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Abstract. - OBJECTIVE: Diabetes mellitus
is one of the most commonly arising endocrine
conditions. The disorder gives rise to enduring
damage to a number of body tissues and vis-
cera as a result of related macrovascular and
microvascular complications. In patients who
are unable to maintain their nutritional sta-
tus independently, medium-chain triglyceride
(MCT) oil is frequently added as a supplement
to parenteral nutrition. The aim of the present
research is to establish whether MCT oil has
a therapeutic influence on the hepatic dam-
age occurring in male albino rats as a result of
streptozotocin (STZ)-induced diabetes.

MATERIALS AND METHODS: 24 male albino
rats were randomized into four cohorts, i.e., con-
trols, STZ-diabetic, metformin-treated and MCT
oil-treated. The rodents were fed a high-fat diet
for 14 days; a low dose of intraperitoneal STZ was
then administered in order to induce diabetes.
The rats were subsequently treated for 4 weeks
with metformin or MCT oil. Analysis included an
appraisal of liver histology and biochemical indi-
ces, i.e., fasting blood glucose (FBG), hepatic en-
zymes and glutathione (GSH), the latter obtained
from hepatic tissue homogenate.

RESULTS: A rise in FBG and hepatic enzymes
was observed, but in the STZ-diabetic cohort,
hepatic GSH levels were diminished. Treatment
with either metformin or MCT oil led to a decline
in FBG and hepatic enzyme titers whereas GSH
concentrations increased. Liver histology find-
ings were notable amongst rodents within con-
trol, STZ-diabetic and metformin-treated groups.
The majority of histological changes were re-
solved following therapy with MCT oil.

CONCLUSIONS: The anti-diabetic and antiox-
idant characteristics of MCT oil have been sub-
stantiated by this work. MCT oil led to a rever-
sal of the hepatic histological changes seen in
STZ-induced diabetes in rats.
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Introduction

Diabetes mellitus (DM) is well-established as
one of the most frequently arising chronic pathol-
ogies'. It is associated with grave complications
which affect most physiological systems; these
are likely to be correlated with the severe cate-
gory of coronavirus-19 disease (COVID-19)%. The
World Health Organization (WHO) has published
contemporary statistics on the global casualty
rate from the metabolic disorder. By 2030, the
Worldwide prevalence of DM is anticipated to in-
crease to between 10.2% and 10.9%, i.e., 578 and
500 million individuals, respectively?. Numerous
studies™* have observed the relationship between
DM and the severe form of COVID-19, although,
as yet it is not clear whether individuals suffering
from DM exhibit greater susceptibility to coro-
navirus infection. However, serum glucose titers
and the presence of DM are recognized as inde-
pendent markers of morbidity and mortality in
patients with severe acute respiratory syndrome?.

DM can be broadly classified into type I
(TIDM) and type II (T2DM). Elevated serum
glucose levels can promote impaired cell function
within the pancreas. This may induce tissue re-
sistance to insulin, a situation typical of T2DM,
a disorder which is characterized by insulin de-
ficiency and which involves numerous viscera,
such as the liver, musculature and adipose tissue®.
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DM is associated with a spectrum of hepatic
disorders, e.g., abnormal glycogen deposition,
non-alcoholic fatty liver disease (NAFLD), fi-
brosis, cirrhosis, hepatocellular carcinomas, ab-
normally elevated liver enzymes, acute hepatic
disease and viral hepatitis™. Surplus adiposity
within the liver can promote tissue resistance to
insulin and marked metabolic abnormalities.
Raised glucose levels may precipitate the death of
liver cells and cause a condition referred to as fat-
ty liver in individuals with DM, which is associ-
ated with elevated mortality and morbidity rates’.

The most commonly arising hepatic pathology
globally is non-alcoholic fatty liver disease (NA-
FLD). It occurs in 60% of individuals with hy-
perlipidaemia; in patients with hyperlipidaemia
and elevated liver enzymes, NAFLD has a prev-
alence of 80%’. Insulin resistance is considered
to be the common factor connecting NAFLD and
metabolic conditions!®!!; this factor also impacts
other metabolic tissues, i.e., the musculature and
adipose tissue'?.

There have been notable recent advances in
pharmaceutical agents for the treatment of DM,
insulin delivery system and glucose monitoring
apparatus. Recent guidelines®'® suggest that the
optimum management strategies should be pa-
tient-centric, designed on individual patient’s dis-
tinctive features, requisites and context. Options
for therapy encompass oral anti-diabetic agents,
insulin or a combination; their use is guided by
ongoing glucose surveillance. Metformin is a
long-standing and well-established oral hypogly-
cemic agent. However, the use of metformin and
insulin are associated with adverse effects, such
as anorexia, cerebral atrophy (brain shrinking)
and insulin resistance'*".

A challenge for individuals suffering from
T2DM is their inability to control their serum
glucose titers over prolonged periods. The appro-
priate utilization of anti-diabetic agents, together
with suitable nutrition plans and physical activ-
ity schedules can contribute to the maintenance
of normoglycemia. Nevertheless, adverse events
have been documented with the use of pharma-
ceutical agents'. The newer anti-diabetic for-
mulations and therapeutic methods are currently
highly sought after, particularly nutraceuticals,
which have a more benign adverse event profile
and greater potential anti-diabetic potency. Advo-
cates of drugs synthesized from naturally arising
compounds propose that their use in DM may
be more cost-effective. More traditional medic-
inal practitioners have claimed that substances

derived from wild plants may have a therapeutic
effect in DM'718:19:20,

A naturally arising substance which is derived
from Streptomyces achromogenes, streptozoto-
cin (STZ) is poisonous to mammalian pancreatic
B-cells responsible for insulin release?'. Clinical-
ly, STZ is utilized as chemotherapy for tumours of
the islets of Langerhans. In clinical research, STZ
can be administered in order to create an in vivo
experimental model for DM?>%, The mechanisms
underlying the use of STZ include the production
of free radicals and damage to genetic material
and its toxicity for pancreatic B-cells, as just one
dose can lead to permanent B-cell necrosis and
DM24,25'

Medium-chain triglycerides (MCTs) arise nat-
urally, and typically have between 6 and 12 car-
bon atom chains, e.g., capric and lauric acids,
respectively. Examples of plant oils that have a
high MCT content are coconut oil, palm oil, and
Cuphea seed oil. Lipases within the stomach
and pancreas are responsible for the digestion of
MCTs in neonates and nursing animals; the MCTs
form a rapid energy source for the metabolic pro-
cesses that take place within the intestinal cells
and the liver**. As MCTs undergo rapid absorp-
tion into the blood circulation, these substances
are valuable for individuals with gastrointestinal
disorders, e.g., diarrhea, steatorrhea, and coeli-
ac disease, and following partial gastrectomy or
enterectomy?’. In premature neonates, who have
significant energy needs and in whom the gastro-
intestinal tract is still immature, MCTs are used
as a rapid energy source®. MCTs are also used
as supplementation by sportspeople, as they can
enhance athletic performance, diminish body fat
and promote muscle gains®.

An excessive fat percentage in the diet leads
to conditions of overweight and obesity. Low-fat
or fat-free dietary regimens may be unsatisfacto-
ry as the vitamin content is often insufficient and
there is an elevated likelihood of cardiovascular
disease. Another approach is to substitute some
of the traditional long-chain triglycerides (TG) in
the diet with MCT oil*’. A ketogenic nutritional
regime complemented by MCT, referred to as the
MCT diet, has been commonly utilized thera-
peutically in individuals with neurodegenerative
conditions; in pediatric patients with refractory
epilepsy, there have been encouraging data pub-
lished regarding seizure control®'.

Contemporary ketogenic diets can generally be
classified into two types. The conventional form
provides approximately 60-80% of energy from
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the diet though long-chain lipids, which have 16-
20 carbon atoms*. There is an extremely reduced
carbohydrate component, making the diet espe-
cially strict; adherence can be challenging. A sec-
ond MCT diet was therefore designed, in which
lipids take the form of triglycerides which contain
8-carbon and 10-carbon fatty acids, i.e., ~60% oc-
tanoic and 40% decanoic acid, respectively. These
shorter fatty acids are broken down swiftly within
the body, thus leading to a more efficacious pro-
duction of ketones™®.

In animal experiments and clinical trials,
MCTs have demonstrated a hepatoprotective ef-
fect. For instance, Li et al** observed that a MCT
diet diminished alcohol-induced hepatic lipid
dyshomeostasis. MCTs also had a prophylactic
effect against hepatic injury in a rodent model of
NAFLD*. Additionally, in clinical trials involv-
ing individuals with liver cirrhosis, protection is
conferred by MCTs with respect to liver damage
caused by alcohol®®.

Therefore, the aim of the current study is to
establish whether the administration of MCT oil
has a therapeutic outcome in male albino rats with
hepatic damage caused by STZ-induced DM.

Materials and Methods

Drugs and Chemicals

Nestle Health Science® MCT Oil, which com-
prised 53.02% caprylic acid (C8:0) and 46.20%
capric acid (C10:0), was purchased from Nestle
HealthCare Nutrition, Inc. (Bridgewater, NJ, USA).

Metformin HCI and STZ were obtained from
Merck Sante (S.A.S., Lyon, France) and Sig-
ma-Aldrich Chemical Co. (St. Louis, MO, US),
respectively.

Siemens Healthcare (Issaquah, WA, US)
formed the source of the Flex® reagent cartridge
kits utilized for the measurement of glucose lev-
els. Rat alkaline phosphatase (ALP), aspartate
aminotransferase (AAT) and alanine aminotrans-
ferase (ALT) assays were performed using the
respective ELISA Kits, procured from DiaSys
Diagnostic Systems (Germany). An ELISA kit se-
lective for rat reduced glutathione (Catalog Num-
ber: MBS724319) was employed in order to facil-
itate a comparison of reduced glutathione titers in
various tissues.

Animals

24 male albino rats, weighing between 150 g
and 250 g, were obtained from the King Fahad
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Research Centre. The rodents were kept in cohorts
of six in plastic cages containing wood chips. The
ambient conditions included a temperature of 23
+ 2 °C and a normal circadian cycle. A daily chow
diet and a high-fat diet (HFD) were recommend-
ed by the research center. The former included
5%, 53% and 23% fat, carbohydrate and protein,
respectively; the latter, 22%, 48% and 20% fat,
carbohydrate and protein, respectively. The ener-
gy content for the daily chow was 25 kJ/kg, and
for the HFD, 44.3 kJ/kg*". The criteria set by the
King Fahd Medical Research Centre’s Animal
House, Department of Medicine, Faculty of Med-
icine, King Abdul-Aziz University, Jeddah, Sau-
di Arabia experimentation were met at all times.
Ethical approval was obtained from the institu-
tion’s Bioethics and Research Committee under
the reference number (No.:444-42-39961-DS).

Induction of Diabetes

The HFD was fed to all the animals, regard-
less of the randomization, for 14 days; this was
followed by a low dose (35 mg/kg) of SZT giv-
en intra-peritoneally (ip)*"**. The STZ was made
up to solution in a de novo generated 0.01 M ci-
trate buffer (pH 4.5). The first low glucose levels
were resolved using oral glucose; 10% glucose
was added to the drinking water for the following
24-hour period®. After being injected with SZT,
fasting blood glucose (FBG) concentrations were
assayed. Phlebotomy was performed using the ro-
dents’ tail veins; at this juncture, ether gas was
utilized for anesthesia. FBG were repeated after a
14-day observation period, and the results for the
four groups were compared*.

An automated glucose analyzer (Glucometer,
On Cal; San Diego, CA, USA) was used to assay
FBG concentrations, using blood samples taken
from the tail veins of fasted rodents. DM was de-
fined in animals after 14 days as FBG titers >180
mg/dL*. Once the intervention was begun, i.e., 14
days after the induction of DM, the rodents from
cohorts II, III and IV were returned to their typi-
cal daily chow nutrition. The duration of therapy
with either metformin or MCT was 28 days.

Experimental Design
The rodents were randomly assigned to one of
four cohorts, each containing six rats. The regimes
for each experimental group are detailed below.
Group I (control): animals received routine daily
chow as described above and distilled water only.
Group II (diabetic): a 14-day HFD and low-dose
ip injection of STZ was utilised to induce DM; fol-
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lowing this the rats were given a routine daily chow
diet and distilled water for a period of 28 days.

Group III (metformin-treated): 14 days after
the induction of DM, rats were commenced on
oral daily metformin via gavage in a dose of
250 mg/kg bodyweight. This was given for 28
days, based on the recommendations of previ-
ous studies*.

Group IV (MCT oil-treated): 14 days after the
induction of DM, rats were administered oral
daily MCT in a dose of 500 mL/kg bodyweight.
This was continued for 28 days. In previous stud-
ies®#, the MCT oil contained 14 g gat and 115
calories per 15 mL, and so for the current study,
the dose was modified to retain consistency. In
order to promote intestinal tolerance, the maxi-
mum advised dose is 50-100 g per day, which
equates to 60-100 mL. This includes 56-88 g lipid
and between 460 and 805 calories®. Eight studies
have investigated the acute toxicity profile of oral
MCTs, i.e., caprylic and capric TG in murines,
and concluded that a safe quantity was within the
dose range 4.5-36 mL/kg. For mice and rats, the
LD450 was established as 25 mL/kg and 36 mL/
kg, respectively*.

Biochemical Analysis: Serum Glucose
Level and Liver Profile

At the study’s conclusion, the rodents were
anaesthetized with diethyl ether. Cardiac punc-
ture was used to obtain blood specimens; these
underwent centrifugation in order to separate the
cellular component from the serum. The serum
was then sampled in order to assay FBG and liv-
er enzymes. The specimens were stored directly
for later analysis at a temperature of -20™. The
glucose assay was performed as directed in the
instructions from the kit vendor. ALP was used
for qualitative enzyme analysis only; the vendor’s
guidelines were again followed.

Liver Homogenization for Evaluation of
Oxidative Stress

In order to enable biochemical analysis of re-
duced GSH levels in the tissue homogenate,
a sample of hepatic tissue was stored in an Ep-
pendorf tube at a temperature of 80 °C for future
analysis. A second specimen underwent preser-
vation in 10% neutral formalin for 48 hours; this
was reserved for histological evaluation. In order
to assay the GSH levels in the tissue homogenate,
a reduced glutathione-horseradish peroxidase ad-
mixture was utilized for the initiation of enzyme
activity. The degree of coloration was immediate-

ly correlated with the quantity of reduced gluta-
thione. In keeping with the vendor’s guidelines,
the procedures were performed with reference to
the standard curve.

Histological Examination of the Liver
Tissue

The hepatic samples fixed in 10% neutral for-
malin were rinsed assiduously and then dehy-
drated; the latter process was achieved with the
use of gradually increasing titers of ethanol. The
samples were then infiltrated and embedded in
the center of paraffin wax blocks, and sectioned
into 5 pm thick slices utilizing a microtome. The
slices were immersed in distilled water and hema-
toxylin and eosin (Sigma, St. Louis, MO, USA)
staining was applied*®.

Statistical Analysis

Mean =+ standard error (SE) values were ob-
tained from the data by utilizing one-way analy-
sis of variance. The mean differences from each
cohort were compared with the use of the Tukey
post hoc test. Statistical significance was defined
as a p-value < 0.05. Statistical analysis was facil-
itated by the use of GraphPad Prism (2020) ver-
sion 9.0 (San Diego, CA, USA). Any relationships
between the biochemical assays were determined
by Pearson’s correlation analysis.

Results

Effects on Fasting Blood Glucose

When compared to controls, FBG concentra-
tions were elevated in the rats with STZ-induced
DM (p < 0.001) but not in the cohorts treated with
either metformin (p =0.05) or MCT oil (p =0.8633).
Rodents receiving MCT oil showed a reduction in
FBG compared to the STZ-induced diabetic cohort
(p <0.0001). A trend towards a lower FBG in the
MCT oil-treated group was seen when compared
with those given metformin but this failed to reach
significance (p = 0.4136) (Table I; Figure 1).

Effects on Liver Enzyme Markers

ALT, AST and ALP were elevated in the rats
with STZ-induced DM (p < 0.0001) compared to
the control group (Table I; Figure 2 A-C). A trend
towards a rise in hepatic enzymes was seen in the
rats receiving either metformin or MCT oil, but
this failed to reach significance (p > 0.05). When
the rats with STZ-induced DM and those treated
with MCT oil were compared, ALT, AST and LP
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Table I. Serum fasting blood glucose and liver profile and oxidative stress parameters in liver homogenate in different groups.

Parameters Groups (N=6) Meanz=S.E.
Serum Fasting blood glucose (FBG) (mg/dl -1) Control 87.17+3.70
STZ-Diabetic 238.33+16.39
Metformin 129.83+11.20
MCT oil 103.33+4.47
Serum Alanine aminotransferase (ALT) (IU/L) Control 17.48+.53
STZ-Diabetic 72.00+4.79
Metformin 18.90+.48
MCT oil 18.91+.66
Serum Aspartate aminotransferase (AST) (IU/L) Control 20.96+1.82
STZ-Diabetic 105.58+3.60
Metformin 24.50+2.49
MCT oil 20.18+1.53
Serum Alkaline phosphatase (ALP) (IU/L) Control 51.00£2.80
STZ-Diabetic 135.66+5.43
Metformin 52.50+2.26
MCT oil 48.33+2.13
Reduced glutathione (GSH) (ng/mg protein) in Liver Homogenate Control 18.78+.99
STZ-Diabetic 2.61+.41
Metformin 18.03+.76
MCT oil 19.35+.52

N = number of animals/groups; S.E. = standard errors.

were diminished in the latter cohort (p < 0.0001).
No differences in liver function tests were ob-
served between the groups receiving MCT oil or
metformin (p > 0.05).

Effects on Antioxidant Levels

The antioxidant levels are documented in
(Table I; Figure 2D). GSH was markedly di-
minished in the rat cohort with STZ-induced

DM (p < 0.0001) compared to all the other ex-
perimental groups. When compared with the
controls, no increase in GSH was observed in
the rats administered either metformin or MCT
oil (p > 0.05). However, in the rats treated with
MCT oil, GSH levels were reduced (p < 0.001)
in comparison to those seen in the STZ-induced
diabetic animals, but equivalent to those seen
in rats given metformin (p > 0.05).

Table II. Pearson’s correlation to test the correlation among the biochemical values in different groups.

Correlations FBG ALT AST ALP GSH
FBG r 1 .860** .886%* .888** -.895%*
Sig. (2-tailed) .000 .000 .000 .000
ALT r .860** 1 .982%* .968** -.949%x
Sig. (2-tailed) .000 .000 .000 .000
AST r .886%* 982 1 .968** -965%*
Sig. (2-tailed) .000 .000 .000 .000
ALP r .888** .968** 968** 1 -.963%*
Sig. (2-tailed) .000 .000 .000 .000
GSH r -.895%* -.949%x -.965%* -.963** 1
Sig. (2-tailed) .000 .000 .000 .000

**_Correlation is significant at the 0.01 level (2-tailed). r = Person’s correlations; N = number of rats/groups. Fasting blood
glucose (FBG), Alanine aminotransferase (ALT), Aspartate aminotransferase (AST), Alkaline phosphatase (ALP), and

reduced glutathione (GSH).
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Figure 1. Mean+ S.E of serum fasting blood glucose level
(FBG) mg/dl-1 on control, STZ-diabetic, Metformin, and
Medium-chain triglycerides (MCT) oil groups at the end
of the experiment (n=6 rat/group). ****p < 0.0001, ns =
non-significant to the corresponding group.

Biochemical Parameters: Pearson’s
Correlation Analysis

A positive relationship was observed between
the FBG concentration and titers of ALT, AST
and ALP (Figure 3A). Notably, negative associa-
tions were present between GSH, the marker for
oxidative stress, and FBG levels and hepatic en-
zymes within all the experimental cohorts (Table
II; Figure 3B).

Histological Analysis of Liver

Group 1 (control)

In this cohort, histological analysis demon-
strated typical appearances of structurally nor-
mal liver lobules, with liver cells arranged as
anastomosing branching plates emanating from
central venous vasculature. The blood sinusoids,
which lie between the liver cells, were lined with
Kupffer cells and flat endothelial cells. The he-
patic cells were characterized as acidophilic, and
contained simply a central vesicular nucleus. The
cells were densely arranged; a number had two
nuclei (Figure 4).

Group Il (diabetic)

In contrast to the histology seen in group I,
group II rats exhibited notable degenerative alter-
ations in liver cell morphology in the peri-central
and peri-portal regions. Deposited lipid droplets
were common within parenchymal hepatocytes,
giving the appearance of macrovesicular and mi-
crovesicular steatosis. Intracellular nuclei demon-
strated either a shift or were disrupted. The por-
tal veins appeared distended and congested; the
Kupffer cells lying amongst the liver cells demon-
strated hypertrophy. These appearances were
consistent with marked dilatation and congestion
of the sinusoids (Figure 5).

Group Il [metformin-treated)

In rats from the metformin-treated cohort, the
histological changes recognized in the rodents
from group Il had partially resolved over the course
of the study. The liver cells appeared less rarefied
than in the group II animals, with occasional vac-
uolated cytoplasm. There was only modest sinu-
soidal congestion and dilatation of the portal vein
tributaries, although marked congestion was noted
in some areas. The frequency of Kupffer cell hy-
pertrophy was notably less (Figure 6).

Group IV (MCT oil-treated)

In this cohort, the appearances of the liver cells
around the central vein were essentially within
normal limits. Replicating bile duct and de novo
liver cells in the vicinity of the portal vein were
noted to have dark oval to round nuclei. The mor-
phology and characteristics of the blood sinusoids
and Kupffer cells were similar to those seen in
group I (Figure 7).

Discussion

The hepatic tissue is a key viscera for metabol-
ic processes, including homeostasis, breakdown,
manufacture, hormone synthesis and detoxifica-
tion. Owing to the key functions performed by
the liver in the metabolism of carbohydrates and
control of glycemic levels, this organ has been the
subject of considerable interest for a number of
years in DM. A number of studies*”-* have report-
ed alterations in the liver in proportion individu-
als with DM. Biopsy samples have demonstrated
lipid accrual within the liver cells, causing a rise
in the weight of the hepatic tissue.

Typically, T2DM and NAFLD are comorbidi-
ties, with the latter being recognized as a mani-
festation of metabolic syndrome. The spectrums
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Figure 2. Mean= S.E of serum liver function enzymes: (A) Alanine aminotransferase (ALT), (B) Aspartate aminotransferase
(AST), (C) Alkaline phosphatase (ALP) and (D) Glutathione (GSH). on control, STZ-diabetic, Metformin, and Medium-chain

triglycerides (MCT) oil groups at the end of the experiment (n=6 rat/group).

sponding group.

of presentations arising from NAFLD include
straightforward steatoses (NAFL), non-alcoholic
steatohepatitis (NASH) and cirrhosis. Approxi-
mately 70% patients with T2DM have NAFLD.
This is notably linked with conditions of over-
weight and obesity, and tissue resistance to in-
sulin®®*2, Given that obesity is a major etiologi-
cal factor underlying NAFLD, weight reduction
comprises a first line approach to treatment. Con-
temporary trends have popularized conventional
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ketogenic nutritional regimens for the reversal of
obesity, T2DM and NAFLD*. However, as a re-
sult of the strict exclusion of most carbohydrates,
this diet is poorly tolerated and its preparation is
challenging, features which led to poor compli-
ance. Supplementing a diet with MCT is more
palatable and gives rise to a greater ketogenic ef-
fect than the conventional ketogenic guidelines.

Therefore, the aim of the current research was
to design an apposite and stable rodent model of
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human T2DM, induced following a HFD and an
ip injection of STZ, and to establish the potential
therapeutic influence of MCT oil on the arising
hepatic damage.

A principal objective of the study was to
generate a T2DM model in rodents that would
simulate the normal progression and metabolic
characteristics of the metabolic disorder in hu-
mans, and exhibit a response to treatment with

pharmaceutical agents®. The animal model of
T2DM in this research was generated follow-
ing the use of a HFD and a single ip injection
of STZ. In earlier studies*-*’, a variety of nu-
tritional regimens and STZ doses have been
employed in order to induce T2DM. Numerous
researchers have demonstrated the rise in insu-
lin resistance in peripheral tissues that occurs
in rodents receiving HFD; this condition is re-

Figure 4. Group I (control) rat liver sections: (A) (X10) Hepatocytes distributed radially in cords radiating from the central
vein (CV), (B-C) (X20) normal vesicular basophilic nuclei (1) and granular cytoplasm are seen. D, (X40) at blood sinusoids
Kupffer cells (yellow 1) and the thin, flat endothelium (green 1) are lined it. There are normal hepatocytes in the portal region
(P.A.) around the portal vein (v), bile duct (b), and hepatic artery (a) with their vesicular nuclei. A few of them (red?) are binu-

cleatedm, H&E stain were used.
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Figure 5. Group II (STZ- diabetic group) rat liver sections: (A) (X10) rat liver section, (B-C) (X20) rat liver section demon-
strating macrovesicular (1) and (D) (X40) rat liver section showing microvesicular (dot arrowhead) steatosis around a congest-
ed and dilated central vein (CV) and portal vein (v) in the portal region (P.A.) of degenerated liver cells. Hypertrophied Kupffer
cells (yellow?) and congested blood sinusoids(s) are seen, H&E stain were used.

Figure 6. Group IIT (Metformin treated rats) rat liver sections: (A) (X10) hepatocytes are seen in surrounding the central vein
(C.V) and portal area (P.A.), (B-C) (X20) surrounding (C.V.) and (P.A.) hepatocytes are seen with typical central vesicular
nuclei (1) and binucleated cells (red 1) and (D) (X40) some vacuolated hepatocytes (dot arrow) and hypertrophied Kupffer cells
(yellow 1). Observe the center vein’s flat endothelial cells (arrowhead), H&E stain were used.
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ferred to as lipotoxicity, and is characterized by
the accrual of lipids®*-.

The current regime, when judged against the
HFD given in the study published by Srinivasan
et al*, had a reduced proportion of lipids, i.e.,
22% of the total calories as opposed to 58%. Nev-
ertheless, STZ in a low dose has a low suppressive
effect on the release of insulin, which is equiv-
alent to features seen in late-stage T2DM*:63-65,
The fact that the objectives were accomplished
was evidenced by the results, in that the histolo-
gy and the biochemical analysis indicated that the
HFD-STZ protocol had generated marked raised
blood sugar levels in the animals within the ex-
perimental cohorts*-¢,

The MCT class predominantly comprises ca-
prylic (C8) and capric (C10) fatty acids, but ad-
ditionally encompasses caproic (C6) and lauric
(C12) fatty acids. The range of applications of
these lipids is rapidly expanding; they are used in
meals, pharmaceutical agents and cosmetic prod-
ucts, as well as in parenteral feeds for patients
who require them. The metabolic and pharmaco-
kinetic profiles of MCTs are different to those for
TG owing to the abridged carbon chains. In com-
parison to chylomicrons, MCT absorption occurs
immediately into the hepatic portal vein, follow-
ing which the lipids are rapidly broken down by
intestinal and liver cells to generate energy®’. Fur-
thermore, the anti-inflammatory, antioxidative
and anti-obesity characteristics of MCTs mean
that they play a key role in energy metabolism®"°.
In vivo experimental models of alcoholic liver dis-
ease and NAFLD have been used to demonstrate
the hepatoprotective traits of MCT oil***. In the
current work, the second objective was to inves-
tigate the latter properties of MCT oil on the in-
jury to the liver caused by STZ-induced DM in
rodents.

The principal goal of treatment in patients with
DM is to restore normoglycemia. In the rats with
STZ-induced DM in the current study, the admin-
istration of MCT oil notably diminished FBG ti-
ters. In the rats with STZ-induced DM, animals
receiving nutrition from normal chow supple-
mented with MCT oil exhibited a superior glycae-
mic profile to those on normal chow alone. The
beneficial impact of MCT on pancreatic B-cells
was investigated in an experimental in vivo mod-
el by Pujol et al”. Raised glucose levels were
improved and insulin synthesis was enhanced in
elderly rodents; the authors concluded that MCT
had the potential to act as both a therapeutic and
prophylactic agent in T2DM.

Histological assessment of the rodents with
STZ-induced DM in this study demonstrated that
the liver had lost some of its typical architectural
configuration. In keeping with the current obser-
vations, Gawad et al* noted that the pathogene-
sis of DM and its complications may be related
to an imbalance between radical-producing and
radical-scavenging processes, thus generating ox-
idative stress. They proposed that an abundance
of radicals could arise from glucose protein glyca-
tion and autoxidation; these could then stimulate
the peroxidation of lipids. Conversely, the synthe-
sis of reactive oxygen species (ROS) within the
mitochondria has been demonstrated in response
to raised glucose levels; these may play a major
role in the advancement of the complications seen
in patients with DM*. A further explanation is
that the low insulin levels and inhibition of fatty
acid B-oxidation could be associated with the ob-
served deterioration in the integrity of liver cells
in rodent models of DM; this results in triglycer-
ide deposits within the hepatocytes™. These ear-
lier findings may underlie the relationships noted
between GSH and FBG in the present research.

The identification of Kupffer cell hypertro-
phy — which seemed to be more prevalent in the
rodents with STZ-induced DM, and which only
arose in those receiving metformin — was a no-
table finding in the current study. The role that
Kupffer cells play in hepatic injury is current-
ly being readdressed. In one study”, Kupffer
cell hypertrophy and stimulation were the most
marked adaptations associated with alterations
in the appearances of the liver cells. In defined
disease contexts, hepatic stem cells, referred to as
oval cells in rodents, have the ability to replicate,
whereas liver cell growth is suppressed in severe
hepatic injury™. Replicating de novo liver cells
were observed in association with the bile duct
following therapy with MCT oil. Yuan et al” re-
ported that oval cells may differentiate into either
hepatocytes or epithelial cells within the biliary
tract; these can precipitate regeneration follow-
ing liver cell damage, an observation which is in
keeping with the results from the current study.
The proposal that oval cells are de novo generated
liver cells may underpin this observation™.

The control or regulation of apoptosis, de-
scribed as programmed cell death which arises in
order to maintain the tissue’s equilibrium, may be
lost leading to injurious disease processes, €.g.,
DM. Elevated FBG titers have been robustly as-
sociated with oxidative stress and apoptosis®”. The
rise in oxidative stress and consequent demise of
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both hepatocytes and endothelial cells have been
described. The present study also demonstrated
this process, as there was clear evidence that pro-
grammed cell death following the STZ injection
was exaggerated. The administration of MCT oil
induced restorative changes within the hepatic tis-
sue; the histological arrangement of the tissue was
practically identical to that of the control sample.
These findings are in keeping with the potential
of MCT oil to suppress the activity of cytochrome
P450 and/or is potentiation of glucuronidation’"".

The antioxidant enzymes form essential con-
stituents of cellular defenses towards ROS and
ultimately, towards oxidative stress. The balance
between the synthesis of ROS and defense ca-
pabilities are therefore indicative of the level of
oxidative stress. GSH is one of the antioxidant
enzymes responsible for eradicating ROS™. From
the perspective of pharmaceutical toxicity, the
viscera most often targeted is the liver. The pro-
duction of radical species, and especially ROS,
has therefore been proposed as a marker of liver
toxicity. GSH is the antioxidant that has the most
functions within the cell and is typically assigned
a defensive role in relation to the toxicity of xe-
nobiotics™. In the present study, GSH levels were
diminished in the diabetic rats; in contrast, GSH
titers were noted to be elevated in those receiv-
ing MST oil. These data are consistent with the
proposal by Wollin et al®’, who observed height-
ened antioxidant levels, e.g., GSH, in cardiac and
hepatic tissue following MCT oil delivery. This
implies that MCT oil maintains normal oxidation
equilibrium in mammals and thus, notably sup-
presses peroxidative changes in lipids.

The analysis of the liver enzymes affirms the
hepatic oxidative damage that has occurred in rats
with STZ-induced DM. In the present work, ele-
vated AST, ALT and ALP titers are indicators of
necrosis or steatosis within the liver. Significant
associations between the hepatic enzymes and
FBG were observed. Nevertheless, the investigat-
ed liver enzyme levels were markedly diminished
in the rats given MCT oil; this was reflected by
the normal liver structure and the absence of he-
patic steatosis seen on histology in these animals.
The binucleated cells that were noted in this co-
hort suggested the regeneration of cells. Thus, it
could be surmised that significant hepatoprotec-
tive effects against oxidative damage and ensuing
liver steatosis were obtained from the MCT oil®.

In line with the abnormal liver function tests
observed in the rats with STZ-induced DM, the
histological analysis in these animals indicated

2438

lipid droplet deposition within the hepatic paren-
chyma. Activation of the enzyme, cytochrome
P450 can amplify hepatic enzyme titers via re-
versible pathological changes within the liver,
e.g., steatosis, glycogen build-up, and centrolob-
ulillar hypertrophy*.

In one study, following delivery of a 14-day
HFD with a 58% fat content and a 35 mg/kg STZ
injection delivered ip in order to induce DM in a
cohort of rodents, MCT oil was demonstrated to
lead to the preservation and regeneration of liver
tissue®®. Sung et al** noted comparable results to
those achieved in the current study, in that rodents
with DM fed a HFD and who were administered
MCT oil demonstrated changed histology in their
hepatic tissue and altered glucose levels com-
pared to rodents fed a HFD containing soybean
oil. Hepatic disease was practically absent when
the 1socaloric fat content of MCT oil, which con-
tained C8:0 and C10:0 medium chain fatty acids,
was elevated; a dose-dependent decline in steato-
sis was demonstrated which was presumed to un-
derlie the fall in liver enzyme titers, e.g., ALT*.
These findings may explicate the positive histo-
logical findings in the rodents receiving MCT oil,
and the encouraging prophylactic effect of MCT
oil against hepatic damage.

Limitations

The limitation of this study is that an addition-
al confirmation on whether MCTs play a syner-
gistic role in other tissues in the animal such as
adipose tissue was not conducted. Also, the glu-
cagon-like-peptide-1 (GLP-1) and glucose-depen-
dent insulinotropic polypeptide was not measured
after the administration of MCTs as they are se-
creted in gut as response to nutrient to endorse
glucose-dependent insulin. In addition, this study
was conducted on male rats, as female may have
different responses because of female hormones.
Therefore, further investigation needed.

Conclusions

The current study endeavors to attract the in-
terest of academics and scientists with respect
to therapeutic options for DM, and focuses on
the impact of MCT oil on serum glucose con-
centrations and liver function tests. The results
substantiate the presence of anti-diabetic and
antioxidant properties of MCT oil. In rodents
with STZ-induced DM, it was demonstrated that
MCT returned the deranged liver histology to a
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near-normal appearance, and led to more optimal
histological and biochemical indices than seen
in animals administered metformin. Thus, MCT
oil could potentially be recommended as an ef-
ficacious therapeutic agent in patients with DM
in combination with metformin, an area which
merits additional study. The results from the pres-
ent study may be of advantage to academics in
pharmacy, biochemistry, medical and nutritional
spheres.
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