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ABSTRACT

Background: Aging is a gradual decline in physiological functions that affect various organs of the body,
including the liver. D-galactose is a reducing sugar used to mimic aging in animal models when
administered in high doses. The study investigated the ameliorative potential of luteolin against D-galactose-
induced hepatotoxicity and metabolic alterations in aging mice.

Methods: Twenty-five male mice were randomly divided into five groups (n=5). D-galactose (200 mg/kg)
was administered subcutaneously for 56 days to induce aging, while luteolin (10 or 20 mg/kg) was
administered orally to the intervention groups from day 29 to day 56. After administration, fasting blood
glucose was assessed via the tail vein. Blood samples were collected to evaluate serum glycated
hemoglobin, lipid profile - total cholesterol (Tcho), low-density lipoprotein (LDL-c), triglyceride (TG) and
high-density lipoprotein (HDL-c) levels, and liver enzymes, including alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and alkaline phosphatase (ALP). The livers were harvested for
histological examination.

Results: D-galactose did not cause significant changes in glycemic indices in the treatment groups when
compared to the control. Luteolin significantly (p<0.05) reversed D-galactose-induced lipid alterations with
decreases in Tcho, LDL-c and TG levels, and an increase in HDL-c level.

The ALT, AST, and ALP levels significantly decreased (p<0.05) in the luteolin intervention groups
compared to the untreated D-galactose group. Liver histology showed that luteolin treatment preserved
hepatic architecture and protected the liver against injuries.

Conclusion: These findings suggest that luteolin exhibits natural ameliorative potential capable of reversing
dyslipidemia, hepatic dysfunction, and metabolic alterations associated with aging.

Keywords: Aging, Galactose, Hepatotoxicity, Luteolin, Metabolism

Introduction

Aging is a complex biological process characterized by
progressive  tissue deterioration, gradual loss of
physiological functions, compromised immunity and

increased susceptibility to age-related diseases, which may
ultimately result in death. Although chronic inflammation
and oxidative stress have been widely associated with a
potential risk factor in the development of age-associated
diseases [1,2], metabolic dysregulation is a key contributor
to the aging process and its related pathologies [3-5].

The liver is the central organ of metabolism, responsible
for maintaining whole-body homeostasis through the
regulation of energy metabolism, endobiotic and xenobiotic
clearance, and molecular biosynthesis [6]. Liver aging is
associated with gradual, structural, and functional alterations
of the liver integrity leading to a decrease in the number of
mitochondria [7], loss of hepatocytes responsible for the
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majority of hepatic functions [8], decline in liver
functions, and metabolic dysfunction that negatively
impact other systems, including the cardiovascular and
nervous systems. Age-related conditions, such as insulin
resistance, diabetes mellitus, non-alcoholic fatty liver
disease, dyslipidemia, and impaired glucose tolerance,
have been linked to metabolic dysfunction associated with
liver aging [7,9,10].

D-galactose is a reducing sugar that mimics the effects
of aging in animal models when administered in high
doses. Excess systemic D-galactose administration
contributes to the increased formation of reactive oxygen
species (ROS). Elevated levels of ROS that exceed the
antioxidant defense capacity induce oxidative stress,
promoting the formation of advanced glycation end
products (AGEs), which in turn contribute to hepatocyte
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damage [11,12]. The interaction between AGEs and their
receptor, known as RAGE, is a common occurrence in
various degenerative conditions related to aging. When
RAGE is excessively expressed, it can trigger the activation
of nuclear factor-kappa B (NF-kB) along with other pro-
inflammatory pathways, which are strongly linked to
metabolic and age-associated disorders, most notably those
involving the liver and pancreas [13]. This cascade of events
often results in widespread physiological disturbances,
including impaired liver function, disrupted lipid
metabolism, and imbalanced blood glucose regulation.

Flavonoids have become a focal point in scientific studies
because of their significant antioxidant and therapeutic roles
within living systems [14,15]. Luteolin stands out as a
naturally derived flavonoid recognized for its strong
antioxidant capacity, anti-inflammatory action, ability to
promote programmed cell death, and potential role in cancer
prevention [16,17]. It is found in various fruits, vegetables,
and medicinal herbs, and is well known for scavenging free
radicals and protecting cells from damage associated with
ROS [18].

The anti-aging properties of luteolin have recently been
reported in rat skin models [19]. It has also been found to
attenuate liver injury and counteract liver damage via its
antioxidant and anti-inflammatory properties [20,21]. The
current study evaluated the ability of luteolin to attenuate
age-related changes in the morphology of the liver, blood
glucose, glycated hemoglobin (HbAlc), serum liver
enzymes, and lipid profile levels in D-galactose-induced
aging rats.

Materials and Methods

Reagents and Drug Preparations

D-galactose (C¢Hi1206) and Luteolin (CisHi0Os) were
obtained from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Dimethyl sulphoxide (DMSO) and 0.9%
normal saline were commercially purchased. The reagents
used were of reagent grade and were also commercially
purchased. D-galactose (200 mg/kg) was dissolved in
normal saline [22]. Luteolin 10 and 20 mg/kg, respectively,
were dissolved in 1% Dimethyl sulfoxide (DMSO). The
doses of luteolin were selected based on previous reports
demonstrating their efficacy in mitigating oxidative stress
and metabolic alterations [23].

Experimental Animals

Twenty-five male mice (weighing between 20 and 26 g)
were used in this study. The animals were purchased from
the college animal house. They were kept in clean, metallic
gauze cages with sawdust as bedding, placed in a well-
ventilated room with optimum conditions (temperature
25+5°C, humidity 45-50%), and subjected to a 12/12-h
light/dark cycle. The animals were acclimated for one week
before stress induction and were fed rat chow and water ad
libitum. The Animal Research Ethics Committee of the
Faculty of Basic Medical Sciences, University of Calabar,

granted ethical approval for this study (approval No.:
285PHY1424). All procedures involving the experimental
animals used were carried out in strict accordance with the
Committee's regulations and conformed to the animal care
guidelines established by the United Kingdom.

Experimental Design

Twenty-five male mice (20-26 g) were used in this
study. The animals were randomly assigned to five
experimental groups with five rats per cage. The groups
were:

e Group 1- Control (CT): Received 0.2 mL normal
saline subcutaneously from day 1 to day 56, and 0.2
mL distilled water orally (p.o) from day 29 to day 56.

e Group 2- Luteolin (LU): Received phosphate buffer
saline (PBS) subcutaneously from day 1 to day 56, and
Luteolin 20 mg/kg (p.o) from day 29 to day 56.

e Group 3- D-galactose (DG): Received D-galactose
(200 mg/kg) subcutaneously from day 1 to day 56, and
vehicle (p.o) from day 29 to day 56.

e Group 4- D-galactose plus Luteolin (DG+L1):
Received D-galactose (200 mg/kg) subcutaneously
from day 1 to day 56, and Luteolin 10 mg/kg (p.o)
from day 29 to day 56.

e Group 5- D-galactose plus Luteolin (DG+L2):
Received D-galactose (200 mg/kg) subcutaneously
from day 1 to day 56, and Luteolin 20 mg/kg (p.o)
from day 29 to day 56.

Determination of Fasting Blood Glucose

A fasting blood glucose test was carried out on the
experimental animals on the day of sacrifice. Blood
samples were collected from the tail vein after an
overnight fast. The level of fasting blood glucose was
measured using a commercial glucose analyzer, Fine Test
Auto-Coding Premium (Osang Healthcare Co., Ltd.,
Korea) glucometer.

Blood Collection and Biochemical Assays

At the end of the 8-week administration period, the
animals were anesthetized with ketamine (80 mg/kg), and
blood samples were collected via cardiac puncture into
ethylene diamine tetra-acetic acid (EDTA) sample bottles
for HbAlc assessment. Another portion was put into plain
sample tubes. The blood in the plain tubes was centrifuged
at 3,000 rpm for 10 min, and the serum was separated for
biochemical assay of lipid profile and liver enzymes.

Estimation of Blood Glycated Hemoglobin (HbAlc) Level

The blood HbAlc level was estimated using a
commercial reagent kit (Biodiagnostic, Egypt) according
to the manufacturer's instructions.

Estimation of Lipid Profile

The lipid profile was enzymatically determined using
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colorimetric methods with an Aggape assay kit (India).
High-density lipoprotein cholesterol (HDL-c) was measured
as described by Rifai and Warnick [24], total cholesterol
(Tcho) was measured as described by Allain [25],
triglyceride levels (TG) were measured as described by
Bucolo and David [26], and low-density lipoprotein
cholesterol (LDL-c) was done as described by Crouse ef al.
[27].

Estimation of Liver Enzymes

Alanine  transaminase = (ALT) and  Aspartate
aminotransferase (AST) activities were estimated using the
Agappe kits (India), based on methods described by Reitman
and Frankel [28]. Alkaline phosphatase (ALP) activity was
determined using the Agappe kit (India), based on methods
described by Kind and King [29].

Histological Study

At the end of the administration, liver tissues were
harvested from euthanized animals and immediately fixed in
10% formaldehyde saline for 48 h. They were dehydrated
through a graded ethanol series, cleared in xylene, and
embedded in paraffin wax. Sections of 5 pm thickness were
cut using a rotary microtome, mounted on albumenized
slides, and stained with hematoxylin and eosin (H&E) using
standard protocols. Stained slides were examined under a
light microscope at magnifications of x100 and x400. The
photomicrographs were captured for documentation and
comparison across groups.

Statistical Analysis

Data were presented as means + standard error of the
means (SEM). GraphPad Prism (8.0) statistical software was
used for statistical analyses. Comparison between different
groups was carried out using one-way analysis of variance

(ANOVA) followed by Tukey’s post-hoc test. A p <0.05
was considered statistically significant.

Results

Comparison of Blood Glucose and Glycated Hemoglobin
Levels in D-galactose-induced Mice Treated with Luteolin
(Table 1):

As shown in Table 1, blood glucose and glycated
hemoglobin (HbAlc) levels showed no significant
difference across the groups.

Comparison of Lipid Profile Levels in D-galactose-
induced Mice Treated with Luteolin (Table 1):

The total cholesterol (Tcho) level significantly
increased (p<0.01) in the DG group compared to the
control group. However, it decreased significantly
(»<0.01) in the DG+L2 group compared with the DG
group (Table 1).

The low-density lipoprotein cholesterol (LDL-c) level
significantly increased (p<0.001) in the DG group
compared to the control group. However, it decreased
significantly (p<0.05 and p<0.01) in the DG+L1 and
DG+L2 groups, respectively, compared with the DG
group (Table 1).

Triglyceride (TG) level significantly increased (p<0.01)
in the DG group compared to the control group. However,
it decreased significantly (p<0.05 and p<0.01) in the
DG+L1 and DG+L2 groups, respectively, compared with
the DG group (Table 1).

The high-density lipoprotein cholesterol (HDL-c) level
significantly decreased (p<0.001) in the DG group
compared to the control group. However, HDL-c levels
increased significantly (p<0.01) in DG+L1 and DG+L2
groups, compared with the DG group (Table 1).

Table 1. Blood glucose (BG), glycated hemoglobin (HbAlc), and Lipid profile levels of D-galactose-induced mice treated with luteolin

Parameters CT LU DG DG+L1 DG+L2
BG (mg/dL) 3.86+0.07 3.81+025 454+ 041 3.75+0.15 4.00+0.16
HbAlc (ng/l) 3.86+0.08 4.15+0.36 4.00+0.27 3.75+0.15 3.60 +£0.24
Tcho (mg/dL) 117.30 £ 1.94 121.90 £2.14 131.40+1.03" 125.60 + 1.70 118.70 + 3.70P
LDL-c (mg/dL) 54.42+1.75 57.02 +£2.34 7229+ 327 61.60 + 1.66* 59.05 +2.42°
TG (mg/dL) 125.10£1.21 123.80 + 1.68 137.10 £ 1.39™ 128.70 +2.16* 126.00 £2.51°
HDL-c (mg/dL) 39.24+ 124 38.13+0.79 26.60 £2.04™ 36.97 +1.81° 3533+ 1.80°

Data are expressed as mean + standard error of mean (SEM). CT = Control, LU = Luteolin (20 mg/kg), DG = D-galactose (200 mg/kg), DG+L1 = D-galactose
plus Luteolin (10 mg/kg), and DG+L2 = D-galactose plus Luteolin (20 mg/kg). “p <0.01, “p < 0.001 vs control; *p < 0.05, ®p < 0.01 vs DG.

Comparisons of Liver Enzyme Levels in D-galactose-induced
Mice Treated with Luteolin

The aspartate aminotransferase (AST) significantly
increased in the DG group (p<0.001) compared to the control
group. The AST levels, however, decreased in the DG+L1
and DG+L2 groups, respectively (p<0.01 and p<0.05),
compared with the DG group (Figure 1A).

The Alanine aminotransferase (ALT) levels exhibited a
significant increase (p<0.001) in the DG group compared to

the control group. However, it decreased significantly
(»<0.01) in both DG+L1 and DG+L2 groups, compared
with the DG group (Figure 1B).

The ALP increased significantly (»<0.001) in the DG
group compared to the control group. The alkaline
phosphatase (ALP) level, however, significantly
decreased in the DG+L1 and DG+L2 groups, respectively
(»<0.05 and p<0.01), compared with the DG group
(Figure 1C).
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Figure 1. Comparison of liver enzymes (AST, ALT, ALP) in D-galactose-induced mice treated with Luteolin. Data are expressed as mean + SEM. CT =
Control, LU = Luteolin (20 mg/kg), DG = D-galactose (200 mg/kg), DG+L1 = D-galactose plus Luteolin (10 mg/kg), and DG+L2 = D-galactose plus Luteolin
(20 mg/kg). “p <0.01, p < 0.001 vs control; *p < 0.05, ®p < 0.01 vs DG.

L 40,00
Figure 2. Photomicrograph of a liver section of D-galactose-induced mice treated with Luteolin, stained by Hematoxylin and Eosin (x 100 mag.). Groups: A=
Control (CT), B = Luteolin (LU), C = D-galactose (DG), D = D-galactose plus Luteolin 10 mg/kg (DG+L1), E = D-galactose plus Luteolin 20 mg/kg (DG+L2).

. . o Group D showed partial improvement in the
Histological Findings . . . .
cytoarchitecture, with reduced inflammation, and
As shown in Figure 2, the cytoarchitecture of the liver enhanced hepatocytes and sinusoids compared to the D-
tissue in group A appeared normal, with well-organized galactose group (C), although not to the same extent as the
hepatocytes (HC) and sinusoids (SN) around the central vein control (A). Group E showed significant improvement in
(CV). Group B was similar to the control (A), with no the cytoarchitecture, sinusoids, and hepatocytes when
significant changes. Group C showed disrupted compared to the D-galactose group (C), and appeared
cytoarchitecture, disorganized hepatocytes compared to the almost similar to the control group (A).

control group (A), with congested sinusoids and the
presence of inflammation.
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Figure 3. Graphical illustration of the Ameliorative Potential of Luteolin Against D-galactose-Induced Hepatotoxicity and Metabolic Alterations in Aging
Mice. A = D-galactose-induced aging model (subcutaneous administration). B = Pathological state: Hepatotoxicity and Metabolic Alterations. C = Luteolin

treatment (oral administration). D = Ameliorated State

Discussion

D-galactose is widely used to induce aging in animal
models. When administered in high doses, it causes
oxidative stress, inflammation, and accelerated aging by
promoting the formation of AGEs and ROS, which can cause
hepatocyte damage and metabolic alterations [11-13]. The
present study investigated the effects of luteolin treatment on
metabolic and liver alterations in mice, following an 8-week
induction with D-galactose.

The effects of luteolin on blood glucose and glycated
hemoglobin levels in mice induced with D-galactose were
investigated in the current study to evaluate the potential of
luteolin to reverse these glycemic parameters, previously
reported to be altered following D-galactose induction [30].
In contrast to the findings by Du ef al. [30], the current study
found no significant alteration in fasting blood glucose and
glycated hemoglobin levels across the D-galactose-induced
groups compared to the control group. The lack of
significant alterations in blood glucose and glycated
hemoglobin levels in the present study suggests that D-
galactose primarily induces aging via oxidative stress and
inflammatory pathways rather than by disrupting glucose-
insulin homeostasis. This result aligns with the findings by
Gama et al. [31], who also reported no significant glycemic
changes following D-galactose induction in rodents.
Therefore, it is possible that pancreatic function remained
largely intact, or that compensatory insulin mechanisms
prevented glycemic disturbances.

The D-galactose aging model has been linked to
alterations in lipid metabolism, resulting in metabolic
disorders such as dyslipidemia, which causes as a significant
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risk factor in the development of cardiovascular diseases,
hypertension, obesity, stroke, and dementia, which affects
most older adults [32,33]. D-galactose induction triggered
significant alterations in lipid profile levels, with
increases in Tcho, LDL-c and TG, as well as a decrease
in HDL-c level compared to the control group, thereby
presenting a feature of age-related dyslipidemia. The D-
galactose-induced dyslipidemia observed in this study
aligns with the findings provided by Tarbiat et al., who
similarly reported dyslipidemia in Wistar rats following
D-galactose administration [34]. Previous studies have
suggested that age-related dyslipidemia may be linked to
D-galactose-induced metabolic disturbances, which can
interfere with the expression of adipogenic factors, such
as peroxisome proliferator-activated receptors (PPARs),
which are key regulators of lipid metabolism and energy
homeostasis in the liver, brain, and adipose tissue [35,36].

In the present study, luteolin treatment significantly
reversed the lipid profile alterations induced by D-

galactose, evidenced by reductions in Tcho, LDL-c, and

TG levels, alongside an increase in HDL-c levels.
Although the underlying mechanisms were not directly
assessed, luteolin has been reported in other studies to

possess antioxidant activity and to modulate PPAR
expression. These previously documented effects may
partly explain the improvements in dyslipidemia observed
in this study [37,38].

The optimal function of the liver is crucial for
maintaining and regulating metabolic and homeostatic
processes. A previous study showed the correlation
between elevated liver enzyme levels and metabolic
syndrome [39]. Elevated liver enzyme levels increase the
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risk of developing chronic diseases associated with ageing
[40]. In the current study, administration of a high dose of
D-galactose caused significant increases in serum liver
enzyme levels, including AST, ALT, and ALP, compared to
the control group. Elevated levels of liver enzymes in the
bloodstream often serve as indicators of liver dysfunction or
hepatocyte damage [39,41].

Treatment with luteolin resulted in a significant reduction
in the liver enzyme levels, indicating the potential of luteolin
to improve hepatic function. The luteolin’s ability to
improve liver enzyme levels may be linked to the presence
of its phenolic hydroxyl groups, which contribute to its
antioxidant effects and its ability to reduce ROS-mediated
hepatocyte injury. Similarly, some studies have indicated
that its flavonoid-rich constituents provide several health
benefits by modulating various biological activities,
including cell signaling molecules, levels of enzymatic
oxidants, and liver function enzymes [42-44].

The histological examination of the liver in the present
study reinforced the biochemical findings, as seen in the
photomicrograph of the liver. During the ageing process,
liver function may decline due to increased susceptibility to
injury and a higher risk of developing liver fibrosis and other
structural changes. The photomicrograph of the liver
histology of this study shows that, compared to the control
group, D-galactose caused severe hepatic damage,
evidenced by hepatocellular vacuolation, central vein
congestion, inflammatory infiltration, and potential necrosis.
These alterations resemble ageing-related liver pathology. A
study revealed that D-galactose injection induced liver injury
and dysfunction, which led to noticeable morphological
alterations and elevated levels or activities of certain serum
enzymes [45]. These histopathological changes in the liver
were, however, ameliorated following treatment with
luteolin. The luteolin treatment preserved hepatic
architecture, reduced cellular degeneration, and minimized
inflammation, with the 20 mg/kg dose providing a near-
complete protection. The ability of luteolin to protect the
liver from D-galactose-induced injury or damage, as seen in
the histological findings of this study, may be linked to
findings of other studies, which suggest that luteolin
improves liver lesions through various mechanisms,
including inhibiting inflammatory factors, reducing
oxidative stress, regulating lipid balance, and slowing down
excessive aggregation of extracellular matrix [46]. The
overall mechanism of D-galactose-induced hepatotoxicity
and the ameliorative role of luteolin is summarized in Figure
3. Luteolin thus exhibited significant hepato-protective and
lipid-regulating effects in D-galactose-induced aging, as
observed in the current study.

Conclusions

The findings indicate that luteolin ameliorated hepatic
injury, improved serum lipid profiles, and preserved liver
architecture. These findings suggest that luteolin exhibits
natural ameliorative potential, effectively reversing
dyslipidemia, hepatic dysfunction, and metabolic alterations

associated with aging.
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