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Abstract

Curcumin in 0.5 and 1% doses were given as a feed additive to tilapia (Oreochromis mossambicus) for
100 days to evaluate the effect of curcumin on fatty acid levels in the brain, appetite and growth axis-
related gene expressions. A total of 180 fish were randomly stocked into 650 L tanks and fed with basal
feed during acclimatization. Three treatment groups were established with each having three replicates
and each replicate had 20 fish. They were fed twice on the experimental diets of 10% body weight ration
per fish. Gas chromatography analysis revealed a significant change in the amount of total saturated
fatty acids (SFAs) and total monounsaturated fatty acids (MUFASs) in the tilapia brain. The present study
indicated an increase in n-3 (omega-3) and n-6 (omega-6) polyunsaturated fatty acids (PUFAs) in the
brain. Real-time quantification of appetite and growth-related gene expressions revealed a significant
modulation in their mRNA expressions.

Introduction

All physiological processes including feeding and growth in fish are regulated by complex mechanisms in
response to various exogeneous and endogeneous signals. Among the external signals diet is the most
important signal that governs fish growth. Specific diet acts on endocrine cells and regulates the
expression and secretion of appetite and growth-regulating hormones in fish (Bertucci et al. 2019).
Curcumin, the polyphenolic phytochemical from Curcuma longa Linn., has confirmed its safe and growth-
promoting effects as a dietary supplement in multiple fish species (Midhun et al. 2016; Mahmoud et al.
2017; Sruthi et al. 2018; Xavier et al. 2020; 2021; Li et al. 2022).

The brain is the signaling integration center that receives, processes and responds to various internal
signals (both central and peripheral) ultimately regulating growth in fish. The growth hormone (GH)-
growth hormone receptor (GHR)-insulin-like growth factor (IGF) growth axis plays a critical role in the
endocrine regulation of fish growth. Growth hormone, secreted from the anterior pituitary of the brain
promotes cell division and somatic growth by binding to growth hormone receptor (GHR) and indirectly
through the stimulation of insulin-like growth factor 1 and 2 (IGF1 and 2) in target tissues such as muscle
(Bowers et al. 1984; Brooks and Waters 2010). The downstream signaling cascade promotes protein
synthesis increasing muscle cell growth and differentiation which is of great importance in aquaculture
(Yang et al. 2021).

In addition to the GH-GHR-IGF axis, fish growth is regulated by the expression and release of several
appetite-regulating peptides. The brain (central) and the gastrointestinal tissues (peripheral) are the vital
organs that are involved in the release of appetite-regulating peptides. The key central neuropeptides that
stimulate (orexigenic) or inhibit (anorexigenic) feeding and thereby regulate energy intake, expenditure
and storage are neuropeptide Y (NPY), agouti-related peptide (AgRP), cocaine and amphetamine-related
transcript (CART) and pro-opio melanocortin (POMC) (Soengas 2021). NPY (36kDa amino acid peptide)
is the most abundant neuropeptide within the brain (Loh et al. 2015). It has been shown to play an
essential role in improving growth in fish by stimulating the release of GH (Li et al. 2017). The
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melanocortin system includes AGRP and POMC expressing neurons. AgRP is a 128 amino acid
neuropeptide and is an endogenous antagonist of melanocortin receptors 3 and 4 (MC3R and MC4R).
This orexigenic factor is mainly expressed in the brain of fish (Volkoff 2016). The anorexigenic neurons in
the arcuate nucleus synthesize pro-opiomelanocortin (POMC) a 267 amino acid peptide that decreases
food intake and increases energy expenditure. These two neuropeptides integrate the information from
circulating molecules and signals from the brain and regulate feeding (Volkoff 2016). Ghrelin is released
primarily from the peripheral tissues (Kaiya et al. 2003; Londraville et al. 2014). The growth hormone
(GH)-secretagogue, ghrelin, is a gut-brain 28 amino acid peptide hormone, primarily released by the
stomach and binds to the growth hormone secretagogue receptor (GHSR) (Delporte 2013; Sanchez-
Bretano et al. 2015). Low levels of ghrelin are also detected in the brain (Unniappan and Peter 2005; Xu
and Volkoff 2009). Ghrelin also acts at the GHSR to stimulate the secretion of GH in mammals (Sun et al.
2004).

The production of appetite-regulating neuropeptides from the respective neurons occurs as a result of
integrating various information including the levels of hormones and nutrients such as fatty acids, sugars
and amino acids emphasizing the link between nutrient levels and the expression of neuropeptides, both
are important for fish growth (Delgado et al. 2017). Fish are capable of sensing and responding to the
levels of circulating metabolites such as fatty acids, sugars and amino acids (Ogunnowo-Bada et al.
2014; Efeyan et al. 2015). In fish, lipids and their constituent fatty acids are the favored source of
metabolic energy for better growth and development. The fish brain is rich in fatty acids (Sargent et al.
2003). Fatty acids provide metabolic energy through mitochondrial B-oxidation in fish (Londraville and
Sidell 1990; Sidell et al. 1987). Fish is an excellent, rich and unique dietary source of long-chain
polyunsaturated fatty acids (LC-PUFAs), critically important for human health (Tacon and Metian 2013;
Tocher 2015; Connor 2000). Eicosapentaenoic (EPA; C20:5) and docosahexaenoic (DHA; C22:6) acids,
belong to the n-3 (omega-3) series of LC-PUFAs, are abundant in fish. The n-6 (omega-6) series of LC-
PUFAs include linoleic (LA; C18:2) and arachidonic (AA; C20:4) acids (Connor 2000). Improving the level
of LC-PUFAs is paramount and significant in aquaculture.

The present study aimed to assess the effect of curcumin-induced changes on fatty acid levels and the
MRNA expression of appetite-regulating peptides and growth-regulating factors hence the GH-GHR-IGF
growth axis in a commercially important fish species such as tilapia (Oreochromis mossambicus).

Materials And Methods
Fish collection and diet preparation

Tilapia (0. mossambicus), were provided by Krishi Vigyan Kendra, Kasaragod, India. Before the initiation
of the experiment, they were housed in 650 L stock tanks with aerated water (26—28°C), natural
photoperiod (12 L:12 D) and fed ad /ibitum once daily with basal feed for a month. The ingredients in the
basal feed were fishmeal, groundnut oil cake, rice bran and tapioca flour, with an adequate amount of
vitamin drops (A-Z drops, ALKEM Laboratories Ltd., Mumbai) in the form of dry pellets (Hardy 1980;
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Johnson 2004). The dried feeds were sealed in vacuum-packed bags and stored at -20°C until further
use. The proportion of ingredients and their proximate composition in the basal feed is as described
earlier (Johnson 2004; Midhun et al. 2016). The lipid source in the control and experimental feeds were
kept constant. All the experiments conducted were approved by the Institutional Bio-Safety and Animal
Ethical Committee of the Central University of Kerala.

Experimental design

At the initiation of the experiments, fish (n = 180, individually weighed) with an average initial weight
(2.82 + 0.04 g) were distributed into three experimental groups (three replicate tanks [0.61x0.30x0.30 m]
series each) of control, and two curcumin-treated groups. Tank A series constituted the control group, and
B and C series 0.5 and 1% curcumin, respectively. The experimental feed pellets were prepared by
supplementing 0.5 and 1% curcumin (by weight) to the basal feed and air-dried in dark. The doses of 0.5
and 1% curcumin were selected on the basis of previous studies (Midhun et al. 2016; Sruthi et al. 2018).
The fish were fed twice daily in equal proportions (8.00 a.m-9.00 am and 4.00 p.m-5 pm) on the
experimental diet of a 10% body weight ration per fish, for a period of 100 days. The weight of the fish
were checked every twenty days of feeding, and the feed given was modified according to the body
weight. During the experiment, each tank was individually aerated and the water was refreshed daily one-
third of the total volume. The feeding trial was completed under natural photoperiod.

Experimental sampling

At the termination of 100 days, the fish were starved overnight. The following day they were randomly
chosen from each tank (n = 10) and anesthetized using tricaine methane sulfonate (MS-222, Sigma,
USA). The fish were then decapitated, using sterilized scissors and surgical blades. The samples for RNA
isolation (brain, stomach and muscle) were excised from the fish and immediately transferred into TmL
Tri reagent (Sigma-Aldrich). Brain and muscle samples were excised from the fish and were transferred to
a -80°C freezer until further analysis (Panasonic ultra-low temperature freezer, Japan).

Analysis of fatty acid composition by Gas Chromatography

The extraction of fat in the brain was done with chloroform/methanol (2:1 v/v) (Folch et al. 1957). Lipid
samples were converted to their constituent fatty acid methyl esters (FAMEs) following the method of
Metcalfe et al. (1966). Analysis of methyl esters was performed by a capillary gas chromatograph model
Agilent 6890 (Agilent Technology, USA) equipped with a split-splitless injector, flame ionization detection
(FID) system used to separate and quantify each FAME component. Compounds were identified by
comparison of the retention times of 37 components FAME mix 47885-U (Supelco, Germany).

Health lipid index and PUFA damage

The lipid quality index was calculated according to Ulbricht and Southgate (1991). Thrombogenic Index
(T1) is the relationship between the pro-thrombogenetic (SFAs) and the anti-thrombogenetic (MUFAs and
PUFAs) fatty acids.
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The Thrombogenic Index was calculated as follows:

TI=[(C14+C16+C18)/ (0.5 x Sum MUFAs + 0.5 x Sum n-6 PUFAs + 3 x Sum n-3 PUFAs + (n-3/n-6))].
The Polyene index (PI) is used to measure the PUFA damage.

Polyene index was calculated according to Lubis and Buckle (1990).

Pl= [(C20:5 + C22:6)/C16).

Quantitative RT - PCR Gene Expression Measurement

The total RNA isolation from the brain, stomach and muscle was done by the Trizol method. The
concentration and quality of RNA were validated spectrophotometrically using a Nanodrop
(Thermoscientific, USA) by OD 260:280 ratios. One microgram of RNA from each sample was reverse
transcribed to cDNA (Thermoscientific, USA). Real-time quantification of genes was performed using
SYBR Green Supermix (Biorad). The primer sequences specific for each gene (Table 1) were prepared
according to the IDT chart sheet (Integrated DNA Technologies, USA). The amplification of genes was
performed in a 96-well plate loaded with10uL SYBR, 1L reverse, TuL forward primers and 2uL cDNA in
each well. The RT-qPCR cycling programme consisted of an initial step of 95°C for 10s, followed by 40
cycles of 959C for the 30s and specific annealing and extension temperatures for 15s (Table 1). RT-gPCR
was performed using LC 480 RTPCR (Roche, USA). Among the experimental groups, B-actin gene
expression was unchanged and is used as a reference gene. The mRNA expression levels were calculated
according to the 2P°PCT method (Livak and Schmittgen 2001). The mRNA expression in experimental
groups was calculated as a fold of the mRNA expression in control, which was considered to be 1.
Triplicate readings were taken with appropriate non-template control (NTC). At the end of each run, a
melting curve analysis was performed to confirm the specificity of the amplified product.

Statistical Analysis

The SPSS version 16 was used to analyse all data. One-way ANOVA was used for the analysis of the
data. The statistical significance is set at p < 0.05 in Duncan's multiple range test (Duncan 1995).

Results
Brain fatty acids

The fatty acid composition in brain of tilapia fed different doses of curcumin is presented in Table 2. Gas
chromatography confirmed the identification and quantification of 25 fatty acids in the brain of tilapia.
Palmitic acid (C16), myristoleic acid (C14:1), elaidic acid (C18:1), docosahexaenoic acid (C22:6) and
linoelaidic acid (C18:2) were recorded in the highest proportions. Compared to control, the total amount
of SFAs and PUFAs in the brain significantly increased with both doses of curcumin (p < 0.05). The total
amount of MUFAs significantly decreased with two doses of curcumin in the tilapia brain (p < 0.05). The

Page 5/20



main LC-PUFAs detected were DHA, LA and AA. The n-3 PUFAs such as EPA and DHA and n-6 PUFAs such
as LA and AA were increased significantly in the brain with 0.5 and 1% curcumin supplementation
compared to control (p < 0.05).

Nutritional quality, health lipid index and PUFA damage

Table 2 shows different ratios of fatty acids related to nutritional quality in the brain of tilapia fed
different doses of curcumin. The ratios, n-3/n-6 and DHA/EPA were significantly increased with different
doses of curcumin-fed tilapia compared to control (p < 0.05). The PUFAs/SFAs ratio in the brain was
significantly increased in both curcumin-fed groups (p < 0.05). Different doses of curcumin significantly
increased the PUFAs/n-3 ratio in the brain (p < 0.05). Health lipid index and PUFA damage in the brain of
tilapia fed different doses of curcumin are represented in table 3. The index of thrombogenicity values
was significantly decreased in 0.5 and 1% curcumin-fed groups (p < 0.05). The polyene index values were
significantly increased in both curcumin groups (p < 0.05).

Modulation of mMRNA expression of appetite-regulating
peptides and growth-regulating factors by curcumin

In the brain, NPY mRNA expression significantly increased with the supplementation of 0.5% curcumin (p
< 0.05) (Fig. 1). Significant downregulation of AGRP, POMC, ghrelin and GHSR gene expressions in the
brain was observed with 0.5 and 1% curcumin groups (p < 0.05) (Figs. 2, 3, 4 and 5 respectively). A
significant downregulation in stomach ghrelin and its receptor gene expressions was observed with 0.5
and 1% curcumin groups (p < 0.05) (Figs. 6 and 7 respectively). The fish fed with 0.5 and 1% curcumin
groups showed a significant increase in GHR, IGF1 and IGF2 (Figs. 8,9 and 10 respectively) gene
expressions in the muscle of tilapia (p < 0.05).

Discussion

Lipids and their constituent fatty acids are the major sources of metabolic energy in fish. Fatty acids are
involved in the structure of most lipids and are important in the structure of cell membranes and also
function in intracellular signal transduction and metabolic pathways thereby playing significant roles in
fish growth (Tocher 2003). The fatty acid composition of the fish is dependent upon the interaction of
diet with endogenous metabolism and can be improved through nutrition (Tocher and Glencross 2015). In
the present study, both 0.5 and 1% doses of curcumin significantly increased the amount of total SFAs
and PUFAs in the brain of tilapia when compared to control. A significant decline in the total amount of
MUFAs was also reported with two doses of curcumin in the tilapia brain. Compared to control both
doses of curcumin supplementation significantly elevated the levels of LC-PUFAs such as EPA, DHA LA,
and AA in the brain. The content of DHA was more than EPA in experimental groups. This is because,
relative to DHA, EPA shows higher beta-oxidation (Luo et al. 2010). The higher catabolism of EPA
compared to DHA occurs may be to meet the requirement for cell membrane composition and the
complex function of brain tissues. Studies in tilapia showed an elevated amount of LC-PUFAs due to the
efficient conversion of fatty acids to n-3 LC-PUFAs (Teoh et al. 2011). In the present study, the higher
values of DHA, a major n-3 LC-PUFA, recorded in tilapia fed after curcumin supplemented diet implies that
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tilapia may have the ability to increase the levels of LC-PUFAs by converting SFAs and EPA to LC-PUFAs.
Moreover, Wu et al. (2015) have reported in mammals that, the elevated DHA level was associated with
the elevated levels of the enzymes, fatty acid desaturase 2 (FADS2) and elongase 2, two important
enzymes for the biosynthesis of DHA. In male Sprague-Dawley rats, curcumin activated these enzymes
that may enhance the synthesis of DHA from ALA in brain tissue (Wu et al. 2015). The role of curcumin in
the upregulation of peroxisome proliferator-activated receptor-alpha (PPAR-a), a member of the nuclear
hormone receptor family, in Sprague-Dawley rats suggests its role in the metabolism of fatty acids (Zhao
et al. 2017). However, no similar studies were documented in lower vertebrates like fish for comparison.

Curcumin supplementation in the diet significantly improved the nutritional value of tilapia, an important
food fish. The n-3/n-6 ratio in fish is a good index for evaluating the nutritional value. The higher ratios
are associated with the prevention of coronary heart disease and reduced cancer risk, autoimmune
disorders, allergies and some mental disorders (Kinsella 1990). Our study reports for the first time that,
curcumin supplementation in the tilapia diet significantly increased the n-3/n-6 ratio in the brain,
indicating the enhancement of the nutritional value. Similarly, both doses of curcumin significantly
increased the PUFAs/SFAs ratio when compared to control. The ratio was higher than that of 0.45,
considered beneficial for human health as it improves protection from coronary heart diseases (FAO
1994; Simat et al. 2015). The index of thrombogenicity serves as an indicator of lipid quality and
measures the global dietetic quality of lipids and their potential effect on heart diseases (Sabikhi 2004). It
reflects the tendency to form clots in the blood vessels or the probability of increasing the incidence of
thrombus formation and accounts for the different effects that a single fatty acid has on human health
(Garaffo et al. 2011). This study revealed that different doses of curcumin significantly decreased Tl
levels in the brain of tilapia. The polyene index is used to measure the PUFA damage. The lower PI
indicates that the PUFA being damaged (Simat et al. 2015). Different doses of curcumin in the feed
significantly increased the levels of Pl in tilapia in this study. This revealed that the PUFA in the brain had
not been damaged.

The supplementation of both doses of curcumin significantly modulated the expression of appetite-
regulating neuropeptides such as NPY, AQRP and POMC in the brain of tilapia. The mRNA expression of
ghrelin and its receptor in the brain was significantly decreased by 0.5 and 1% curcumin. The production
of neuropeptides from the respective neurons occurs as a result of integrating various information
including the levels of lipids and their constituent fatty acids (Delgado et al. 2017). Fish have the ability
for sensing and responding to the levels of specific nutrients including lipids and their constituent fatty
acids signifying the existence of nutrient-sensing mechanisms in the fish (Ogunnowo-Bada et al. 2014;
Efeyan et al. 2015). Fatty acid sensing in the fish brain is the ability of a specialized cell to detect and
respond to the levels of fatty acids. The sensors of fatty acids in the brain of fish regulate energy intake,
expenditure and homeostasis by sensing the levels of LC-PUFAs via different mechanisms. Sensing a
change in the levels of fatty acid can directly or indirectly stimulate the neuronal circuits in the brain and
result in the expression of orexigenic and anorexigenic neuropeptides (Conde-Sieira and Soengas 2017).
Available studies suggest that activation of the nutrient-sensing system inhibits AMP-activated protein

kinase (AMPK) and activates protein kinase B (Akt) and the mechanistic target of rapamycin (mTOR).
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The downstream signal transduction regulates the phosphorylation of transcription factors. Changes in
the phosphorylation of transcription factors such as cAMP response element-binding protein (CREB),
forkhead boxo1 (FOX01) and brain homeobox transcription factor (BSX) control the expression of
NPY/AgRP and POMC/CART resulting in the regulation of feed intake hence the growth (Soengas 2021).
In the present study curcumin in the feed may modulate the levels of fatty acids such as EPA and DHA
that may stimulate the nutrient-sensing system thereby causing a downstream signaling cascade and the
subsequent production of neuropeptides ultimately regulating anorectic response in tilapia. The
regulation in feed intake (FI) by curcumin in tilapia is further supported by our data in which the Fl was
significantly reduced by curcumin at 0.5 and 1% doses when compared to control (Sruthi et al. 2018).
This is the first long-term in vivo study in tilapia demonstrating the effect of curcumin and fatty acids on
the expression of neuropeptides in the brain leading to a change in feed intake response.

The NPY gene expression significantly increased with the supplementation of 0.5% curcumin in the brain.
NPY plays a pivotal role in the regulation of the GH-GHR-IGF growth axis. Studies showed the increase in
the mRNA expression of NPY can be correlated with an increase in serum GH levels (Riley et al. 2009).
Further, in vitro and in vivo studies in goldfish emphasize that NPY stimulates GH secretion (Peng et al.
1993). Studies in grass carp revealed the up regulation of hepatic IGF mRNA expression following NPY
injection (Zhou et al. 2013). This is in accordance with the results in which there was an upregulation of
hepatic IGFs by curcumin in tilapia which coincides with the enhanced NPY mRNA expression (Sruthi et
al. 2018). Significant downregulation of AGRP and POMC expression in the brain was observed with 0.5
and 1% curcumin groups when compared to control. It should be noted that their function may differ
among species or that they may even have multiple functions depending on their interactions with other
systems. Further investigations could explore the exact mechanism for the regulation of neuropeptides by
curcumin since no studies were available for comparison.

The gut-brain peptide hormone ghrelin, regulate a vast array of biological processes in fish by binding to
ghrelin receptors (Sanchez-Bretano et al. 2015). Herein, we report for the first time that, there is a
significant decrease in the brain and stomach mRNA expression of ghrelin and its receptor, GHSR, in both
0.5 and 1% curcumin-fed tilapia. Ghrelin is crucial in the counter-regulation of GH (Nass et al. 2010). The
physiological role of ghrelin is that it orchestrates GH secretion (Zhao 2010). We have also reported that
dietary curcumin significantly increased the expression of GH in the brain of tilapia (Sruthi et al. 2018).
Collectively, these results implied a major finding regarding the ghrelin feedback system, in which,
increased GH expression may negatively feedback and possibly downregulate ghrelin expression in the
brain and stomach. The negative feedback action of GH on the stomach was seen to increase stomach
ghrelin production and secretion in aged rats in response to reduced GH in circulation (Qi et al. 2003).
Together, these findings strengthen the fact that, there exists a stomach/ghrelin-pituitary/GH endocrine
axis, and that, changes in GH regulate stomach ghrelin expression. Studies in mammals, birds,
amphibians and teleost fish have reported that ghrelin binds to GHSR and stimulates the release of GH
(Kojima et al. 1999; Kaiya et al. 2001, 2002; Unniappan and Peter 2004). The gene expression of GHSR is
affected by various hormonal factors, it is inhibited by GH and IGF1 (Kamegai et al. 2005). Earlier studies
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in tilapia revealed that ghrelin stimulates GH release from the tilapia pituitary, increased hepatic IGF1 and
GHR mRNA expressions in tilapia (Fox et al. 2007).

Significant increases in muscle GHR, IGF1 and 2 genes were observed in tilapia fed with 0.5 and 1%
doses of curcumin. Our previous studies showed that curcumin at 0.5 and 1% doses in tilapia
significantly upregulated the mRNA expressions of GH in brain and IGF1 and 2 in muscle in short term
(35 days) (Midhun et al. 2016). Also, curcumin at different doses significantly up regulated the mRNA
expressions of GH in brain and IGF1 and 2 in the liver in long term in tilapia (100 days) (Sruthi et al.
2018). It is well known that the somatic growth in fish and mammals is orchestrated by the GH-GHR-IGF
axis (Velez and Unniappan 2021). GH acts on somatic cells by binding to GHR and augmenting protein
synthesis, amino acid uptake and release of IGF1 and 2 resulting in enhanced somatic growth (Humbel
1990). The growth of fish is directly linked to muscle growth which in turn is regulated by IGFs. Curcumin
may increase the gene expression of GHR and may cause an elevation in ligand sensitivity to GH-induced
IGF production in muscle. The up regulation of IGF genes in muscle may result in the increase in growth
parameters as indicated by the increased total weight gain (TWG, g), specific growth rate (SGR, %) and
reduced feed conversion rate (FCR, Kg/Kg) reported in our earlier findings (Sruthi et al. 2018).

Information on the beneficial role of curcumin in the regulation of fatty acid levels and the expression of
appetite-regulating neuropeptides and growth regulating factors will contribute more to research on feed
intake and growth in fish. Increased LC-PUFAs in the tilapia brain after dietary curcumin supplementation
is of great importance to meet an efficient and economical supply for the production of LC-PUFAs
enriched food products and to expand their markets due to the benefits to these LC-PUFAs in preventing
cardiovascular disease. Consumption of nutrient-enhanced tilapia will prevent disease incidence and
improve the health status of people. Hence, the quality and quantity of aquaculture products can be
improved by using a safe, viable and environmentally oriented aquafeed supplementation such as
curcumin.
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Figure 1

Effects of dietary curcumin for 100 days on the mRNA abundance of NPY in brain.
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Effects of dietary curcumin for 100 days on the mRNA abundance of AgRP in brain.
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Figure 3

Effects of dietary curcumin for 100 days on the mRNA abundance of POMC in brain.
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Effects of dietary curcumin for 100 days on the mRNA abundance of ghrelin in brain.
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Figure 5
Effects of dietary curcumin for 100 days on the mRNA abundance of GHSR in brain.
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Effects of dietary curcumin for 100 days on the mRNA abundance of ghrelin in stomach.
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Figure 7

Effects of dietary curcumin for 100 days on the mRNA abundance of GHSR in stomach.
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Figure 8

Effects of dietary curcumin for 100 days on the mRNA abundance of GHR in muscle.
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Figure 10

Effects of dietary curcumin for 100 days on the mRNA abundance of IGF2 in muscle.
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