRef]

[PubMed]
2. Kaux, J.F.; Forthomme, B.; le Goff, C.; Crielaard, J.M.; Croisier, J.L. Current opinions on tendinopathy. J. Sports Sci. Med. 2011, 10,

238–253.
3. Steinmann, S.; Pfeifer, C.G.; Brochhausen, C.; Docheva, D. Spectrum of tendon pathologies: Triggers, trails and end-state. Int. J.

Mol. Sci. 2020, 21, 844. [CrossRef] [PubMed]
4. Posthumus, M.; September, A.V.; O’Cuinneagain, D.; Van Der Merwe, W.; Schwellnus, M.P.; Collins, M. The association between

the COL12A1 gene and anterior cruciate ligament ruptures. Br. J. Sports Med. 2010, 44, 1160–1165. [CrossRef]
5. von Rickenbach, K.J.; Borgstrom, H.; Tenforde, A.; Borg-Stein, J.; McInnis, K.C. Achilles Tendinopathy: Evaluation, Rehabilitation,

and Prevention. Curr. Sports Med. Rep. 2021, 20, 327–334. [CrossRef]
6. Stania, M.; Juras, G.; Chmielewska, D.; Polak, A.; Kucio, C.; Król, P. Extracorporeal Shock Wave Therapy for Achilles Tendinopathy.

BioMed Res. Int. 2019, 2019, 3086910. [CrossRef]
7. Hope, M.; Saxby, T.S. Tendon Healing. Foot Ankle Clin. 2007, 12, 553–567. [CrossRef]
8. Li, H.Y.; Hua, Y.H. Achilles Tendinopathy: Current Concepts about the Basic Science and Clinical Treatments. BioMed Res. Int.

2016, 2016, 6492597. [CrossRef]
9. Abate, M.; Silbernagel, K.G.; Siljeholm, C.; Di Iorio, A.; De Amicis, D.; Salini, V.; Werner, S.; Paganelli, R. Pathogenesis of

tendinopathies: Inflammation or degeneration? Arthritis Res. Ther. 2009, 11, 235. [CrossRef]
10. Curtis, L. Nutritional research may be useful in treating tendon injuries. Nutrition 2016, 32, 617–619. [CrossRef]
11. Loiacono, C.; Palermi, S.; Massa, B.; Belviso, I.; Romano, V.; Di Gregorio, A.; Sirico, F.; Sacco, A.M. Tendinopathy: Pathophysiology,

therapeutic options, and role of nutraceutics. a narrative literature review. Medicina 2019, 55, 447. [CrossRef] [PubMed]
12. Hijlkema, A.; Roozenboom, C.; Mensink, M.; Zwerver, J. The impact of nutrition on tendon health and tendinopathy: A systematic

review. J. Int. Soc. Sports Nutr. 2022, 19, 474–504. [CrossRef]
13. Chen, C.; Ai, Q.; Wei, Y. Hydroxytyrosol protects against cisplatin-induced nephrotoxicity via attenuating CKLF1 mediated

inflammation, and inhibiting oxidative stress and apoptosis. Int. Immunopharmacol. 2021, 96, 107805. [CrossRef] [PubMed]
14. Yap, W.H.; Lim, Y.M. Mechanistic Perspectives of Maslinic Acid in Targeting Inflammation. Biochem. Res. Int. 2015, 2015, 279356.

[CrossRef]
15. Almanza-Pérez, J.; Alarcón-Aguilar, F.; Blancas-Flores, G.; Campos-Sepúlveda, A.; Román-Ramos, R.; García-Macedo, R.; Cruz, M.

Glycine regulates inflammatory markers modifying the energetic balance through PPAR and UCP-2. Biomed. Pharmacother. 2010,
64, 534–540. [CrossRef] [PubMed]

16. Perrone, P.; Spinelli, S.; Mantegna, G.; Notariale, R.; Straface, E.; Caruso, D.; Falliti, G.; Marino, A.; Manna, C.; Remigante, A.; et al.
Mercury Chloride Affects Band 3 Protein-Mediated Anionic Transport in Red Blood Cells: Role of Oxidative Stress and Protective
Effect of Olive Oil Polyphenols. Cells 2023, 12, 424. [CrossRef]

17. Deng, J.; Wang, H.; Mu, X.; He, X.; Zhao, F.; Meng, Q. Advances in Research on the Preparation and Biological Activity of Maslinic
Acid. Mini Rev. Med. Chem. 2021, 21, 79–89. [CrossRef] [PubMed]

18. Vieira, C.P.; De Oliveira, L.P.; Da Ré Guerra, F.; Marcondes, M.C.C.; Pimentel, E.R. Green Tea and Glycine Modulate the Activity
of Metalloproteinases and Collagen in the Tendinitis of the Myotendinous Junction of the Achilles Tendon. Anat. Rec. 2016, 299,
918–928. [CrossRef]

19. Pfeiffer, H.; Teivens, A. Estimation of chronologic age using the aspartic acid racemization method. I. On human rib cartilage. Int.
J. Leg. Med. 1995, 108, 19–23. [CrossRef]

20. Aicale, R.; Oliviero, A.; Maffulli, N. Management of Achilles and patellar tendinopathy: What we know, what we can do. J. Foot
Ankle Res. 2020, 13, 59. [CrossRef]

21. Abete, M.; Guelfi, M.; Pantalone, A.; Vanni, D.; Schiavone, C.; Andia, I. Therapeutic use of hormones on tendinopathies: A
narrative review. Muscles Ligaments Tendons J. 2016, 6, 445–452. [CrossRef]

https://doi.org/10.1016/j.surge.2017.04.004
https://www.ncbi.nlm.nih.gov/pubmed/28596062
https://doi.org/10.3390/ijms21030844
https://www.ncbi.nlm.nih.gov/pubmed/32013018
https://doi.org/10.1136/bjsm.2009.060756
https://doi.org/10.1249/JSR.0000000000000855
https://doi.org/10.1155/2019/3086910
https://doi.org/10.1016/j.fcl.2007.07.003
https://doi.org/10.1155/2016/6492597
https://doi.org/10.1186/ar2723
https://doi.org/10.1016/j.nut.2015.12.039
https://doi.org/10.3390/medicina55080447
https://www.ncbi.nlm.nih.gov/pubmed/31394838
https://doi.org/10.1080/15502783.2022.2104130
https://doi.org/10.1016/j.intimp.2021.107805
https://www.ncbi.nlm.nih.gov/pubmed/34162164
https://doi.org/10.1155/2015/279356
https://doi.org/10.1016/j.biopha.2009.04.047
https://www.ncbi.nlm.nih.gov/pubmed/19864106
https://doi.org/10.3390/cells12030424
https://doi.org/10.2174/1389557520666200722134208
https://www.ncbi.nlm.nih.gov/pubmed/32703128
https://doi.org/10.1002/ar.23361
https://doi.org/10.1007/BF01845611
https://doi.org/10.1186/s13047-020-00418-8
https://doi.org/10.32098/mltj.04.2016.04


Int. J. Mol. Sci. 2024, 25, 629 16 of 17

22. Rufino-Palomares, E.E.; Reyes-Zurita, F.J.; García-Salguero, L.; Peragón, J.; de la Higuera, M.; Lupiáñez, J.A. NADPH production,
a growth marker, is stimulated by maslinic acid in gilthead sea bream by increased NADP-IDH and ME expression. Comp.
Biochem. Physiol. 2016, 187, 32–42. [CrossRef] [PubMed]

23. Foscolou, A.; Critselis, E.; Panagiotakos, D. Olive oil consumption and human health: A narrative review. Maturitas 2018, 118,
60–66. [CrossRef]

24. Voet, D.; Voet, J.G. Bioquímica, 3rd ed.; Panamericana Ed.: Buenos Aires, Argentina, 2006.
25. Kwan, C.K.; Fu, S.C.; Yung, P.S. A high glucose level stimulate inflammation and weaken pro-resolving response in tendon

cells—A possible factor contributing to tendinopathy in diabetic patients. Asia Pac. J. Sports Med. Arthrosc. Rehabil. Technol. 2019,
19, 1–6. [CrossRef] [PubMed]

26. Liu, J.; Wang, X.; Chen, Y.P.; Mao, L.F.; Shang, J.; Sun, H.B.; Zhang, L.Y. Maslinic acid modulates glycogen metabolism by
enhancing the insulin signaling pathway and inhibiting glycogen phosphorylase. Chin. J. Nat. Med. 2014, 12, 259–265. [CrossRef]
[PubMed]

27. Wang, W.; Wu, Z.; Dai, Z.; Yang, Y.; Wang, J.; Wu, G. Glycine metabolism in animals and humans: Implications for nutrition and
health. Amino Acids 2013, 45, 463–477. [CrossRef]

28. Brandes, R.P.; Rezende, F. Glycolysis and Inflammation: Partners in Crime! Circ. Res. 2021, 129, 30–32. [CrossRef]
29. Tuncman, G.; Hirosumi, J.; Solinas, G.; Chang, L.; Karin, M.; Hotamisligil, G.S. Functional in vivo interactions between JNK1 and

JNK2 isoforms in obesity and insulin resistance. Proc. Natl. Acad. Sci. USA 2006, 103, 10741–10746. [CrossRef]
30. Ma, J.; Wei, K.; Liu, J.; Tang, K.; Zhang, H.; Zhu, L.; Chen, J.; Li, F.; Xu, P.; Liu, J.; et al. Glycogen metabolism regulates

macrophage-mediated acute inflammatory responses. Nat. Commun. 2020, 11, 1769. [CrossRef]
31. Richardson, S.R.; O’Malley, G.F. Glucose 6 Phosphate Dehydrogenase Deficiency; StatPearls: Treasure Island, FL, USA, 2022.
32. Wang, T.; Wei, J.J.; Sabatini, D.M.; Lander, E.S. Genetic screens in human cells using the CRISPR-Cas9 system. Science 2014, 343,

80–84. [CrossRef]
33. Yao, L.; Liu, Z.; Yu, J.; Luo, L.; Wang, J.; Xiao, J. Morphology of Osteogenesis Imperfecta Collagen Mimetic Peptide Assemblies

Correlates with the Identity of Glycine-Substituting Residue. ChemBioChem 2019, 20, 3013–3019. [CrossRef] [PubMed]
34. Vándor, E.; Józsa, L.; Bálint, B.J. The lactate dehydrogenase activity and isoenzyme pattern of normal and hypokinetic human

tendons. Eur. J. Appl. Physiol. Occup. Physiol. 1982, 49, 63–68. [CrossRef]
35. Alabduladhem, T.O.; Bordoni, B. Physiology, Krebs Cycle. In StatPearls; StatPearls: Treasure Island, FL, USA, 2023.
36. Zhang, Y.; Mu, T.; Jia, H.; Yang, Y.; Wu, Z. Protective effects of glycine against lipopolysaccharide-induced intestinal apoptosis

and inflammation. Amino Acids 2022, 54, 353–364. [CrossRef]
37. Raab, S.; Lefebvre, T. L’acide gras synthase, une enzyme «multi-FASette» [Fatty acid synthase, a “multi-FASet” enzyme]. Med. Sci.

2022, 38, 445–452.
38. Hunter, T. Protein kinases and phosphatases: The yin and yang of protein phosphorylation and signaling. Cell 1995, 80, 225–236.

[CrossRef]
39. Díez-Fernández, C.; Sanz, N.; Cascales, M. Changes in glucose-6-phosphate dehydrogenase and malic enzyme gene expression in

acute hepatic injury induced by thioacetamide. Biochem. Pharmacol. 1996, 51, 1159–1163. [CrossRef]
40. Plaitakis, A.; Zaganas, I. Regulation of human glutamate dehydrogenases: Implications for glutamate, ammonia and energy

metabolism in brain. J. Neurosci. Res. 2001, 66, 899–908. [CrossRef]
41. Rodríguez, M.J.; Sabaj, M.; Tolosa, G.; Herrera Vielma, F.; Zúñiga, M.J.; González, D.R.; Zúñiga-Hernández, J. Maresin-1 Prevents

Liver Fibrosis by Targeting Nrf2 and NF-κB, Reducing Oxidative Stress and Inflammation. Cells 2021, 10, 3406. [CrossRef]
[PubMed]

42. Jemai, H.; Fki, I.; Bouaziz, M.; Bouallagui, Z.; El Feki, A.; Isoda, H.; Sayadi, S. Lipid-lowering and antioxidant effects of
hydroxytyrosol and its triacetylated derivative recovered from olive tree leaves in cholesterol-fed rats. J. Agric. Food Chem. 2008,
56, 2630–2636. [CrossRef]

43. Rufino-Palomares, E.E.; Reyes-Zurita, F.J.; García-Salguero, L.; Mokhtari, K.; Medina, P.; Lupiáñez, J.A.; Peragón, J. Maslinic acid,
a triterpenic anti-tumoural agent, interferes with cytoskeleton protein expression in HT29 human colon-cancer cells. J. Proteom.
2013, 83, 15–25. [CrossRef] [PubMed]

44. Tang, Y.; Wang, Z.; Xiang, L.; Zhao, Z.; Cui, W. Functional biomaterials for tendon/ligament repair and regeneration. Regen.
Biomater. 2022, 9, rbac062. [CrossRef] [PubMed]

45. Kang, C.; Xu, Q.; Martin, T.D.; Li, M.Z.; Demaria, M.; Aron, L.; Lu, T.; Yankner, B.A.; Campisi, J.; Elledge, S.J. The DNA damage
response induces inflammation and senescence by inhibiting autophagy of GATA4. Science 2015, 349, aaa5612. [CrossRef]
[PubMed]

46. Russell, R.R., 3rd; Taegtmeyer, H. Changes in citric acid cycle flux and anaplerosis antedate the functional decline in isolated rat
hearts utilizing acetoacetate. J. Clin. Investig. 1991, 87, 384–390. [CrossRef] [PubMed]

47. Feldsine, P.; Abeyta, C.; Andrews, W.H. AOAC International methods committee guidelines for validation of qualitative and
quantitative food microbiological official methods of analysis. J. AOAC Int. 2002, 85, 1187–1200. [CrossRef]

48. Spies, J.R. Colorimetric procedures for amino acid. In Methods in Enzymology; Colowick, S.P., Kaplan, N.O., Eds.; Academic Press:
New York, NY, USA, 1957; pp. 467–471.

49. Bradford, M. A rapid and sensitive method for the quantitation of microgram quantities of protein using the principle of protein
dye-binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

https://doi.org/10.1016/j.cbpc.2016.05.002
https://www.ncbi.nlm.nih.gov/pubmed/27178358
https://doi.org/10.1016/j.maturitas.2018.10.013
https://doi.org/10.1016/j.asmart.2019.10.002
https://www.ncbi.nlm.nih.gov/pubmed/31871896
https://doi.org/10.1016/S1875-5364(14)60052-2
https://www.ncbi.nlm.nih.gov/pubmed/24863350
https://doi.org/10.1007/s00726-013-1493-1
https://doi.org/10.1161/CIRCRESAHA.121.319447
https://doi.org/10.1073/pnas.0603509103
https://doi.org/10.1038/s41467-020-15636-8
https://doi.org/10.1126/science.1246981
https://doi.org/10.1002/cbic.201900114
https://www.ncbi.nlm.nih.gov/pubmed/31237990
https://doi.org/10.1007/BF00428964
https://doi.org/10.1007/s00726-021-03011-w
https://doi.org/10.1016/0092-8674(95)90405-0
https://doi.org/10.1016/0006-2952(96)00030-5
https://doi.org/10.1002/jnr.10054
https://doi.org/10.3390/cells10123406
https://www.ncbi.nlm.nih.gov/pubmed/34943914
https://doi.org/10.1021/jf072589s
https://doi.org/10.1016/j.jprot.2013.02.031
https://www.ncbi.nlm.nih.gov/pubmed/23499989
https://doi.org/10.1093/rb/rbac062
https://www.ncbi.nlm.nih.gov/pubmed/36176715
https://doi.org/10.1126/science.aaa5612
https://www.ncbi.nlm.nih.gov/pubmed/26404840
https://doi.org/10.1172/JCI115008
https://www.ncbi.nlm.nih.gov/pubmed/1671390
https://doi.org/10.1093/jaoac/85.5.1187
https://doi.org/10.1016/0003-2697(76)90527-3


Int. J. Mol. Sci. 2024, 25, 629 17 of 17

50. Pérez-Jiménez, A.; Hidalgo, M.C.; Morales, A.E.; Arizcun, M.; Abellán, E.; Cardenete, G. Use of different combinations of
macronutrients in diets for dentex (Dentex dentex): Effects on intermediary metabolism. Comp. Biochem. Physiol. 2009, 152, 314–321.
[CrossRef]

51. Pérez-Jiménez, A.; Peres, H.; Rubio, V.C.; Oliva-Teles, A. Effects of diet supplementation with white tea and methionine on lipid
metabolism of gilthead sea bream juveniles (Sparus aurata). Fish Physiol. Biochem. 2013, 39, 661–670. [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.cbpa.2008.11.002
https://doi.org/10.1007/s10695-012-9728-8
https://www.ncbi.nlm.nih.gov/pubmed/23053611

	Introduction 
	Results 
	Interaction between Parameters 
	Growth Trial 
	Activity of Intermediary Metabolism Key Enzymes 

	Discussion 
	Materials and Methods 
	Animals and Experimental Conditions 
	Quantification of Plasma Metabolites, Ions 
	Intermediary Metabolism Enzyme Analysis 
	Hexokinase and Glucokinase 
	Pyruvate Kinase 
	Fructose 1,6-Bisphosphatase 
	Glutamate Dehydrogenase 
	Aspartate Aminotransferase 
	Alanine Aminotransferase 
	Citrate Synthase 
	Glucose 6-Phosphate Dehydrogenase 
	Malic Enzyme 
	-Hydroxyacyl-CoA Dehydrogenase 
	Fatty Acid Synthase 
	Lactate Dehydrogenase 

	Statistical Analysis 

	Conclusions 
	References

