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ABSTRACT

Objective: Several studies have investigated hormones such as growth hormone (GH), insulin (INS), insulin-like growth factor-1 (IGF-1), and hormone-
sensitive lipase (HSL). However, there is insufficient data on the effects of the combination of short-, medium-, and long-chain fatty acids on hormone
concentrations in serum/tissue, including GH, INS, IGF-1, and HSL. The purpose of this study was to investigate the effects of butyric acid (BA),
caprylic acid (CA), and oleic acid (OA) alone or in combination on GH, INS, IGF-1, and HSL secretion.

Methods: Fifty-six male Wistar rats were used in the study. The animals were separated into 8 subgroups: control, BA, CA, OA, BA + CA, BA + OA,
CA + OA, and BA + CA + OA groups. Fatty acids were administered orally to rats for 21 days. At the end of the study, GH, IGF, INS, and HSL levels
were measured in serum using the enzyme-linked immunosorbent assay method.

Results: BA administration reduced GH, IGF-1, and INS levels but had no significant effect on HSL levels. CA administration increased HSL levels
but had no significant effect on GH, INS, and IGF-1 levels. OA administration increased GH and HSL levels but had no significant effect on IGF-1 and

INS levels.

Conclusion: The combined use of fatty acids increased GH levels while decreasing INS, IGF-1, and HSL levels.
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INTRODUCTION

Fatty acids are the building blocks of fats and contain carbon
atoms ranging from 2 to 34 (1). They are classified based on the
number of carbons in their structures. If the number of carbons
is <6, they are classified as short-chain, approximately 6-12 as
medium-chain, and >12 as long-chain fatty acids (LCFAs) (2).

Short-chain fatty acids (SCFAs) are predominantly produced by gut
bacterial flora via the fermentation of unprocessed carbohydrates
and dietary fiber. Acetic acid (C2), propionic acid (C3), butyric acid
(BA) (C4), valeric acid (C5), and caproic acid (Cé) are SCFAs with
various carbon chain lengths that are produced in varying amounts
depending on the diet and gut bacteria composition (3). BA'is a
4-carbon, colorless, oily carboxylic acid with a characteristic odor.
It is soluble in water and slightly volatile at room temperature. BA,
also known as butter acid, is naturally found in milk. BA has been
reported to play an important role in the modulation of many
diseases (3).

Medium-chain fatty acids (MCFAs) consist of fatty acids with
carbon chain lengths ranging from é to 12 m (2). They can be
digested without the need for pancreatic enzymes and bile salts.
Upon reaching the small intestine, they are already in the form
of fatty acids. Therefore, they are quickly transported to the liver
and metabolized there. MCFAs have recently been considered
as alternative treatments for certain chronic diseases, such as
type 2 diabetes mellitus, epilepsy, anorexia nervosa, disorders
of lipid metabolism, obesity disorders, and inflammatory bowel
diseases (1). Caprylic acid (CA) (C8), caproic acid (Cé), and capric
acid (C10) are medium-chain saturated fatty acids. MCFAs are
unique nutrients present in certain fats, such as dairy products,
date kernels, and coconut oils (4). The metabolic specificity of
MCFAs is associated with beneficial physiological effects, such as
increased catabolism in adipose tissue and reduced fat storage in
tissues (5). Studies on overweight individuals have demonstrated
that diets abundant in MCFAs lead to decreased fat storage and
elevated energy expenditure compared with diets abundant in
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LCFAs, even when the caloric intake is matched (6).

LCFAs are the primary source of energy for many organs, particularly
the muscles and liver. Oleic acid (OA) is a monounsaturated fatty
acid with 18 carbons. OA alone accounts for one-third or more of
the lipids in breast milk. It serves as a significant energy source
and can be synthesized within the body. In adults, OA reduces the
total blood cholesterol concentration. Additionally, it regulates
nutrition absorption in the gastrointestinal (GI) system, keeping
blood glucose and INS levels within normal limits (7).

Growth hormone (GH) is produced by somatotropic cells located
in the anterior pituitary gland. Its primary role is to promote linear
growth (8). It exerts its hormonal effects via insulin-like growth
factor-1 (IGF-1). GH stimulates amino acid uptake. It directly
accelerates mRNA transcription and translation, leading to
increased protein synthesis. It also facilitates the use of fats as an
energy source, thereby reducing protein breakdown (9).

IGFs are small peptides that exert their effects primarily locally
and stimulate growth in specific cells. Their primary amino acid
sequences are similar to each other and to human proinsulin.
Structurally and functionally, they belong to the growth factor
family (10). They are peptides that are dependent on GH. IGFs
lead to the anabolic effects of GH and the effects that enable cell
division through mitosis (9).

Insulin hormone is produced by pancreatic beta cells and is stored
in granules. It is then released into the bloodstream. Elevated
blood glucose levels prompt beta cells to release insulin. Glucose
is the most important factor that stimulates the synthesis and
release of INS (11). Insulin stimulates lipoprotein lipase activity
and facilitates the clearance of chylomicrons containing excess
triglycerides from circulation (12).

Hormone-sensitive lipase (HSL) is an intracellular enzyme with
neutral properties that can degrade various lipid substrates,
including  triacylglycerols, diacylglycerol, monoacylglycerol,
cholesterol esters, and other lipid and water-soluble compounds
(13).

Limited literature exists concerning the impact of combined
SCFAs, MCFAs, and LCFAs on hormone concentrations in serum
or tissues, including GH, IGF-1, INS, and HSL. Moreover, no
published research has explored the synergistic effects of different
fatty acid types on the secretion of GH, IGF, INS, and HSL. This
study aimed to examine the effects of SCFAs, MCFAs, and LCFAs
on GH, IGF, INS, and HSL levels.

METHODS

Animals

The rats were obtained from the Diizce University Animal Research
and Application Center. Fifty-six male Wistar rats aged 4-5 months
and weighing approximately 390+30 grams, were accommodated
under ideal environmental conditions. These conditions included
a room temperature of 23 °C, humidity maintained at 60+5%
and a 12-hour light-dark cycle. The rats were provided ad libitum
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access to both food and water. All study methods were reported
in accordance with the Animal Research: Reporting of in Vivo
Experiments guidelines and approved by Diizce University Local
Ethics Committee on Animal Testings (decision no: 2022/07/03,
meeting date: 27.07.2022).

Substances and Dosages

BA, CA, and OA were procured from Sigma (Sigma-Aldrich,
Inc., St. Louis, MO, US). Each of these fatty acids was orally
administered at a dose of 100 mg/kg. As an anesthetic, 90 mg/
kg ketamine hydrochloride and 10 mg/kg xylazine hydrochloride
were intramuscularly administered (i.m.).

Experimental Design

The rats were divided into 8 groups, each consisting of 7 rats:
control (CONT), BA, CA, OA, BA + CA, BA + OA, CA + OA, and
BA + CA + OA. All substances were given orally by gavage. The
CONT group received only 1T mL/kg saline for 21 days. Only the
BA, CA, and OA groups received either 100 mg/kg of BA, CA, or
OA fatty acids for 21 days. The dual-fatty acid combination (BA +
CA, BA + OA, and CA + OA) groups received a combination of 100
mg/kg of BA, CA, or OA fatty acids for 21 days. Similarly, the triple
combination (BA + CA + OA) group received a combination of
100 mg/kg of BA, CA, and OA fatty acids for 21 days. Throughout
the study, to examine the effects of fatty acid administration on
weight changes in the animals, their weights were measured at
the beginning and end of the study.

Termination of the Study

The animals in each group were subjected to cardiac puncture
under ketamine/xylazine anesthesia 24 hours after the last
treatment to collect blood from the heart. Subsequently, the
animals were euthanized under anesthesia by cervical dislocation.
The blood samples were centrifuged at 4000 revolutions per
minute (rpm) for 15 minutes to separate the serum, which was
subsequently stored at a temperature of -80 °C until further
analysis.

Determination of Biochemical Biomarkers

The levels of GH, IGF-1, INS, and HSL in the collected serum
samples were measured using enzyme-linked immunosorbent
assay (ELISA). For this purpose, ELISA kits for rat GH (Cat. 201-11-
0552), rat INS (Cat: 201-11-0708), rat IGF-1 (Cat: 201-11-710), and
rat HSL (Cat: SRB-T-84624) were procured from SunRed (Shanghai
SunRed Biological Technology, China). All parameters were
measured using an ELISA reader according to the kit procedure.
Additionally, blood glucose levels were determined using blood
glucose measurement devices and strips.

Statistical Analysis

In comparing the groups based on serum GH, IGF-1, INS, HSL,
GH, and glucose levels, One-Way Analysis of Variance (ANOVA)
and the Tukey-Kramer Multiple Comparison test were utilized to
determine the different groups. To compare body weights, Two-
Way ANOVA was employed, and groups showing significant
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differences were identified using the Sidék Multiple Comparison
test. A statistical significance level of p<0.05 was considered.
Prism 9 software was used for the analyses.

RESULTS

Effects of Fatty Acids on Biochemical Parameters

A significant difference in GH levels among the groups was
evident upon comparison (p<0.001) (Figure 1). The study found
that the OA, BA + CA, BA + OA, and BA + CA + OA groups
had significantly greater mean GH levels than the CONT group
(p<0.001, p=0.02, p<0.001, and p=0.005, respectively). The BA
group had significantly lower mean GH levels than the CA, OA,
BA + CA, BA + OA, CA + OA, and BA + CA + OA groups (p=0.02,
p<0.001, p<0.001, p=0.002, and p<0.001, respectively). Similarly,
the mean GH level of the CA group was found to be statistically
lower than that of the BA + OA group (p=0.03).

A significant disparity in INS levels among the groups was evident
upon comparison (p=0.001) (Figure 2). Upon closer examination
of the results, we determined that the INS levels of the BA, CA +
OA, and BA + CA + OA groups were statistically lower than those
of the CONT group (p=0.02, p=0.02, and p=0.03, respectively).
Additionally, the mean INS levels of the BA + OA and CA +
OA groups were lower than those of the CA group (p=0.04 and
p=0.04, respectively).

The groups exhibited a statistically significant difference in IGF-1
levels (p<0.001) (Figure 3). Upon closer examination of the results,
we found that the IGF-1 levels of the BA + CA + OA group were
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Figure 1. The effect of fatty acids on GH levels (*p<0.05, **p<0.01
and ***p<0.001)

CONT: control, BA: butyric acid, CA: caprylic acid, OA: oleic acid, GH:
growth hormone
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statistically lower than those of the CONT, CA, OA, and BA +
CA groups (p=0.02, p=0.001, p<0.001, and p=0.02, respectively).
Similarly, the IGF-1 levels of the BA group were statistically lower
than those of the CA and OA groups (p=0.01 and p=0.005).
Additionally, it was determined that the IGF-1 levels of the BA
+ CA group were statistically lower than those of the OA group
(p=0.04).

There was a substantial difference in HSL levels between the
groups (p<0.001) (Figure 4). Upon detailed examination of the
results, The BA + CA + OA group had significantly lower mean
HSL levels than the CONT, BA, CA, OA, BA + CA, and BA + OA
groups (p=0.04, p<0.001, p<0.001, and p=0.03, respectively). In
contrast, the mean HSL level of the CA group was significantly
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Figure 2. The effect of fatty acids on INS levels (*p<0.05)

CONT: control, BA: butyric acid, CA: caprylic acid, OA: oleic acid, INS:
insulin
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Figure 3. The effect of fatty acids on IGF-1 levels (*p<0.05,
*5<0.01 and ***p<0.001)

CONT: control, BA: butyric acid, CA: caprylic acid, OA: oleic acid, IGF-1:
insulin-like growth factor-1
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higher than that of the CONT, BA, BA + OA, and CA + OA groups
(0<0.001). The OA group showed significantly higher mean HSL
levels than the CONT, BA, and BA + OA groups (p<0.001, p=0.002,
and p<0.001, respectively). The BA + CA group had significantly
higher mean HSL levels than the CONT, BA + OA, and CA + OA
groups (p<0.001).

There was a substantial difference in blood glucose levels
among the groups (p<0.001) (Figure 5). The BA + CA group had
significantly lower mean glucose levels than the CONT, BA, CA,
OA, BA + OA, CA + OA, and BA + CA + OA groups (p<0.001,
p<0.001, p=0.01, p<0.001, p<0.001, and p<0.001, respectively).
The mean glucose level in the CA group was significantly higher
than that in the BA, BA + OA, and BA + CA + OA groups (p=0.02,
p=0.01, and p=0.02, respectively).

Evaluation of the Effects of Fatty Acids on Body
Weight Changes

When comparing the mean weights of the groups before and after
the experiment, no significant difference was observed among
them (p=0.07) (Figure 6). Overall, although the weights obtained
from post-experiment measurements were higher than those
obtained from pre-experiment measurements, they were not
statistically significant (p>0.05). Conversely, although the weights
of the CA and BA + OA groups were lower after the experiment
compared with before the experiment, they were not statistically
significant (p>0.05).
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Figure 4. The effect of fatty acids on HSL levels (*p<0.05,
*5<0.01 and ***p<0.001)

CONT: control, BA: butyric acid, CA: caprylic acid, OA: oleic acid, HSL:
hormone-sensitive lipase
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DISCUSSION

Various fatty acids are present in human nutrition, circulating in the
bloodstream, and within human cells and tissues. SCFAs, MCFAs,
and LCFAs serve as energy sources and membrane components.
They possess biological activities that influence cellular and tissue
metabolism, function, and sensitivity to hormonal and other
signals. Although there has traditionally been an interest in the
impact of fatty acids on health related to cardiovascular disease,
it is now known that fatty acids also affect a range of other
diseases, including metabolic diseases, such as type 2 diabetes,
inflammatory diseases, and cancer (14). This study examined the
relationships of SCFAs, MCFAs, and LCFAs with GH, IGF-1, INS,
and HSL.

Substantial interactions occur between fatty acids and the
endocrine system, with hormones exerting influence on fatty
acid metabolism and tissue lipid composition. Insulin and GH
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Figure 5. The effect of fatty acids on glucose levels (*p<0.05,
**p<0.01 and ***p<0.001)

CONT: control, BA: butyric acid, CA: caprylic acid, OA: oleic acid
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Figure 6. The effect of fatty acids on body weight

IBW: initial body weight, FBW: final body weight, CONT: control, BA:
butyric acid, CA: caprylic acid, OA: oleic acid
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are prominent hormones involved in lipid metabolism. Their
concentrations fluctuate in chronic degenerative conditions like
diabetes and cardiovascular disease, thereby affecting tissue lipid
profiles (15).

SCFAs have critical functions in intestinal epithelial cells. SCFAs
also regulate diverse processes within the Gl tract, including the
absorption of electrolytes and water (16). A previous study found
that BA, an SCFA, increased GH secretion in pituitary cells via
GPR41/43 activation and intracellular Ca*? accumulation (17).
This suggests that BA may serve as a secondary mediator in the
metabolic adaptations of GH during fasting, primarily involving
increased lipolysis and protein retention (18). GH stimulates the
release and oxidation of free fatty acids (FFAs). The most prominent
metabolic effect of GH is a significant increase in lipolysis and
FFA levels (19). The composition of the plasma membrane affects
cell sensitivity to metabolically significant hormones like INS and
vasoactive intestinal peptides. In a study investigating the impact of
lipid and modified plasma membrane composition on the activation
of the growth hormone secretagogue receptor (GHSR), it was
noted that polyunsaturated fatty acids (PUFAs) enhance membrane
fluidity by disrupting their structure. Long-term exposure (96 hours)
to 18-carbon PUFASs, specifically oleic and linoleic acid, significantly
heightened the sensitivity of GHSR cells to ghrelin, whereas acute
treatment did not yield the same effect (20). Ghrelin, a hormone
regulated by metabolism, activates the G protein-coupled receptor
GHSR-1a, not only in the pituitary gland but also in peripheral
tissues such as the pancreas, stomach, and T-cells in circulation (20).
It has been shown that CA octanoylated ghrelin, the only known
orexigenic peptide hormone (21). In the present study, we observed
that OA, BA + CA, BA + OA, and BA + CA + OA applications
increased GH levels. These data are consistent with the literature.
However, only the BA group showed a decrease in GH levels. This
difference is likely due to the fact that most studies in the literature
are conducted on cell lines, as numerous uncontrolled mechanisms
come into play in the in vivo environment, leading to different
results from those obtained in vitro.

IGFs interact with GH during embryonic development and
postnatal growth. IGF-1 directly enhances muscle mass, bone
density, and bone structure. The intestinal microbiota triggers
the secretion of IGF-1, which supports the development and
remodeling of bones. SCFAs produced in microbial fermentable
fibers induce the secretion of IGF-1, explaining how microbial
activity affects bone health through IGF-1. Additionally, IGF-1
has both direct and indirect glucose-lowering effects. It increases
FFA oxidation in muscles, reduces the flow of FFAs to the liver,
enhances INS signaling, decreases hepatic glucose output, and
improves INS sensitivity (22). The results of the present study
indicate that the combined application of all three fatty acids
reduces IGF-1 levels. This result is likely due to the increase in
GH levels induced by fatty acids. Elevated blood GH levels may
inhibit IGF-1 expression. However, because there are no studies in
the literature regarding the effects of MCFAs and LCFAs on IGF-1,
comparisons cannot be made.
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Studies have shown that a high-fat diet supplemented with
propionic acid and BA improves INS sensitivity and protects
against the development of obesity and INS resistance (23,24).
Additionally, a reduction in fat content was observed in obese
mice treated with BA (23,24). This is consistent with weight loss
and improved INS tolerance, suggesting a role for BA in the
treatment of diet-induced obesity. SCFAs also inhibit lipolysis,
a complex metabolic process performed by adipocytes during
nutrient deprivation and stress, by releasing FAs and glycerol
from triacylglycerol storage droplets, increasing glucose uptake
stimulated by INS (25,26). Recent studies have shown that fatty
acids induce INS resistance in skeletal muscle by blocking the
activation of phosphatidylinositol 3-kinase (PI3-kinase) associated
with insulin receptor substrate-1 (27). According to the results of a
study, GPR40, a G-protein-coupled receptor abundantly expressed
in the pancreas, functions as a receptor for LCFAs. Furthermore,
LCFAs enhance glucose-stimulated INS secretion from pancreatic
B cells by activating GPR40 (28). Acute increases in FFAs stimulate
INS secretion, but long-term lipid exposure impairs p-cell function
both in vitro and in vivo animal studies (29). Obesity and high FFA
levels reduce INS clearance. A study examined the effects of some
common FFAs and their acyl-coenzyme A thioester on partially
purified INS-degrading enzymes in the livers of male Sprague-
Dawley rats (30). The results of the study suggest that increased
intracellular LCFA concentrations directly affect INS metabolism
and alter INS action in intact cells, potentially contributing to
hyperinsulinemia and INS resistance observed in high fatty acid
and obesity (30). However, there are no studies on the effects of
MCFAs on INS. In the present study, when groups were examined
in terms of INS levels, we found that the groups treated with BA,
CA + OA, and BA + CA + OA had lower INS levels. These findings
are consistent with the literature.

HSL is a key enzyme in mobilizing fatty acids from intracellular
stores (31). SCFAs regulate lipid metabolism when substrates
are provided for lipid synthesis. SCFAs activate AMP-activated
protein kinase (AMPK) (31). AMPK has been shown to positively
regulate lipolysis by affecting HSL and adipose triglyceride lipase
(32,33). A previous study reported that triglycerides containing
MCFAs increased HSL activity and expression in the white adipose
tissue of c57bl/6j mice (34). HSL knockout studies have shown that
the removal of HSL disrupts lipolysis and leads to a significant
decrease in lipogenesis (35). There are no studies in the literature
regarding the effects of LCFAs on HSL. In the present study,
when the groups were examined in terms of HSL levels, it was
observed that the application of BA, CA, and OA alone increased
HSL levels, whereas their combined application had the opposite
effect. This may be due to the administration of high-dose fatty
acid formulations (200 or 300 mg/kg) over a long period.

In a study investigating the effects of FFAs on glucose uptake
and utilization in healthy women, acute increases in plasma FFA
within the high physiological range for 4 h led to approximately
40% inhibition of INS-stimulated glucose uptake and glycogen
synthesis in healthy normal-weight individuals (36). Another study
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involving seven pregnant women found that FFAs inhibited INS-
stimulated glucose uptake by 42% (37). Another study also found
that high fatty acid concentrations inhibit glucose utilization (36).
An in vitro study conducted on isolated hepatocytes and perfused
rat liver showed that SCFAs and MCFAs modulate the hepatic
metabolism of carbohydrates and lipids. BA and CA inhibited
glycolysis (38). In another study, it was demonstrated that MCFAs
in rodents have protective effects against glucose homeostasis
following high-fat overfeeding. In addition, small numbers of
MCFAs in the diet were found to provide protection against INS
resistance in humans during caloric excess (39). In the present
study, we found that rats treated with BA + CA had lower blood
glucose levels. In contrast, treatment with only CA increased
blood glucose levels.

MCFAs (except for lauric acid) predominantly belong to the fast-
metabolizing group (40). A recent systematic review showed that
diets rich in MCFAs resulted in significantly higher high density
lipoprotein-cholesterol levels compared with those rich in LFAs,
but had no effect on triglycerides, low density lipoprotein-
cholesterol, or total cholesterol concentrations (41). MCFAs
in the diet have gained nutritional interest because of their
easier absorption from dietary medium-chain triacylglycerols
compared with LCFAs derived from vegetable oils (42). MCFAs
can be directly absorbed and provide rapid energy, promoting
intestinal epithelial cell renewal and repair, maintaining intestinal
mucosal barrier function integrity, and reducing inflammation and
stress (43). Animal and human studies have shown that the rapid
oxidation rate of MCFAs leads to increased energy expenditure.
Most animal studies have shown that MCFAs result in higher
energy expenditure than LCFAs, leading to less weight gain and
reduced adipose tissue size after several months of consumption
(6). Additionally, both animal and human experiments indicate that
medium-chain triglycerides have a greater satiating effect than
long-chain triglycerides (). All three major SCFAs (propionate,
acetate, and butyrate) provide protection against diet-induced
obesity (44). However, in the present study, although the weights
obtained from post-experimental measurements were generally
higher than those obtained from pre-experimental measurements,
no significant difference was observed. Only groups treated with
CA or BA + OA showed a non-significant decrease in weight
compared with pre-experimental measurements.

Study Limitations

Due to financial restrictions, molecular parameters at the tissue
level were not evaluated.

CONCLUSION

BA application resulted in a decrease in GH, IGF-1, and INS
levels, but no significant effect was observed on HSL levels. CA
application increased HSL levels but did not show a significant
effect on GH, insulin, and IGF-1 levels. OA application increased
GH and HSL levels but did not significantly affect IGF-1 and
INS. CA application increased glucose levels, whereas BA and
OA applications did not significantly affect glucose levels. The
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combined application of fatty acids increased GH levels while
decreasing INS, IGF-1, and HSL levels. In conclusion, longer-term
and comprehensive studies are needed to elucidate the effects of
SCFAs, MCFAs, and LCFAs on GH, IGF-1, HSL, and INS.

Ethics Committee Approval: All study methods were reported in
accordance with the Animal Research: Reporting of in Vivo Experiments
guidelines and approved by Diizce University Local Ethics Committee on
Animal Testings (decision no: 2022/07/03, meeting date: 27.07.2022).

Informed Consent: Experimental animal study.

Author Contributions: Surgical and Medical Practices - A.E., O.B., EB.,
A.G.; Concept - O.B. EB.; Design - AE,, O.B., E.B., A.G.; Data Collection
and/or Processing - A.E., O.B. EB., AG.; Analysis and/or Interpretation
- O.B., E.B.; Literature Search - AE., O.B., EB., AG.; Writing - A.E., OB,
EB., AG.

Conflict of Interest: The authors have no conflict of interest to declare.

Financial Disclosure: This project is supported by Dizce University
Research Fund project number: 2023.04.01.1393.

REFERENCES

1. Bayindir GlimUs A, Yardimci H. Bazi Kronik Hastaliklarda Orta Zincirli
Yag Asitlerinin Kullanimi. izmir Katip Celebi Universitesi Saglik Bilimleri
Fakiltesi Dergisi. 2018; 3: 25-9.

2. Arellano H, Nardello-Rataj V, Szunerits S, Boukherroub R, Fameau
AL. Saturated long chain fatty acids as possible natural alternative
antibacterial agents: Opportunities and challenges. Adv Colloid Interface
Sci. 2023; 318: 102952.

3. Caglar A, Tomar O, Ekiz T. Butyric Acid: Structure, Properties and Effects
on Health. Kocatepe Veterinary Journal. 2017; 10: 213-25.

4. Huang L, Gao L, Chen C. Role of Medium-Chain Fatty Acids in Healthy
Metabolism: A Clinical Perspective. Trends Endocrinol Metab. 2021; 32:
351-66.

5. Tsuji H, Kasai M, Takeuchi H, Nakamura M, Okazaki M, Kondo K. Dietary
medium-chain triacylglycerols suppress accumulation of body fat in a
double-blind, controlled trial in healthy men and women. J Nutr. 2001;
131: 2853-9.

6. St-Onge MP, Jones PJ. Physiological effects of medium-chain
triglycerides: potential agents in the prevention of obesity. J Nutr. 2002,
132:329-32.

7. Unal G, Acu M. Use of Long Chain Omega-3 Fatty Acids EPA and DHA
and Oleic acid in Milk Enrichment. Academic Food Journal. 2012; 10: 54-
9.

8. Tavares MR, Frazao R, Donato J. Understanding the role of growth
hormone in situations of metabolic stress. J Endocrinol. 2022; 256:
€220159.

9. Garcia-Galiano D, Borges BC, Allen SJ, Elias CF. PI3K signalling in leptin
receptor cells: Role in growth and reproduction. J Neuroendocrinol. 2019
:31: e12685.

10.  Scalia P, Williams SJ, Fujita-Yamaguchi Y, Giordano A. Cell cycle control
by the insulin-like growth factor signal: at the crossroad between cell
growth and mitotic regulation. Cell Cycle. 2023; 22: 1-37.

11.  Agbaje AO, Zachariah JP, Bamsa O, Odili AN, Tuomainen TP. Cumulative
insulin resistance and hyperglycemia with arterial stiffness and carotid
IMT progression in 1,779 adolescents: a 9-yr longitudinal cohort study.
Am J Physiol Endocrinol Metab. 2023; 324: E268-78.

12. Johnsson K, Freitas E, Roust L, DeFilippis E, Katsanos C. Plasma
concentrations of apolipoproteins C3 and C2 do not explain differences
in insulin-stimulated endothelial-bound lipoprotein lipase activity in
insulin resistant humans. Physiology. 2023; 38: 5733491.

13.  Olichwier A, Sowka A, Balatskyi VV, Gan AM, Dziewulska A, Dobrzyn P,
SCD1-related epigenetic modifications affect hormone-sensitive lipase
(Lipe) gene expression in cardiomyocytes. Biochim Biophys Acta Mol
Cell Res. 2024; 1871: 119608.

14. Calder PC. Functional Roles of Fatty Acids and Their Effects on Human
Health. JPEN J Parenter Enteral Nutr. 2015; 39: 185-32S.

15.  Bhathena SJ. Relationship between fatty acids and the endocrine system.
Biofactors. 2000; 13: 35-9.



Emir et al.
Fatty Acids and Metabolic Hormone

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

Vinolo MA, Rodrigues HG, Nachbar RT, CuriR. Regulation of inflammation
by short chain fatty acids. Nutrients. 2011; 3: 858-76.

Miletta MC, Petkovic V, Eblé A, Ammann RA, Flick CE, Mullis P-E.
Butyrate increases intracellular calcium levels and enhances growth
hormone release from rat anterior pituitary cells via the G-protein-
coupled receptors GPR41 and 43. PLoS One. 2014; 9: e107388.

Silva YP, Bernardi A, Frozza RL. The Role of Short-Chain Fatty Acids
From Gut Microbiota in Gut-Brain Communication. Front Endocrinol
(Lausanne). 2020; 11: 25.

Mgller N, Jargensen JO. Effects of growth hormone on glucose, lipid,
and protein metabolism in human subjects. Endocr Rev. 2009; 30: 152-77.
Delhanty PJ, van Kerkwijk A, Huisman M, van de Zande B, Verhoef-
Post M, Gauna C, et al. Unsaturated fatty acids prevent desensitization
of the human growth hormone secretagogue receptor by blocking its
internalization. Am J Physiol Endocrinol Metab. 2010; 299: E497-505.
Lemarié F, Beauchamp E, Drouin G, Legrand P, Rioux V. Dietary caprylic
acid and ghrelin O-acyltransferase activity to modulate octanoylated
ghrelin functions: What is new in this nutritional field? Prostaglandins
Leukot Essent Fatty Acids. 2018;135:121-7.

Halmos T, Suba |. A ndvekedési hormon és az inzulinszer(i ndvekedési
faktorok élettani szerepe [The physiological role of growth hormone and
insulin-like growth factors]. Orv Hetil. 2019;160:1774-83.

Lin HV, Frassetto A, Kowalik EJ Jr, Nawrocki AR, Lu MM, Kosinski JR,
et al. Butyrate and propionate protect against diet-induced obesity
and regulate gut hormones via free fatty acid receptor 3-independent
mechanisms. PLoS One. 2012; 7: e35240.

Gao Z, Yin J, Zhang J, Ward RE, Martin RJ, Lefevre M, et al. Butyrate
improves insulin sensitivity and increases energy expenditure in mice.
Diabetes. 2009; 58: 1509-17.

Jenkins-Kruchten AE, Bennaars-Eiden A, Ross JR, Shen WJ, Kraemer
FB, Bernlohr DA. Fatty acid-binding protein-hormone-sensitive lipase
interaction. Fatty acid dependence on binding. J Biol Chem. 2003; 278:
47636-43.

Heimann E, Nyman M, Degerman E. Propionic acid and butyric acid
inhibit lipolysis and de novo lipogenesis and increase insulin-stimulated
glucose uptake in primary rat adipocytes. Adipocyte. 2014; 4: 81-8.

Yu C, ChenY, Cline GW, Zhang D, Zong H, Wang Y, et al. Mechanism by
which fatty acids inhibit insulin activation of insulin receptor substrate-1
(IRS-1)-associated phosphatidylinositol 3-kinase activity in muscle. J Biol
Chem. 2002; 277: 50230-6.

ltoh Y, Kawamata Y, Harada M, Kobayashi M, Fujii R, Fukusumi S, et al.
Free fatty acids regulate insulin secretion from pancreatic beta cells
through GPR40. Nature. 2003; 422: 173-6.

Kashyap S, Belfort R, Gastaldelli A, Pratipanawatr T, Berria R,
Pratipanawatr W, et al. A sustained increase in plasma free fatty acids
impairs insulin secretion in nondiabetic subjects genetically predisposed
to develop type 2 diabetes. Diabetes. 2003; 52: 2461-74.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

J Acad Res Med

Hamel FG, Upward JL, Bennett RG. In vitro inhibition of insulin-degrading
enzyme by long-chain fatty acids and their coenzyme A thioesters.
Endocrinology. 2003; 144: 2404-8.

Casado ME, Pastor O, Mariscal P, Canfran-Duque A, Martinez-Botas J,
Kraemer FB, et al. Hormone-sensitive lipase deficiency disturbs the fatty
acid composition of mouse testis. Prostaglandins Leukot Essent Fatty
Acids. 2013; 88: 227-33.

Zietek M, Celewicz Z, Szczuko M. Short-Chain Fatty Acids, Maternal
Microbiota and Metabolism in Pregnancy. Nutrients. 2021; 13: 1244.

He J, Zhang PW, Shen LY, Niu LL, Tan Y, Chen L, et al. Short-Chain Fatty
Acids and Their Association with Signalling Pathways in Inflammation,
Glucose and Lipid Metabolism. Int J Mol Sci. 2020; 21: 6356.

Liu Y, Xue C, Zhang Y, Xu Q, Yu X, Zhang X, et al. Triglyceride with
medium-chain fatty acids increases the activity and expression of
hormone-sensitive lipase in white adipose tissue of C57BL/6J mice.
Biosci Biotechnol Biochem. 2011; 75: 1939-44.

Kraemer FB, Shen WJ. Hormone-sensitive lipase knockouts. Nutr Metab
(Lond). 2006; 3: 12.

Frayn KN. The glucose-fatty acid cycle: a physiological perspective.
Biochem Soc Trans. 2003; 31: 1115-9.

Staehr P Hother-Nielsen O, Landau BR, Chandramouli V, Holst JJ, Beck-
Nielsen H. Effects of free fatty acids per se on glucose production,
gluconeogenesis, and glycogenolysis. Diabetes. 2003; 52: 260-7.
Schénfeld P, Wojtczak L. Short- and medium-chain fatty acids in energy
metabolism: the cellular perspective. J Lipid Res. 2016; 57: 943-54.
Lundsgaard AM, Fritzen AM, Sjgberg KA, Kleinert M, Richter EA, Kiens
B. Small Amounts of Dietary Medium-Chain Fatty Acids Protect Against
Insulin Resistance During Caloric Excess in Humans. Diabetes. 2021; 70:
91-8.

McKenzie KM, Lee CM, Mijatovic J, Haghighi MM, Skilton MR. Medium-
Chain Triglyceride Qil and Blood Lipids: A Systematic Review and Meta-
Analysis of Randomized Trials. J Nutr. 2021; 151: 2949-56.

Panth N, Abbott KA, Dias CB, Wynne K, Garg ML. Differential effects of
medium- and long-chain saturated fatty acids on blood lipid profile: a
systematic review and meta-analysis. Am J Clin Nutr. 2018; 108: 675-87.
Tholstrup T, Ehnholm C, Jauhiainen M, Petersen M, Hay C-E, Lund P, et
al. Effects of medium-chain fatty acids and oleic acid on blood lipids,
lipoproteins, glucose, insulin, and lipid transfer protein activities. Am J
Clin Nutr. 2004; 79: 564-9.

Jia M, Zhang Y, Gao Y, Ma X. Effects of Medium Chain Fatty Acids on
Intestinal Health of Monogastric Animals. Curr Protein Pept Sci. 2020; 21:
777-84.

Byrne CS, Chambers ES, Morrison DJ, Frost G. The role of short chain
fatty acids in appetite regulation and energy homeostasis. Int J Obes
(Lond). 2015; 39: 1331-8.



