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Abstract: Fish can go through periods of feed deprivation, either due to natural causes influenced
by temperature or management techniques in animal production, affecting their energy metabolism
differently, depending on the duration of fasting in days and water temperature. This study showed
the effect of different days of fasting before slaughter in rainbow trout by analyzing the intermediary
metabolic enzymes in the muscle and liver. For this purpose, a non-fasting group was compared
with trout that fasted for 5, 10, and 20 days (55, 107, and 200 degree days (°C d), respectively). A first
phase of increased activity of enzymes involved in glycolysis was observed, increasing hexokinase
enzyme activity in muscle and pyruvate kinase enzyme activity in muscle and liver. As the fasting
days progressed, enzymes involved in the gluconeogenic and glycogenolytic pathways in the liver
such as lactate dehydrogenase and glycogen phosphorylase increased their activity regarding the
no fasted group. After 20 days of fasting (200 °C d), lipogenic and protein related enzyme activity
depletion was observed, leading to significant changes in energy metabolism. Therefore, prolonged
fasting with high degree days duration may compromise the energy supply for the vital development
of rainbow trout.
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1. Introduction

Fish are poikilothermic animals whose internal temperature depends on the water
temperature, thus some species of fish that inhabit or spend any time in cold waters have
been able to develop an adaptation mechanism, being able to survive time periods without
ingesting food [1], adapting their metabolism to lower energy expenditure to deal with
cooler temperatures [2]. In addition to the natural causes that can produce periods of food
deprivation, there are management practices in farmed fish that subject them to periods
of fasting.

Fish metabolism is closely related to ambient water temperature, so the cumulative
sum of degree days may have a greater influence than the duration of the fast itself.

For this reason, the use of degree days is proposed to estimate the optimal fasting
period before handling procedures in rainbow trout (Oncorhynchus mykiss), especially in
warm water areas, where higher temperatures can produce a greater stress response in
rainbow trout and affect their growth [3].

Fishes 2023, 8, 53. https:/ /doi.org/10.3390/ fishes8010053

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


https://doi.org/10.3390/fishes8010053
https://doi.org/10.3390/fishes8010053
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fishes
https://www.mdpi.com
https://orcid.org/0000-0001-5699-4719
https://orcid.org/0000-0003-2608-0750
https://orcid.org/0000-0001-6678-7967
https://orcid.org/0000-0003-3258-5966
https://orcid.org/0000-0003-2542-3985
https://orcid.org/0000-0001-7110-266X
https://doi.org/10.3390/fishes8010053
https://www.mdpi.com/journal/fishes
https://www.mdpi.com/article/10.3390/fishes8010053?type=check_update&version=1

Fishes 2023, 8, 53

20f13

In aquaculture, fasting prior to slaughter is a normal practice to try to empty the
digestive system, therefore reducing the possibility of microbial contamination for food
safety in the final product. In addition to reducing metabolic activity, it could be beneficial
for improving fish meat quality, since reserve mobilization, the composition of fish fat, and
muscle deposits can be modified [4].

During the first days of fish fasting, metabolic activity is reduced, decreasing physio-
logical functions, so energy consumption and maintenance expenditure are also reduced [2].
As the fasting progresses, the fish need a greater supply of energy and begin to mobilize
their body stores, which could lead to the loss of body weight [5,6]. Faced with a greater
demand for energy to maintain their vital functions, fish start to metabolize their own
tissues, which could compromise the body’s energy reserves [7], so the metabolic response
is determined by the use of endogenous reserves [8]. Therefore, as pointed out by Pottinger
et al., short-term fasting (less than two weeks) must be differentiated from long-term fasting
or starvation [9].

Glucose homeostasis is one of the vital functions, so both the liver and the muscles
activate a series of biochemical chain reactions to maintain blood glucose levels, the first
being the enzyme glycogen phosphorylase, which is responsible for the release of glucose
molecules from glycogen and hexokinase, which is responsible for phosphorylating glucose
so that it enters the energy pathway [10]. When glycogen is depleted, other stored nutrients
begin to be used, activating a variety of intermediate metabolic pathways with phosphory-
lation enzymes such as 3-hydroxyacyl CoA dehydrogenase, responsible for the hydroxyl
group into a keto group for the use of fatty acids as an energy source, or enzymes such as
aspartate aminotransferase or alanine aminotransferase are involved in the metabolism of
amino acids [11], leading to the consumption of lipid and protein sources in the liver and
muscle tissues. In rainbow trout, gluconeogenesis takes place primarily in the liver [12] and
to cope with fasting periods, intermediate biochemical pathways are activated to maintain
glucose homeostasis, necessary to maintain brain activity, and the regulation of respiratory
and mineral balance [11,13]. The last active reserve of rainbow trout is muscle protein [5],
which differs from mammals, which first use proteins as energy stores before lipids.

In this sense, as previously indicated, the physiological processes related to energy
storage and production in fish can be modified by fasting situations. These energy storage
and production pathways are regulated by intermediary metabolic enzymes. In this work,
the modification of the metabolic pathways of the intermediate metabolism of muscle and
liver in rainbow trout during fasting prior to slaughter will be evaluated.

2. Materials and Methods
2.1. Experimental Design

For this study, a total of 432 rainbow trout were used, obtained from a local fish farm
(Cifuentes, Guadalajara, Spain) and with an average weight of 225 & 5.78 g. Trout were
located at the fish farm of the School of Forestry Engineering, at the Polytechnic University
of Madrid. The fish farm is located on a small slope and structured in terraces or raceways.
The water is taken from an underground well and flows through the different terraces,
taking advantage of the slope and providing a constant water flow (1.6 L/s, recirculation).
The study was carried out under natural environmental conditions in October, exposing the
animals to a natural photoperiod (11 L:13 D) and average water temperature and dissolved
oxygen of 12.47 + 1.42 °C and 9.5 £ 0.5 mg O, /L, respectively, which were recorded daily.

Four raceways were used for the trial, with a volume of 5.16 m® and with a constant
water flow and oxygen supply. Each raceway was divided into six compartments by means
of stainless-steel plates with holes, with each section having the same volume (0.86 m3),
obtaining a total of 24 compartments or cages (Figure 1).
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Figure 1. Experimental design. Distribution of trout between the different cages and treatments
(pre-slaughter fasting times).

The trout were divided into the cages homogeneously so that there were 18 trout in
each cage (stocking density per cage: 4,88 kg/m3). A week before the test, fish were fed
twice a day by hand using a commercial feed (42% crude protein, 23% fat, 4.1% ash, and
2.0% crude fiber, 30 ppm astaxanthin; 1% of their body weight), and in compliance with
recommendations for rainbow trout, throwing the food on the surface of the water and
observing that they ate and behaved normally.

After the acclimatization week, the experiment was carried out by subjecting the
animals to different pre-slaughter fasting periods, with six cages per treatment: no fasting
(0°Cd; 0D), 5 days of fasting (55 °C d; 5 D), 10 days of fasting (107 °C d; 10 D), and 20 days
of fasting (200 °C d; 20 D).

Following the pre-slaughter fasting periods, trout were captured by dip nets and
stunned by electric shock to the head at 90 W for 2 s, then immediately (<15 s) slaughtered
by cutting the spinal cord at the base of the head.

Trout were eviscerated and liver and muscle samples were taken from three trout per
cage, placing them in liquid nitrogen and frozen at —80 °C until further analysis.

2.2. Assay Procedures

The activities of the intermediate metabolic enzymes were evaluated in the liver and
muscle. These were homogenized in an Ultra-Turrax T25 homogenizer (Janke & Kunkel
IKA®-Labortechnik, Staufen, Germany) by ultrasonic disruption in 10 volumes of ice-cold
homogenization buffer (50 mM imidazole, 1 mM 2-mercaptoethanol, 50 mM NaF, 4 mM
EDTA, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and 250 mM phenylmethylsulfonyl
fluoride (PMSF) sucrose, pH 7.5). The homogenate was centrifuged in a Hermle Z 323 K
centrifuge for 30 min at 3220 x g and 4 °C, and the supernatant was stored at —80 °C for
later analysis. The hexokinase (HK), pyruvate kinase (PK), fructose 1,6-bisphosphatase
(FBP), lactate dehydrogenase (LDH), glycogen phosphorylase (GPt: total; GPa: activated),
glyceraldehyde-3-phosphate dehydrogenase (G3PDH), 3-hydroxyacyl CoA dehydrogenase
(HOAD), glucose 6-phosphate dehydrogenase (G6PDH), aspartate aminotransferase (GOT),
alanine aminotransferase (GPT), and glutamate dehydrogenase (GDH) enzyme activities
were evaluated as previously described for Sparus aurata [14-18], after adaptation of the
methods described for salmonids [19,20]. Enzyme activities were determined at 25 £ 0.5 °C
using a Multiskan GO microplate spectrophotometer (Thermo Scientific). The substrate and
protein concentrations necessary to measure the maximum activity of each enzyme were
established based on preliminary assays. Reactions began by adding the supernatant to a
preset protein concentration, omitting the substrate in the control plates. The protein was
assayed in duplicate in the homogenates as described by the Bradford method [21] using
bovine serum albumin (Sigma-Aldrich, MO, USA) as the standard. The activity rates of the
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enzymes were determined by changes in the absorbance from the reduction of NADH to
NADPH, measured at 340 nm (molar extinction coefficient of 6.22 mM~! cm~1) and 37 °C
during pre-established times (10-15 min). Enzyme activities were expressed as mU/mg
protein.

2.3. Statistical Analysis

The data were analyzed using the Statgraphics v. 19 software (Statgraphics Tech-
nologies, Virginia, USA). A prior analysis of normality and homogeneity of variance was
performed for all variables using the Shapiro-Wilk and Bartlett test, respectively. When
the parameters did not meet the two assumptions, the variables were transformed. The
tables presented backward transformed mean values to facilitate the interpretation of the
results, although standard errors of the mean (SEM) were presented for the transformed
variables. We performed an ANOVA, with pre-slaughter fasting times as the fixed effect.
The Bonferroni test was used for the mean comparison (p < 0.05) and data were presented
in all figures as the mean 4 SEM.

3. Results
3.1. Enzymes of the Intermediate Metabolism in Muscle

The effect of the different fasting periods (°C d) on the enzyme activities of the rainbow
trout muscle related to glycolytic metabolism are presented in Figure 2. HK and PK enzymes
presented a higher activity on fish subjected to 5 days of pre-slaughter fasting than the no
fasted and 20 D fish. No significant differences due to fasting times were observed in FBP,
GPt, and GPa.
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Figure 2. Means = SEM of enzyme activities (n = 18 per treatment) related to glycolytic and
glycogenolysis metabolism in muscle. € Different letters indicate significant differences between
pre-slaughter times (p < 0.05). HK: hexokinase; PK: pyruvate kinase; FBP: fructose 1.6-bisphosphatase;
GPt: total glycogen phosphorylase; GPa: activated glycogen phosphorylase. Transformation data for
parameters when performing analysis of variance: Gpa (square root). In the transformed variables,
the SEM are presented for the transformed data and means are presented as back-transformed for
better interpretation.
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The response to different fasting periods of enzyme muscle activity related to lipid
metabolism is shown in Figure 3. HOAD enzyme activity was higher in the 10 D and 20 D
fish than the other groups. The 20 D fish presented a higher G6PDH enzyme activity than
5D and 10 D, but no significant differences between treatments were found in the G3PDH
and HOAD enzyme activities.

G3PDH (mU/mg protein) HOAD (mU/mg protein) G6PDH (mU/mg protein)
25 8- 0.3 a
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Figure 3. Means 4+ SEM of the enzyme activities (1 = 18 per treatment) related to lipid metabolism
in the muscle. & Different letters indicate significant differences between the pre-slaughter times
(p < 0.05). G3PDH: glyceraldehyde-3-phosphate dehydrogenase; HOAD: 3-hydroxyacyl CoA dehy-
drogenase; G6PDH: glucose 6-phosphate dehydrogenase. Transformation data for the parameters
when performing analysis of variance: G6PDH (square root); HOAD (log10). In transformed vari-
ables, the SEM are presented for the transformed data and means are presented as back-transformed
for better interpretation.

The GOT enzyme activity in muscle was significantly higher in 5 D fish than 0 D and
10 D. The 5 D and 10 D fish presented a significantly lower enzyme activity of GDH in
muscle than 0 D. No significant differences due to fasting times were found in the GPt
enzyme activity in muscle (Figure 4).

GOT (mU/mg protein) GPT (mU/mg protein) GDH (mU/mg protein)
250 a 1.5+ 2.5
a
200 2.0 ab
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oD 5D 10D 20D 0D 5D 10D 20D oD 5D 10D 20D

Figure 4. Means + SEM of the enzyme activities (1 = 18 per treatment) related to protein metabolism
in muscle. P Different letters indicate significant differences between pre-slaughter times (p < 0.05).
GOT: aspartate aminotransferase; GPT: alanine aminotransferase; GDH: glutamate dehydrogenase.
Transformation data for parameters when performing analysis of variance: GOT (log10); GDH (log10).
In the transformed variables, the SEM are presented for the transformed data and the means are
presented as back-transformed for better interpretation.

3.2. Enzymes of the Intermediate Metabolism in Liver

The effect of pre-slaughter fasting times on the intermediate metabolism enzymes
related to glycolytic metabolism of the liver of rainbow trout is shown in Figure 5. PK
enzyme activity was significantly higher in the 5 D and 10 D fish than the 0 D and 20 D. No
fasted fish presented a lower enzyme activity of FBP than the other groups. LDH enzyme
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activity was significantly higher in the 0 D and 5 D than the 20 D fish. No significant
differences were found in the HK enzyme activity between treatments.

HK (mU/mg protein) PK (mU/mg protein)
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Figure 5. Means £ SEM of the enzyme activities (1 = 18 per treatment) related to glycolytic metabolism
in the liver. P Different letters indicate significant differences between the pre-slaughter times
(p < 0.05). HK: hexokinase; PK: pyruvate kinase; FBP: fructose 1.6-bisphosphatase; LDH: lactate
dehydrogenase. Transformation data for the parameters when performing analysis of variance: LDH
(square root). In the transformed variables, the SEM are presented for the transformed data and the
means are presented as back-transformed for better interpretation.

The results of the enzyme activities involved in the glycogenolysis pathway in the
liver are shown in Figure 6. The 20 D fish presented a significantly lower enzyme activity
of GPt than 5 D and 10 D. The GPa was significantly lower in the 20 D fish than the rest of
the treatments.

Gpt (mU/mg protein) Gpa (mU/mg protein)
6 5+
a a 2
ab a 44 a
4- b b
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oD 5D 10D 20D oD 5D 10D 20D

Figure 6. Means + SEM of the enzyme activities (n = 18 per treatment) related to glycogenolysis
metabolism in the liver. P Different letters indicate significant differences between the pre-slaughter
times (p < 0.05). GPt: total glycogen phosphorylase; GPa: activated glycogen phosphorylase.
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Figure 7 shows the response to different fasting periods of the lipid liver metabolism
enzymes. The G3PDH enzyme presented the lowest activity in the 20 D fish and highest in
5D, while the 0 D and 10 D fish presented intermediate values and was similar between
them. The 20 D fish showed a significantly lower enzyme activity of GGPDH than the rest of
the groups. No significant differences between fasting times were found in HOAD enzyme

activity in the liver.

G3PDH (mU/mg protein) HOAD (mU/mg protein) G6PDH (mU/mg protein)
15 1.5+ 15
a & a

10 2 . 10 b

b
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Figure 7. Means + SEM of enzyme activities (1 = 18 per treatment) related to lipid metabolism in the
liver. @< Different letters indicate significant differences between the pre-slaughter times (p < 0.05).
G3PDH: glyceraldehyde-3-phosphate dehydrogenase; HOAD: 3-hydroxyacyl CoA dehydrogenase;
G6PDH: glucose 6-phosphate dehydrogenase.

A significantly higher enzyme activity of GPT in the 0 D and 5 D fish than 20 D was
observed. GDH enzyme activity presented the lowest value in the 20 D fish and 10 D
fish presented a significantly higher activity than the 0 D fish. No significant differences
between fasting times were found in the GOT enzyme activity in the liver (Figure 8).

GOT (mU/mg protein) GPT (mU/mg protein) GDH (mU/mg protein)
1.5+ 209 . a 15+ .
ab ab
15 b
1.0+ 10+ c
10+
0.5 5
5_.
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Figure 8. Means £ SEM of the enzyme activities (n = 18 per treatment) related to protein metabolism
in the liver. @ ¢ Different letters indicate significant differences between the pre-slaughter times
(p < 0.05). GOT: aspartate aminotransferase; GPT: alanine aminotransferase; GDH: glutamate dehy-
drogenase. Transformation data for parameters when performing analysis of variance: GOT (square
root). In the transformed variables, the SEM are presented for the transformed data and means are
presented as back-transformed for better interpretation.

4. Discussion

All freshwater fish that live in rivers and lakes have different abilities to adapt to envi-
ronmental factors such as low temperatures, low oxygen levels, and food shortages during
periods of hibernation or winter. The adaptation of fish to periods of food deprivation
produces a decrease in metabolic activity and the activation of different pathways aimed
at energy production through internal energy sources, activating enzymes that trigger
gluconeogenic flow and other metabolic pathways [22,23].
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4.1. Enzymes of the Intermediate Metabolism in Muscle

Regarding the intermediate metabolism enzymes of the muscle, the present study
showed how the first days of fasting produced a consumption of glucose followed by
glycogen and lipids, and as time progresses, fasting leads to protein catabolism. HK
enzyme, involved in the glycolytic pathway, showed a peak of activity at 5 days of pre-
slaughter fasting (55 °C d), which is supported by other authors who determined that
on the first 5 days of fasting, there is greater use of glucose as an energy fuel, which
is also observed by the increase in PK, a glycolytic enzyme involved in the pathway of
catabolizing glucose. The increase in these enzymes may have kept the glucose stable
during the first days of fasting, a fact that coincides with other authors who determined
that the glucose level after the fasting period remained stable in Rhamdia quelen [8] and
rainbow trout (Oncorhynchus mykiss) [3,23]. After 10 days of fasting (107 °C d), HK and PK
activity decreased, which could indicate that the use of glucose for glycolytic purposes was
limited. Therefore, glucose levels after 10 days (107 °C d) and 20 days (200 °C d) of fasting
tend to be lower than non-fasted fish [23], but within the basal levels, probably because it
is an essential fuel for various tissues [24], possibly at the expense of glycogen stored in
the liver.

As the FBP enzyme did not undergo significant alterations between the different fast-
ing groups, its activation would be due to its role as an enzyme involved in gluconeogenesis
in muscle to maintain glucose homeostasis. Similar facts have been appreciated by Karatas
(2018), who observed that during the first days that fish were feed deprived, glycogen
hydrolysis plays an important role in regulating blood glucose homeostasis as it releases
glucose from liver glycogen into the blood during fasting [11]. According to previous
studies [11], the first metabolic response in fish during a period of food deprivation is
the use of liver glycogen, which is a readily available energy store. Harmon et al. (1991)
determined that muscle glycogen generally tends to be conserved during fasting, since it is
primarily used to support muscle activity [25], which could explain the lack of significant
differences in the GPt and GPa enzyme activities in our study. Meton et al. (2003) explained
that apart from glycogenolysis, the balance between glycolysis and gluconeogenesis is
important for maintaining glucose homeostasis during fasting [26].

Glycerol is used as a substrate for gluconeogenesis, first phosphorylated by the en-
zyme glycerol kinase to form glycerol-3-phosphate (G3P), and then converted by glycerol-3-
phosphate dehydrogenase to dihydroxyacetone phosphate (DHAP), which is an intermedi-
ate of the gluconeogenic and glycolytic pathways [27]. The use of lipid fuels as a substrate
for the different metabolic pathways saves the lower reserves of carbohydrates (conserved
as fuel for specialized organs such as the brain) and minimizes the consumption of muscle
protein for fuel [28].

In another study in which trout were subjected to a fasting period, it was observed
that in the first 48 h of fasting, liver glycogen was significantly reduced, indicating that
the fish first used carbohydrates to supply energy, but after 48 h, showed increased lipid
utilization [27]. In our study, HOAD enzyme activity increased after 10 days of fasting
(107 °C d) and G6PDH increased significantly after 20 days of fasting (200 °C d), which
could indicate the use of lipids as substrates of gluconeogenesis.

Proteins are the main source of energy in the muscle, since in absolute terms, they
are the main muscle component [29]. The highest value of the enzyme GDH was found
in no fasted fish. After 5 and 10 days of pre-slaughter fasting, (55 °C d), and (107 °C d),
GDH activity decreased. This result agrees with Frick et al. (2008), who stated that after
60 days of fasting in lungfish, there was a reduction in GDH activity in the muscle and lung
tissues [30]. Furné et al. (2012) maintained that GOT and GDH enzymes remained active
during fasting [14], corroborating protein catabolism, as we saw in our study that after 5 D,
the GOT activity increased significantly as an active substrate of gluconeogenesis.
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4.2. Enzymes of the Intermediate Metabolism in Liver

The increase in the first 5 days of fasting (55 °C d) of enzymes involved in the glycolysis
pathway in the liver such as PK indicated a greater use of glucose as energy fuel, remaining
high after 10 fasting days (107 °C d). Furné et al. (2012) indicated increased activity of
the enzymes involved in glycolysis (hepatic glycolytic enzymes) during the first days of
fasting, and a decrease in liver glycogen stores and plasma glucose, and after 5 days of
fasting, the activity of the glycolytic enzymes decreased [14]. In our study, after 20 days of
fasting (200 °C d), PK activity was lower than the no fasting fish group, corroborated by Dai
et al. (2022), who observed that the concentration of several key enzymes and hormones in
the process of glycolysis (for example, GCK (glucokinase), HK, PK, or insulin) decreased
significantly with fasting [12].

The decrease in glycolysis is linked to an increase in gluconeogenesis, observing re-
duced glucose levels [31,32]. Inhibition of glycolysis is an adaptive mechanism that is
probably related to the decrease in blood glucose concentration and hepatic glycogen con-
sumption [26,33]. Excessive consumption of liver glycogen leads to a low hepatic somatic
index. Liver glycogen and muscle glycogen are used as nutrients [12]. Gluconeogenesis
takes place primarily in the liver [21,34-36]. Enzyme changes are aimed at enhancing the
liver’s potential for gluconeogenesis during a period of food deprivation [22].

Facing a period without food, body cells need an energy supply to maintain muscle
glucose. The activity of PK and FBP enzymes in the liver increased significantly after
five days of fasting (55 °C d), which could be related to energy production and activation
of gluconeogenic enzymes in the liver. FBP activity is maximal in trout liver during
gluconeogenesis. Our results showed an increase in the activity of FBP after a fasting
period that tended to be constant until 20 days of fasting. FBP remained constant after a
period of food deprivation in its role of maintaining blood glucose levels, accompanied in
longer fasting times with a decrease in liver enzyme activity involved in glycolysis, aimed
at maintaining vital functions [6,31,37]. PK phosphorylation during fasting was observed
along with other indicators of the maintenance and gluconeogenesis pathway activity as
an energy generator such as the increase in lactate and amino acids [13]. Our results show
that after 20 days of fasting (200 °C d), LDH dropped significantly, which could indicate an
energy compromise. Supporting gluconeogenesis activation, the LDH enzyme underwent
an increase in its concentration during the first days of fasting, which seems to indicate the
use of lactate with gluconeogenic purposes, and agrees with other authors who determined
that gluconeogenesis indicator enzymes from non-carbohydrate substrates such as GPT
and the increase in LDH are important in trout gluconeogenesis, and in the muscle, LDH
promotes regeneration of NAD+ to continue glycolysis [13].

On the other hand, previous studies have determined that the inhibition of HK, PK,
and G6PDH enzyme activity observed in the liver of fish subjected to food deprivation could
indicate a reduced rate of glucose uptake and utilization to maintain glycemia [26,37-41].
According to Bermejo-Poza et al. (2017), it is known that the liver plays an important
role in maintaining homeostasis during food deprivation, whose color is affected and can
be used as an indicator of fasting stress in fish [42]. During longer fasting or starvation,
blood glucose levels may be maintained through a metabolic adaptation involving a
decrease in liver enzymes involved in glycolysis and the pentose phosphate pathway, and
a simultaneous increase in FBP-gluconeogenic 1 and glucose-6-phosphatase [33].

G6PDH is essential to produce NADPH, necessary for fatty acid synthesis. A sig-
nificant decrease in G6PDH could be related to a decreased lipogenic capacity [22,43], as
observed after 20 fasting days (200 °C d) in our study. Nagayama et al. (1972) reported
that the activity of hepatic GGPDH decreased when Japanese eel (Anguilla Japonica) and
rainbow trout (Salmo gairdneri) were fasted for 15 days [44]. Glycogen and lipids stored
in liver hepatocytes are primary sources of energy during short-term fasting [45]. Favero
et al. (2018, 2020) determined that liver glycogen and lipids as well as decreased muscle
lipids are associated with decreased hepatosomatic index values during fasting [46,47]. The
enzymes GPa and GPt increased after 5 fasting days (55 °C d) to initiate the glycogenolytic
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pathway, and together with gluconeogenesis, formed glycogen to distribute to the rest of
the body and maintain glycemia. After 20 fasting days (200 °C d), their activity decreased
significantly due to scarcity of the substrate, compromising well-being and vital functions.

The G3PDH enzyme, involved in lipid metabolism, increased after 5 days of fasting
(65 °C d), which could be explained because it is a substrate for gluconeogenesis, and the
significant decrease after 20 days of fasting (200 °C d) could be related to a depletion in
the energy reserves. Glycerol is mainly used as a gluconeogenic substrate and glycolytic
pathway [28]. A significant decrease in GBPDH and G6PDH may be related to a reduced
lipogenic capacity during fasting, as observed after 20 days of fasting (200 °C d), which
coincides with Lin et al. (1977), who, after 23 days of fasting, observed a significant decrease
in body weight, liver weight, and lipogenic enzyme activities in coho salmon [1].

Under aerobic conditions, energy is produced from the oxidation of amino acids and
not from glucose. Amino acid oxidation occurs mainly in the Krebs cycle. The tissues
that have more mitochondria are where this oxidation of amino acids occurs, tissues such
as the liver, gills, or muscle. The most important transaminases are GPT and GOT. The
first step in amino acid catabolism is a transamination reaction, where the amino group
is transferred to alpha-ketoglutarate and gives rise to glutamate. Glutamate regenerates
alpha-ketoglutarate by releasing ammonium ions by the enzyme GDH. The decrease in
GPT activity after fasting for 10 and 20 days (107 °C d) (200 °C d), after reaching its
maximum activity at 5 fasting days, could be a protective strategy to prevent the excessive
oxidation of body proteins [31]. The GPT enzyme presented the highest activity after
5 days of fasting and GDH after 10 days of fasting (107 °C d), to drop below the activity
of the non-fasted group after 20 days (200 °C d). In muscle, there is more GDH activity
after long periods of fasting to maintain muscle energy function and obtain substrates to
generate energy. The GDH enzyme is found in high concentrations in the liver of fish,
having great importance in the oxidation of amino acids. Decreased protein levels may be
related to the conversion of energy from protein through gluconeogenesis or the slowing
of protein synthesis due to fasting time [11], results that are consistent with this study
after 20 fasting days (200 °C d), which resulted in a generalized decrease in the activity of
enzymes involved in gluconeogenesis.

5. Conclusions

In the muscle during the first days of fasting, as has been observed, the glycolysis
pathway is initiated to maintain stable glucose levels and other metabolic pathways are
activated by the consumption of glycogen and lipids. After prolonged fasting or starvation,
protein catabolism is observed, unlike mammals that use proteins first when faced with
an energy demand, followed by carbohydrate and lipids, so rainbow trout seems to be
characterized by first using their carbohydrate and lipid reserves and then protein. After
a 5 day fasting period (55 °C d), the activity of enzymes involved in glycolysis in the
liver and muscle of rainbow trout increased. After a 10 day fasting period (107 °C d),
the activity of glycolytic enzymes began to decrease, with enzymes involved in liver and
muscle gluconeogenesis and glycogenolysis being active.

In the liver, gluconeogenesis began, as we can conclude, from the increase in PK after
a 5-day fast (55 °C d), increasing enzymes that participate as substrates of this pathway
G3PDH, G6PDH, GPT, and glycogenolysis was activated, as noted by the increase in GPa,
and GPt. After 20 days of fasting (200 °C d), the energy deposits began to be consumed,
observing a decrease in substrates to generate energy and lower enzyme activities of LDH,
PK, GPa, GPt, G3PDH, G6PDH, GPT, and GDH. The liver provides the energy needed by
the rest of the tissues, which is why it commits the energy needed by the muscle to carry out
its functions. Therefore, rainbow trout would tend to decrease the blood glucose and liver
glycogen levels after five days of fasting, as explained by the decrease in the activity of the
enzymes involved in gluconeogenesis and glycogenolysis as well as the enzymes related to
lipogenic capacity and protein metabolism, so there is a greater energy commitment that
compromises the well-being and quality of the meat.
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Based on our results, in response to fasting, rainbow trout begins to use glucose
as an energy reserve and after five days of fasting, gluconeogenic and glycogenolytic
pathways are promoted, but with no effect on lipids or protein metabolism, showing
that rainbow trout can cope well with up to 55 °C d of fasting. Lipogenic and protein
related enzymes increase their activity after 20 days of fasting, changing energy metabolism.
Therefore, prolonged fasting and high water temperature can reduce the energy supply and
compromise vital functions of rainbow trout, so, based on these results, we can recommend
not subjecting rainbow trout to pre-slaughter fasting higher than 55 °C d, and that more
studies are needed to determine the optimal pre-slaughter fasting period on this species.
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