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Investigation of the Effects of Short, Medium, Long Chain Fatty Acids on
Osteocalcin, Leptin and Insulin Levels
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ABSTRACT

Aim: There are some studies on insiilin released from pancreatic beta cells, both active and inactive osteocalcin in bone
tissue, and leptin released in adipose tissue. However, data on the effects of combined short, medium, and long fatty acids
on the serum/tissue concentration of hormones such as osteocalcin, leptin and insiilin are scarce. This study aims to
investigate the effects of combined use of butyric acid, caprylic acid and oleic acid on osteocalcin, leptin, and insulin
secretion.

Material and Methods: Forty-nine male Wistar rats were used in the study. The rats were randomly divided into 7 subgroups
as control group, butyric acid group, caprylic acid group, oleic acid group, butyric acid+caprylic acid group, butyric
acid+oleic acid group, and caprylic acid+oleic acid group. Fatty acids were administered orally for 21 days. At the end of
the study, osteocalcin, insulin, and leptin levels of serum samples taken from rats were determined by the ELISA method.
Results: While osteocalcin and leptin levels were found to be high in the group administered only butyric acid, insulin levels
were found to be higher in the group treated with combined caprylic acid + oleic acid. The blood glucose level of the caprylic
acid group was found to be higher than the other groups.

Conclusion: The relationship between osteocalcin, leptin, and insulin is quite complex. Different studies show that
osteocalcin can have an effect on leptin resistance, consumption of different types of fatty acids, especially short-chain fatty
acids, can contribute to insulin sensitivity by increasing the release of osteocalcin, can help reduce leptin resistance, and
osteocalcin can reduce insulin resistance.
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Kisa, Orta, Uzun Zincirli Yag Asitlerinin Osteokalsin, Leptin ve insiilin Diizeylerine Etkilerinin

Arastirilmasi
oz
Amag: Pankreatik beta hiicrelerinden salinan insiilin, kemik dokusunda hem aktif hem de inaktif salinan osteokalsin ve yag
dokusunda salinan leptin ile ilgili baz1 ¢aligmalar bulunmaktadir. Ancak, kombine kisa, orta ve uzun yag asitlerinin
osteokalsin, leptin ve insiilin gibi hormonlarin serum/doku konsantrasyonu {izerindeki etkilerine iliskin veriler azdir. Bu
caligsmanin amaci biitirik asit, kaprilik asit ve oleik asidin birlikte kullaniminin osteokalsin, leptin ve insiilin salgilanmasi
iizerindeki etkilerini aragtirmaktir.
Gerec¢ ve Yontemler: Calismada kirk dokuz erkek Wistar sican kullanilmistir. Sicanlar rastgele olarak kontrol grubu, biitirik
asit grubu, kaprilik asit grubu, oleik asit grubu, biitirik asit+kaprilik asit grubu, biitirik asit+oleik asit grubu ve kaprilik
asittoleik asit grubu olmak lizere 7 alt gruba ayrildi. Yag asitleri 21 giin boyunca oral yoldan uygulanmistir. Caligma sonunda
sicanlardan alinan serum 6rneklerinde osteokalsin, insiilin ve leptin diizeyleri ELISA yontemiyle belirlendi.
Bulgular: Sadece biitirik asit uygulanan grupta osteokalsin ve leptin diizeyleri yliksek bulunurken, kaprilik asit+oleik asit
kombinasyonu uygulanan grupta insiilin diizeyleri daha yiiksek bulunmustur. Kaprilik asit grubunun kan glukoz seviyesi
diger gruplara gore daha yiiksek bulunmustur.
Sonug: Osteokalsin, leptin ve insiilin arasindaki iliski olduk¢a karmasiktir. Farkli ¢alismalar osteokalsinin leptin direnci
iizerinde etkili olabilecegini, farkli tiirde yag asitlerinin, 6zellikle de kisa zincirli yag asitlerinin tiiketiminin osteokalsin
salinimim artirarak insiilin duyarlilifina katkida bulunabilecegini, leptin direncini azaltmaya yardimci olabilecegini ve
osteokalsinin insiilin direncini azaltabilecegini gostermektedir.
Anahtar Kelimeler: Biitirik asit; insiilin; kaprilik asit; leptin; oleik asit; osteokalsin.
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INTRODUCTION

The skeletal system is considered an endocrine organ that
affects energy metabolism (1). Osteocalcin, a bone matrix
protein produced in the skeletal system, has hormonal
effects. It leads to various hormonal influences on energy
and glucose metabolism (2). It has been demonstrated that
osteocalcin, responsible for many skeletal functions, has a
circadian rhythm and is a unique hormone (3). It has been
found through animal and experimental models that
osteocalcin is released into the circulatory system and
exerts biological effects on pancreatic beta cells and
adipose tissue (2). Based on the observation that obesity is
inversely related to osteoporosis, there has long been
suspicion of a connection between bone and energy
metabolism(1). This connection between bone and energy
metabolism arises from osteocalcin's support of insulin
secretion, which regulates energy metabolism (3). Insulin
also acts in the opposite direction to stimulate osteocalcin
synthesis in osteoblasts. The balance between osteocalcin
and insulin plays a significant role in obesity and diabetes
(3). Osteocalcin production is regulated not only by insulin
but also by leptin. One of the fundamental principles of
endocrinology is that hormonal regulation is under tight
positive and negative control. In humans, osteocalcin has
been negatively associated with insulin resistance, and
leptin has been negatively correlated with osteocalcin
levels in both cross-sectional and longitudinal analyses (4).
Leptin activates the sympathetic tone that inhibits insulin
secretion and stimulates Esp expression in osteoblasts (via
activation of the adrenergic beta 2 receptor). Esp inhibits
osteocalcin, thereby reducing insulin expression. Leptin
inhibits pancreatic insulin. Insulin, in turn, stimulates
leptin expression in white adipose tissue (4). In conclusion,
osteocalcin production is regulated by the control of
insulin and leptin hormones. Insulin released from
pancreatic beta cells stimulates both active and inactive
osteocalcin synthesis in bone tissue. Active osteocalcin
released from bone tissue, in turn, stimulates insulin
secretion in the pancreas. There is no feedback mechanism
in the relationship between insulin and osteocalcin.
Therefore, the leptin hormone released from adipocytes
regulates the production of osteocalcin and insulin through
the hypothalamus (4).

Short-chain fatty acids (SCFA) are primarily the end
products of the fermentation of undigested sugars and
dietary fiber by the gut microbiota. Butyric acid, a 4-
carbon, colorless, characteristically odorous, fatty
carboxylic acid, is one of the main byproducts. It is soluble
in water and slightly volatile at room temperature. Butyric
acid, also known as 'butter acid," is naturally present in
milk. It is reported to play a significant role in modulating
various diseases (5).

Caprylic acid (octanoic acid, C8:0), caproic acid (C6:0),
and capric acid (C10:0) belong to the class of medium-
chain saturated fatty acids (MCFAs) (6). MCSFAs are
characteristic nutrients found in dairy products and
specific oils like palm kernel and coconut oil. The
metabolic specificity of MCSFAs has been associated with
beneficial physiological effects, leading to high catabolism
in adipose tissue and low tissue deposition (7). In
overweight individuals, diets rich in MCSFAs have been
shown to reduce fat accumulation and increase energy

expenditure compared to diets rich in long-chain fatty
acids (LCFAs) with equal calories (8).

Oleic acid (C18:1) is a monounsaturated fatty acid with a
total of 18 carbons and a double bond between the 9th and
10th carbons. It constitutes 1/3 or more of the lipids in
breast milk. Oleic acid is an essential energy source and
can be synthesized within the body. It is recognized as a
primary energy source in breast milk, along with lactose,
for newborns. Recent studies have focused on the effects
of oleic acid on lipoprotein metabolism. In adults, oleic
acid consistently increases the HDL/LDL ratio and
reduces the concentration of total blood cholesterol.
Furthermore, it regulates the absorption of nutrients in the
gastrointestinal system by maintaining blood glucose and
insulin concentrations within normal limits. As far as we
know, there is limited data on the effects of combined
short, medium, and long-chain fatty acids on the
serum/tissue  concentration of hormones such as
osteocalcin, leptin, and insulin. Moreover, no published
study evaluating the synergistic effects of different types
of fatty acids on the secretion of osteocalcin, leptin, and
insulin has been identified. The aim of this study is to
investigate the effects of fatty acids such as butyric acid,
caprylic acid, and oleic acid on osteocalcin, leptin, and
insulin levels.

MATERIAL AND METHODS

Animals

"The animals utilized in this research were sourced from
the Duzce University Experimental Animals Application
and Research Center. A total of 49 male Wistar rats, aged
2-3 months and weighing 230+30 g, were housed in a
laboratory setting. The rats were maintained at a room
temperature of 23 °C, with a humidity level of 60+5%, and
a light-dark cycle of 12:12. Throughout the study, the rats
had unrestricted access to food and water. To evaluate the
impact of fatty acid administration on the rats' weight
changes, their weights were measured both at the
commencement and conclusion of the study. This
investigation received ethical clearance from the Duzce
University Animal Experiments Local Ethics Committee,
under Decision No: 2021/03/04."

Substances and Doses

Three different fatty acids were used in the study: butyric
acid, caprylic acid and oleic acid (Sigma Aldrich Chemical
Co., St. Louis, Missouri, US). A 100 mg/kg of each of
these fatty acids was given orally. As anesthetics, 90
mg/kg ketamine hydrochloride (Keta-Control, Mefar Ilag
Sanayi A.S., Istanbul, Turkey) and 10 mg/kg xylazine
hydrochloride (Vetaxyl, VET-AGRO Sp. z 0.0., ul. Lublin,
Polonia) were used intramuscularly (i.m). All drugs were
prepared daily.

Experimental Groups and Routes of Administration of
the Substances

Rats were randomly divided into 7 subgroups as Control,
Butyric Acid, Caprylic Acid, Oleic Acid, Butyric
Acid+Caprylic Acid, Butyric Acid+Oleic Acid, Caprylic
Acid+Oleic Acid. In the control group, only saline was
administered orally at 1 ml/kg for 21 days. The fatty acid
groups were administered 100 mg/kg fatty acid orally for
21 days.
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Ending the Study

After the last application, blood was taken from the heart
of the animals in the groups by cardiac puncture method
under ketamine/xylazine anesthesia. The animals were
then sacrificed by cervical dislocation under anesthesia.
Blood samples underwent centrifugation at 4000 rpm for a
duration of 15 minutes. Following centrifugation, the
serum was carefully separated and preserved at a
temperature of -80 °C until the time of analysis.
Determination of Biochemical Parameters

Osteocalcin, insulin and leptin levels were determined by
ELISA (enzyme-linked immunosorbent assay) method in
the collected serum samples. ELK (ELK biotechnology
CO., LTD, Hubei, CHINA) brand ELISA kits for rat
osteocalcin (Cat. ELK2391), rat insulin (Cat: ELK2370)
and rat leptin (Cat: ELK8904) were obtained. All
parameters were measured with an ELISA reader (Epoch
Microplate Spectrophotometer, BioTek Instruments, Inc.,
Winooski, VT, USA) according to the kit procedure. In
addition, blood glucose level was determined with
OPTIMA (OK Biotech CO., LTD., Taiwan) blood glucose
meter and strips.

Statistical Analysis

The Kruskal-Wallis test was used to compare the groups
in terms of serum osteocalcin, insulin and leptin levels, and
homogeneous subgroups multiple comparison method was
used to determine the different groups. Body weights were
analyzed by Two-Way ANOVA. P<0.05 was accepted as
statistical significance level. GraphPad Prism (version 9.0,
La Jolla, California, USA) program was used for analysis.

RESULTS

The Effects of Fatty Acids on Osteocalcin Levels

When the groups were compared in terms of osteocalcin
levels, a statistically significant difference was determined
between the groups (P<0.001) (Figure 1). When the results
were examined in more detail, it was found that the
osteocalcin level values of the Butyric Acid group were
statistically higher than the Control, Caprylic Acid, Oleic
Acid, Butyric Acid+Caprylic Acid, Butyric Acid+Oleic
Acid, and Caprylic Acid+Oleic Acid groups (p<0.001,
p<0.001, p<0.001, p<0.001, p<0.001, p<0.001, p<0.001
and p=0.001, respectively). Although the mean osteocalcin
levels of the other groups were higher than the control
group, it was not statistically significant (P>0.050).

The Effects of Fatty Acids on Leptin Levels

There was a statistically significant difference between the
groups in terms of leptin levels (p<0.001) (Figure 2).
When the results were examined in more detail, it was
found that the leptin level values of the butyric acid group
were statistically higher than the control, caprylic acid,
oleic acid, butyric acid+caprylic acid, butyric acid+oleic
acid and caprylic acid+oleic acid groups (p<0.001,
p<0.001, p<0.001, p=0.004, p<0.001, p=0.009 and
p<0.001, respectively). Although the mean leptin level of
butyric acid+oleic acid group was higher than the other
groups (except butyric acid group), it was not statistically
significant (p>0.050).

Osteocalein Level (pg/mL)

Groups

Figure 1. The effect of fatty acids on osteocalcin level
(***p=0.005 and ****p<0.001).
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Figure 2. The effect of fatty acids on leptin level
(**p=0.010, ***p=0.005 and ****p<0.001)
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The Effects of Fatty Acids on Insulin Levels

When the groups were compared in terms of insulin levels,
a statistically significant difference was determined
between the groups (P<0.001) (Figure 3). When the results
were analyzed in more detail, it was found that the mean
insulin level of the Caprylic+Oleic Acid group was
statistically higher than the Control, Butyric Acid,
Caprylic Acid, Oleic Acid and Butyric Acid+Caprylic
Acid groups (p<0.001, p<0.001, p<0.001, p<0.001,
p<0.001 and p<0.002, respectively). At the same time, the
mean insulin level values of the Butyric Acid+Oleic Acid
group were significantly higher than those of the Control,
Butyric Acid and Caprylic Acid groups (P=0.005, P=0.043
and p=0.009, respectively). When the groups were
analyzed in detail, although the mean insulin level values
of the Control group were lower than those of the Butyric
Acid, Caprylic Acid, Oleic Acid and Butyric
Acid+Caprylic Acid groups, they were not statistically
significant (P>0.050).
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Figure 3. The effect of fatty acids on insulin level
(*p<0.050, **p<0.010, ***p<0.005 and ****p<0.001).

The Effects of Fatty Acids on Blood Glucose Levels

When the groups were compared in terms of blood glucose
levels, a statistically significant difference was determined
between the groups (P=0.0010) (Figure 4). When the
results were analyzed in more detail, it was found that the
mean blood glucose levels of the Butyric Acid+Caprylic
Acid group were statistically lower than those of the
Cotrol, Caprylic Acid, and Caprylic Acid+Oleic Acid
groups (p values were p=0.0141, p=0.0003 and p=0.0360,
respectively). In addition, the mean blood glucose level of
the Oleic Acid group was significantly lower than that of
the Caprylic Acid group (P=0.0300). Although the blood
glucose levels of the Butyric Acid and Butyric Acid+Oleic
Acid groups were higher than the Butyric Acid+Caprylic
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Acid group, they were not statistically significant
(p=0.2478 and p=0.1110, respectively).

The Effects of Fatty Acids on Body Weight

When the pre- and post-experimental mean weights were
compared within the groups, a statistically significant
difference was found between them (p=0.008) (Table 1
and Figure 5). When the groups were analyzed in more
detail, it was determined that the post-experimental mean
weight values of the control group were statistically higher
than the pre-experimental mean weight values (p<0.001).
Conversely, no statistically significant disparities were
observed within the remaining groups (p>0.050).
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Figure 4. The effect of fatty acids on blood glucose level
(*p<0.050, ***p<0.005).
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Table 1. Effects of different fatty acids on body weight and P value for comparison of groups
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Group Time Mean (g) +SD Min (g) Max (g) P value
Pre

Control 331,4+13.9 315 347 0,008
Post 430,2+40,6 383 493
Pre

Butyric Acid 388,2+44,3 315 436 0,702
Post 419,3+47.9 340 471
Pre

Caprylic Acid 425,020 4 400 451 0,917
Post 406,8+36,6 355 457
Pre

Oleic Acid 41344382 357 453 0,999
Post 419,8429.4 389 457
Pre

Butyric+Caprylic Acid 385,2439.7 321 428 0,683
Post 417,034 4 356 436
Pre

Butyric+Oleic Acid 398,4£35,9 341 43t 0,993
Post 384,0437.3 333 431

Caprylic+Oleic Acid Pre 40124222 367 428 0.908
Post 424,624.6 392 461

(Pre; pre-experiment, Post; Post-experiment)
DISCUSSION

Osteocalcin, leptin, and insulin are hormones that play a
significant role in regulating metabolic functions in the
body. Additionally, different types of fatty acids present in
foods can also impact metabolic functions (9). Short-chain
fatty acids, medium-chain fatty acids, and long-chain fatty
acids are metabolized differently in the body and have
various metabolic effects. Recent studies have shown the
benefits of short and medium-chain fatty acids,
particularly in the form of dietary supplements like
medium-chain triglycerides added to foods, for promoting
healthy weight control and metabolic health due to their
distinct aroma and taste. In this study, the relationship
between SCFAs, MCFAs, and LCFAs and osteocalcin,
leptin, and insulin is investigated.

Short-chain fatty acids offer benefits such as maintaining
healthy gut functions and preventing inflammation (10).
Moreover, it has been suggested that short-chain fatty
acids could enhance the production of the leptin hormone,
consequently reducing appetite and aiding in weight loss
(11). Butyric acid is a short-chain fatty acid produced by
specific bacterial species in the gut. It has demonstrated
anti-inflammatory effects and is believed to contribute to
protection  against  various diseases, including
inflammatory bowel disease and type 2 diabetes (12). A
study conducted by Hamer et al. shows that butyric acid
has a positive impact on gut motility and mucosal barrier
function (12). In addition, butyric acid has been reported
to potentially play a significant role in bone health due to
its ability to enhance the production of the osteocalcin
hormone. Osteocalcin is a hormone produced by bone cells
and is involved in the regulation of energy metabolism.
Specifically, it has been shown that osteocalcin increases
insulin secretion and sensitivity, improves glucose
tolerance, and reduces the risk of type 2 diabetes. Leptin is
a hormone secreted by fat cells and plays a crucial role in
regulating energy balance, appetite control, and
metabolism. When leptin levels are high, it enhances the

sensation of fullness in the brain, suppressing appetite and
increasing energy expenditure. As a result, individuals
with leptin resistance may struggle with weight control
(13). However, the effects of butyric acid on leptin levels
in humans are still not clear, despite some animal studies
suggesting an increase in leptin levels due to this fatty acid.
Furthermore, more research is needed to fully comprehend
the effects of butyric acid on weight control (13-16). In the
present study, it was observed that only the groups
receiving butyric acid exhibited significantly higher levels
of osteocalcin and leptin, as reported in the literature.
Insulin levels were relatively higher in the butyric acid-
treated groups compared to the control group, but the
difference was not statistically significant. Similarly,
although the blood glucose levels were lower in the groups
treated with butyric acid compared to the control group,
the difference was not statistically significant. In
conclusion, the relationship between butyric acid,
osteocalcin, insulin, and leptin is significant due to its
potential effects on gut health and weight control.
However, further research is needed to better understand
these relationships.

Medium-chain fatty acids are metabolized more rapidly
than other fatty acids and are converted into energy more
efficiently (17). Therefore, medium-chain fatty acids are
thought to have the potential to be used for weight control
and increasing energy expenditure (18). Caprylic acid is an
unsaturated fatty acid found in natural sources like various
food items and certain oils. It is utilized for energy
production in the body and also offers some health
benefits. Particularly, caprylic acid has been shown to have
an impact on osteocalcin, insulin, and leptin hormones.
(19-21). It is believed that caprylic acid might have a
positive impact on bone health by increasing osteocalcin
synthesis. Additionally, caprylic acid also influences
insulin sensitivity. Insulin is a hormone secreted to
regulate blood sugar levels in the body. Insulin sensitivity
defines the body's response to insulin. Caprylic acid could
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contribute to better blood sugar control by increasing
insulin sensitivity. Moreover, it is thought that caprylic
acid could aid in weight control by enhancing leptin
release. In a study, the effects of caprylic acid on insulin
sensitivity in obese mice were investigated (20). The
researchers have reported that caprylic acid treatment
improves insulin sensitivity by increasing glucose uptake
and glycogen synthesis in skeletal muscles. They have
suggested that these effects could be attributed to the
activation of AMP-activated protein kinase (AMPK), a
key regulator of energy metabolism, which is activated by
AMP. In the current study, although the application of
caprylic acid increased osteocalcin, leptin, and insulin
levels compared to the control group, these changes were
not found to be statistically significant. However, the
combined application of caprylic acid with oleic acid
significantly increased insulin levels. In addition, the
groups that underwent caprylic acid application exhibited
higher blood glucose levels. In conclusion, the
relationships between caprylic acid and osteocalcin,
insulin, and leptin are significant with regards to bone
health, blood sugar control, and weight management.
Moreover, the effects of caprylic acid on these hormones
remain unclear, and further research is required. However,
more research is needed in this area.

Long-chain fatty acids, on the other hand, are primarily
utilized for energy storage purposes and have been
associated with  obesity (22). Oleic acid, a
monounsaturated fatty acid, holds several beneficial health
effects for the body. The relationship between oleic acid
and osteocalcin, insulin, and leptin has been explored in
recent research studies. (23-27). Oleic acid has been
shown to have positive effects on bone health. In a study,
it was observed that mice supplemented with oleic acid
experienced an increase in bone mineral density and
enhanced bone structure. Furthermore, supplementation of
oleic acid has been demonstrated to increase osteocalcin
production and bone mineralization in bone cells (28). In
a study, it was observed that providing obese mice with
oleic acid supplementation resulted in a reduction in
insulin resistance (29). Additionally, a study conducted on
humans revealed that consumption of olive oil reduced
insulin resistance and regulated blood sugar levels (30).
The impact of oleic acid on insulin resistance can be
explained through mechanisms at the cellular level. Oleic
acid improves cellular membrane functions and enhances
insulin receptor activity by altering the lipid composition
of the cell membrane (31). Additionally, oleic acid
enhances mitochondrial functions, thereby increasing
cellular energy production and insulin sensitivity. Some
studies have indicated that long-chain fatty acids could
potentially increase insulin resistance (32). In a study, it
was found that mice lacking osteocalcin exhibited leptin
resistance (32). These findings suggest the potential
influence of osteocalcin on leptin resistance. In another
study, it was demonstrated that increasing osteocalcin
secretion in mice had a positive impact on insulin
sensitivity (18). In the current study, despite the fact that
oleic acid application led to an increase in osteocalcin,
insulin, and leptin levels compared to the control group,
these changes were not found to be statistically significant.
However, the combined application of oleic acid and
caprylic acid resulted in an elevation of insulin levels.

Additionally, the groups receiving oleic acid exhibited
lower blood glucose levels compared to the control group.
Nonetheless, further research is needed to fully understand
the impact of oleic acid on insulin resistance. Some studies
suggest that oleic acid enhances insulin sensitivity, while
others propose the opposite (33). Furthermore, the
influence of other factors related to insulin resistance, such
as obesity and levels of physical activity, should also be
taken into consideration.

In conclusion, the relationship between osteocalcin, leptin,
and insulin is quite intricate. Various studies suggest that
osteocalcin might have an impact on leptin resistance,
different types of fatty acids—especially short-chain fatty
acids—could potentially enhance osteocalcin secretion,
thereby contributing to insulin sensitivity, assisting in
reducing leptin resistance, and potentially lowering insulin
resistance. However, the interplay of these factors is
complex and further research is needed to fully
comprehend the intricate mechanisms at play.
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