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A B S T R A C T

Background: Studies suggest that medicinal plant extracts can help reduce the neuron degeneration associated 
with diabetes. In this study, the neuroprotective effect of the alkaloid-rich extract from the leaves of Lannea 
egregia was assessed in rats with diabetes induced by streptozotocin (STZ).
Methods: Lannea egregia alkaloid-rich analysis was carried out via a known procedure. The rats were randomly 
assigned into five treatment groups (n = 8): normal control, diabetic-induced rats (45 mg/kg STZ), and diabetic 
rats treated with low doses of Lannea egregia leaf alkaloid-rich extract (50 mg/kg b.w, LEL) and high (100 mg/kg 
b.w, LEH) (300 mg/kg and 150 mg/kg), and metformin (200 mg/kg). On 22nd day of the experiment, animals 
were sacrificed, and their blood and brains were collected for neuro-biomarker analysis.
Results: Diabetic-induced rats that received metformin, LEL and LEH exhibited considerably reduced levels of 
dopamine, serotonin, norepinephrine, NO, MDA, and AChE, BChE activities when compared to untreated dia
betic animals. Additionally, rats with diabetes that received treatment with metformin, LEL and LEH displayed a 
noticeable increase in ENTPDase, Na/K ATPase, GST, CAT, GPx, and SOD activities when compared to the un
treated diabetic rats. Histological examination revealed improved brain architecture in the treated groups in 
contrast to those in diabetic-induced rats.
Conclusion: The alkaloid-rich extracts of Lannea egregia might be effective in normalizing brain damage caused by 
complications of diabetes mellitus.

1. Background

Diabetes mellitus (DM) is one of the oldest human disorders. The 
difference between type 1 and type 2 DM was distinctly established in 
1936. Type 2 diabetes, the most common form, is marked by hyper
glycemia, impaired insulin secretion and insulin resistance [13]. Dia
betes mellitus is a metabolic condition of chronic hyperglycemia 
characterized by abnormalities in the metabolism of carbohydrates, 
proteins, and fats caused by absolute or relative insulin insufficiency 

along with organ system failure [6]. According to a prevalence estimate 
provided by the International Diabetes Federation (IDF), over 400 
million people globally are estimated to have diabetes mellitus. By the 
year 2040, this number is projected to increase to 640 million, with 
nearly half of these individuals remaining undiagnosed. A sizable 
portion of this sum comes from the growing economies of Asia and Af
rica (Papatheodurou et al., 2018; [43]). With the increasing prevalence 
of this disease, DM complications are also becoming a greater burden. 
There are now reports of high incidences of kidney illness, 

* Corresponding author.
E-mail addresses: bash1428@yahoo.co.uk (B.O. Ajiboye), kayodekomolafe@fuoye.edu.ng (B.E. Ekundayo), salamiwale865@gmail.com (A.W. Salami), 

tunji4reele@yahoo.com (A.O. Osukoya), emmanual.bidemi2017@gmail.com (K. Komolafe), sonalgaurg07@gmail.com (S. Gaur), kemi210@yahoo.com
(B.E. Oyinloye), temitope.jeje@fuoye.edu.ng (T.O. Jeje), oluwafemiadeleke08@gmail.com (O.A. Ojo). 

Contents lists available at ScienceDirect

Toxicology Reports

journal homepage: www.elsevier.com/locate/toxrep

https://doi.org/10.1016/j.toxrep.2024.101742
Received 17 June 2024; Received in revised form 16 September 2024; Accepted 17 September 2024  

Toxicology Reports 13 (2024) 101742 

Available online 18 September 2024 
2214-7500/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:bash1428@yahoo.co.uk
mailto:kayodekomolafe@fuoye.edu.ng
mailto:salamiwale865@gmail.com
mailto:tunji4reele@yahoo.com
mailto:emmanual.bidemi2017@gmail.com
mailto:sonalgaurg07@gmail.com
mailto:kemi210@yahoo.com
mailto:temitope.jeje@fuoye.edu.ng
mailto:oluwafemiadeleke08@gmail.com
www.sciencedirect.com/science/journal/22147500
https://www.elsevier.com/locate/toxrep
https://doi.org/10.1016/j.toxrep.2024.101742
https://doi.org/10.1016/j.toxrep.2024.101742
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxrep.2024.101742&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


cerebrovascular disease, heart issues, and amputations caused by DM in 
communities that were not previously recognized to have these difficult 
health issues [43]. Patients with type 1 or type 2 diabetes frequently 
experience diabetes complications, which are a major cause of morbidity 
and mortality. The long-term consequences of diabetes include periph
eral artery disease (PAD), diabetic foot syndrome, nephropathy, neu
ropathy, retinopathy, and cardiovascular disease (Papatheodurou et al., 
2018).

Diabetes has been linked to cognitive dysfunction since it was first 
recognized as a contributor to Alzheimer’s disease, vascular dementia, 
and other kinds of dementia in 1922 [28]. While maintaining a stable 
blood sugar level is necessary for cerebral metabolism and neuronal 
activity, prolonged low or high glucose levels as well as rapid glucose 
fluctuations can cause neuronal injury. Diabetes can also exacerbate 
brain damage by increasing the production of reactive oxygen species 
(ROS) and decreasing antioxidant enzyme activities [24]. When hyper
glycemia occurs, antioxidant levels decrease, and free radical generation 
increases. These outcomes result in modifications in the cell’s redox 
potential and the consequent activation of redox-sensitive genes, which 
contribute to tissue damage in diabetes mellitus [28]. Although insulin 
is well known for its role in controlling the metabolism of glucose in 
tissues, this hormone also has a significant impact on a variety of mental 
processes, including cognition, memory, and synaptic plasticity, via 
intricate insulin/insulin receptor (IR) communication networks. There
fore, it is plausible that aberrant insulin signaling in diabetes patients 
could impact mitochondrial function and cause an increase in oxidative 
stress, which plays a role in the etiology of neurological illnesses and 
causes neurodegeneration [32].

The use of STZ to induce diabetes to delineate the complications 
associated with diabetes and the ameliorative effect of new compounds 
and registered drugs is an interesting area of research as a result of the 
increased global rise in diabetes. Proper functioning of brain cells re
quires high levels of glucose; however, the cells are stressed in the case 
of uncontrolled hyperglycemia of the brain, referred to as glucose 
neurotoxicity (Ebokaiwe et al., 2020). The cognitive dysfunction asso
ciated with diabetes is characterized by significant changes in the syn
aptic plasticity of the hippocampal region of the brain, which is essential 
for memory formation in animals. This further reduced locomotion 
frequency, decreased limb grip, dysfunctional short-term memory, 
depression, and impaired coordination of the nervous and muscular 
junctions. These findings explain the role of impaired central insulin 
signaling in diabetes-induced brain injury (Garcia-serrano and Duarte, 
2020).

Lannea egregia Engl. K. Krause is an Anacardiaceae family tropical 
woody perennial plant with alternate leaves that grows in savanna areas. 
The plant is approximately 13 m tall spanning Guinea, Ghana, and 
Nigeria, the grassy plains of the West African zones contains approxi
mately 40 different species of Lannea [29]. L. egregia has been used in 
traditional African medicine to treat a variety of human illnesses. In 
Ghana, Guinea, Nigeria, Burkina Faso, and the Central African Republic, 
the plant is typically used to treat cancer, hernia, hemorrhoids, ulcers, 
sores, leprosy, gastric pains, diarrhea, edema, paralysis, epilepsy, 
rheumatism, gonorrhea, respiratory tract diseases, madness, and post
natal problems [22,33]. L. egregia is also known as "ekudan" (Yoruba in 
Nigeria), "sambituliga" (Ivory Coast), and "tiuko" (Guinea). This plant is 
endowed with different phytochemicals, including alkaloids. Alkaloids 
have been reported to have high lipid solubility and the ability to cross 
the blood-brain barrier (BBB) [45].

Streptozotocin (STZ) is a chemical commonly used to induce diabetes 
in laboratory animals by reducing nicotinamide adenine dinucleotide in 
pancreatic beta-cells, leading to the destruction of beta-cells and sub
sequent insulin deficiency [16]. This chemical is produced by the bac
terium Streptomyces achromogenes and has been found to have a wide 
range of antibacterial activities. However, due to its severe beta cell 
toxicity, STZ is also utilized to treat pancreatic islet metastatic cancer 
[1]. It is noteworthy that the use of STZ to induce diabetes in laboratory 

animals is common and is used to mimic diabetes mellitus in humans. 
Furthermore, STZ treatment of rats has been found to cause inflamma
tion, oxidative stress, and other pathologies resembling Alzheimer’s 
disease (AD). These pathologies lead to the loss of neuronal cells, 
cognitive dysfunctions, and learning deficits. It is important to note that 
these findings suggest that STZ-induced diabetes in laboratory animals 
can also serve as a model for studying the pathophysiology of AD and 
other neurodegenerative diseases [10]. Hence, this study investigated 
the neuroprotective effect of L. egregia alkaloid-rich extract in 
streptozotocin-induced diabetic rats.

2. Methods

2.1. Identification of the sources of plant materials

L. egregia leaves were purchased from a farmland in Ile-Igbon, along 
Iwo in Ibadan, Oyo State, Nigeria. The Forestry Research Institute of 
Nigeria (FRIN), Ibadan, Oyo State, Nigeria, identified and verified the 
leaf of L. egregia. The institution gave FHI: 113156 as the voucher 
number.

2.2. Chemicals, reagents and enzyme kits

The reagents used in the study were of analytical grade, and all 
chemicals were purchased from Sigma–Aldrich, Chemie Gesellschaft 
mit beschränkter Haftung (Steinheim, Germany). The Randox Labora
tory, 55 Diamond Road, Crumlin, County Antrim, BT29 4QY, UK, pro
vided the biochemical parameter kits.

2.3. Alkaloid extract preparation from Lannea egregia leaf

To achieve a constant weight, Lannea egregia leaves were dried at 
25◦C over a period of 14 days. It was then pulverized through the use of 
an electric blender to create a fine powder.

Thereafter, 100 g of the sample was soaked in n-hexane daily. Fifty 
grams of this solution was added to a mixture of ethanol and acetic acid 
(500 mL) at 9:1 v/v. For total extraction, the sample was left in an orbital 
shaker for 24 hours. Subsequently, the solution was filtered, and the 
filtrate concentrated via a rotary evaporator. Finally, the filtrate was 
treated with conc. ammonium hydroxide (NH4OH) to enhance the sep
aration according to Adefegha et al. (2017).

2.4. Animals and induction of diabetes model

Male Wistar rats (40) with a mean weight between 100 and 130 g 
were acquired from the Animal facility of Ekiti State University, Ado- 
Ekiti, Ekiti State, Nigeria. The rats were placed on rat pellet chow 
with an ambient temperature of 22±20◦C and a regular light/dark 
rhythm as well as 20 % w/v fructose [36]. The rats were intraperito
neally injected with STZ (dissolved in sodium citrate buffer (pH 4.5) at a 
dose of 45 mg/kg b.w. It is noteworthy that before the induction of 
diabetes mellitus, the rats were fasted overnight, and their fasting blood 
glucose levels were assessed using an Accu Check Glucometer. Hence, 
the fasting blood glucose level of each animal was determined 72 hours 
post induction, and those with values ≥ 250 mg/dL [4] were considered 
to diabetic and were used in our study. The animals were then divided as 
follows (n = 8):

Group A: Uninduced rats (normal control);
Group B: Untreated Diabetic rats (diabetic control);
Group C: Treated diabetic rats given 50 mg/kg b.w alkaloid-rich 

extract of Lannea egregia leaf which is considered a low dose (LEL)
Group D: Treated diabetic rats given 100 mg/kg b.w alkaloid-rich 

extract of Lannea egregia leaf which is considered a high dose (LEH)
Group E: Treated diabetic rats given 200 mg/kg metformin (MET).
The dose used in this study was selected based on previously pub

lished work by Ajiboye et al. [3] and preliminary acute toxicity study.
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2.5. Animal sacrificing

The treatments were administered for 20 days, and the animals were 
fasted overnight (7.00 pm to 8.00 am) on the 21st day of the experiment; 
thus, the animals were euthanized by cervical dislocation. The brain of 
each animal was excised, cleaned of blood, homogenized in potassium 
phosphate buffer. The homogenized tissue was then spun at 4000 rpm 
for 15 minutes and finally stored in a freezer (-40◦C) for biochemical 
analysis.

2.6. Biochemical parameters studied

2.6.1. Determination of neurotransmitter levels
The level of several neurotransmitters (dopamine, serotonin, and 

norepinephrine) in the brain homogenates was measured via commer
cial ELISA kits (Cusabio; Houston, TX, USA) [38]. The neurotransmitters 
such as serotonin, dopamine and norepinephrine were examined in this 
study.

2.6.2. Determination of cholinesterase activity
The activities of acetylcholinesterase (AChE) and butyr

ylcholinesterase (BChE) activities in the homogenized brain were 
determined by the protocol of Ellman et al. [14]. ’Briefly, 50 mL of brain 
homogenate was mixed with 50 mL of 2-nitrobenzene acid and 175 mL 
of 0.1 mol/l phosphate-buffered saline (pH 8.0), and incubated at 25◦C 
for 20 minutes. Then, 25 mL each of acetylthiocholine iodide and 
butyrylthiocholine iodide were added. Absorbance was measured at 
412 nm using a microplate reader.

2.6.3. Determination of nitric oxide levels
The protocol described by Montgomery and Dymock [26] was used 

in this assay. Briefly, 0.1 mL of brain tissue supernatant was added to 
both sample and blank test tubes. Thus, 0.1 mL of reagent R1 (sodium 
nitrite) of standard or block standard was added to the respective test 
tube. Hence, 0.1 mL of the reagent R2 (sulfanilamide) was added to all 
the test tubes. Each test tube was mixed thoroughly and left to stand for 
5 minutes. Thereafter, 0.1 mL of reagent 3 (N – (1 – naphthyl) - ethyl
enediamine (NEDA)) was added to both the sample and standard test 
tubes. The solution was mixed thoroughly, and the absorbance was read 
spectrophotometrically at 540 nm.

2.6.4. Determination of Na+/K+ ATPase activity
This was described by Bewaji et al. (1985). ATPase activity was 

spectrophotometrically assayed in a medium composed of 120 mM KCl, 
30 mM HEPES (pH 7.4), 3 mM MgCl₂, 0.2 mM CaCl₂, 0.1 mM EGTA, and 
approximately 100–200 µg of erythrocyte membrane protein, in a total 
volume of 0.8 mL. The reaction was initiated by the addition of ATP and 
terminated by the addition of 0.2 mL of a 5 % solution of sodium dodecyl 
sulfate. Inorganic phosphate liberated was quantified using a modified 
Fiske-Subbarow method (1925). Ascorbic acid served as the reducing 
agent, and the resulting blue color was measured at 820 nm after 
30 minutes using a spectrophotometer. Control experiments without the 
enzyme were performed to account for non-enzymatic ATP hydrolysis. 
Each data point represents the average of three independent assays, with 
each experiment repeated two to four times.

2.6.5. Determination of Ectonucleoside triphosphate diphosphohydroase 
(ENTPDase) activity

This was determined according to the procedure reported by Ako
molafe et al. [5]. Briefly, 20 μL of brain tissue supernatant was incubated 
with 200 μL of reaction buffer (containing 1.5 mM CaCl2, 5 mM KCl, 
0.1 mM EDTA, 10 mM glucose, 225 mM sucrose, and 45 mM Tris-HCl) at 
37◦C for 10 minutes. After adding 20 μL of 50 mM ATP, the mixture was 
shaken at 37◦C for 20 minutes. The reaction was stopped with 200 μL of 
10 % TCA, then treated with 200 μL of 1.25 % ammonium molybdate 
and 9 % ascorbic acid, and chilled on ice for 10 minutes. Absorbance was 

measured at 600 nm.

2.6.6. Determination of Na+/K+-ATPase activity
For the test, 400 µL of 200 mM NaCl/40 mM KCl/60 mM Tris (pH 

7.4) was added to a test tube, followed by 20 µL each of 80 mM 
MgCl2⋅6H2O, 20 mM EGTA, and diluted tissue supernatant and 240 µL 
of distilled water. After mixing and incubating at 37◦C for 5 minutes, 
100 µL of 8 mM ATP was added, and the mixture was incubated at 37◦C 
for 30 minutes. Then, 200 µL of 5 % SDS and 2000 µL of reagent C were 
added, and the mixture was left at room temperature for 30 minutes for 
color development. A blank was prepared using 20 µL of distilled water 
instead of tissue supernatant. Absorbance was measured at 820 nm 
against the blank (Ronner et al. 1977).

2.6.7. Determination of antioxidant and oxidative stress biomarkers
The glutathione-S-transferase (GST), catalase (CAT), glutathione 

peroxidase (GPx), superoxide dismutase (SOD), and malondialdehyde 
(MDA) levels were determined by following the procedure described 
using their respective Randox commercial enzyme kits.

2.6.8. Brain histology examination
The brain histology examination was performed according to Sultana 

et al. [41]. Briefly, brain tissue was preserved in 10 % formalin and 
embedded in paraffin wax, with 5 µm sections stained with hematoxylin 
and eosin for histopathology. Tissue blocks were fixed in 2.5 % glutar
aldehyde buffered with 0.1 M phosphate overnight at 4◦C, then washed 
and osmicated with 1 % osmium tetroxide for 2 hours. Following 
washing and dehydration through graded ethanol solutions, the speci
mens were dried using a critical-point drying apparatus (Polaron SC 
7620 Quorum Technologies Sussex United Kingdom). The most 
damaged area of each tissue block was selected and photographed.

2.7. Statistical analysis

The results are presented as eight replicates with standard deviation 
(SD) and were analyzed using GraphPad Prism 8. One-way ANOVA 
followed by the Tukey post hoc test was employed to determine differ
ences with significant at p < 0.05.

3. Results

3.1. Preliminary acute toxicology study

As presented in Table 1, both rats that were administered 500 and 
1000 mg/kg body weight did not show any sign, induce death or 
symptoms within 6 hours of administration, suggesting that alkaloid- 
rich extract of Lannea egregia is not toxic at concentrations ≤

1000 mg/kg. All rats displayed normal behavior throughout the study 
and survived until the end of the 14-day experiment period. During the 
entire observation period, they did not present any significant clinical 
alteration. Alkaloid-rich extract of Lannea egregia shows that the extract 
was safe up to the dose of 1000 mg/kg.

Table 1 
Acute oral toxicity studies of alkaloid-rich extract of Lannea egregia.

Dose 
(mg/kg)

Number of 
rats

Mortality Adverse 
effect

Post treatment 
observations (2 weeks)

50 2 0 Nil Nil
100 2 0 Nil Nil
500 2 0 Nil Nil
1000 2 0 Nil Nil
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3.2. Effect of the alkaloid-rich leaf extracts of Lannea egregia on 
neurotransmitter levels in STZ-induced diabetic rats

The effect of treatment with the alkaloid-rich extract of Lannea 
egregia on the concentrations of neurotransmitters is presented in Fig. 1. 
This study revealed that the untreated diabetic control group had 
significantly (p<0.05) greater dopamine, norepinephrine, and serotonin 
levels than the treated groups (LEL, LEH and metformin-treated groups) 
and normal control group. However, when the animals were treated 
with LEL and LEH, the neurotransmitter levels (dopamine, norepi
nephrine and serotonin) were significantly (p<0.05) different from 
those in the untreated diabetic control groups.

Each value is the mean of eight readings ± SD. # p < 0.05 vs. NC, * p 
< 0.05 vs. DC.Legend: NC: normal control, DC: diabetic control, LEL: 
diabetic rats treated with a low dose (50 mg/kg body weight) of 
alkaloid-rich extract of Lannea egregia, LEH: diabetic rats treated with a 
high dose (100 mg/kg body weight) of alkaloid-rich extract of Lannea 
egregia, and MET: diabetic rats given 200 mg/kg metformin

3.3. Effect of Lannea egregia leaf alkaloid-rich extracts on cholinesterase 
activity in streptozotocin-induced diabetic rats

The effect of treatment with the alkaloid-rich leaf extract of Lannea 
egregia on cholinesterase activity is presented in Fig. 2. In this study, the 
diabetic control group had greater activities of acetylcholinesterase 
(AChE) and butyrylcholinesterase (BChE) than the normal control, LEL, 
LEH and metformin-treated groups. However, in the animals treated 
with LEL and LEH, the activities of AChE and BChE were significantly (p 
< 0.05) lower than those in the untreated diabetic group.

3.4. Effect of the alkaloid-rich leaf extracts of Lannea egregia on brain 
nitric oxide levelsin STZ-induced diabetic rats

The effect of treatment with the alkaloid-rich extract of Lannea 
egregia on the level of nitric oxide is presented in Fig. 3. The diabetic 

control group had a significantly (p<0.05) greater level of nitric oxide 
than the other groups. However, LEL-, LEH- and MET-treated diabetic 
rats significantly (p<0.05) had reduced levels of nitric oxide compared 
with those in the untreated diabetic group. However, there was no sig
nificant (p>0.05) difference in the levels of nitric oxide in the LEL-, LEH- 
or MET- treated group compared with those in the normal control group.

3.5. Effect of the alkaloid-rich leaf extract of Lannea egregia on brain 
ATPase activityin STZ-induced diabetic rats

The effect of the treatment with an alkaloid-rich leaf extract of 
Lannea egregia on the activities of ATPase, E-NTPDase and Na+/K+

ATPase are presented in Fig. 4. The results suggested that the diabetic 
control group had lower ATPase, E-NTPDase, and Na+/K+ ATPase ac
tivity than the normal control, LEL, LEH and metformin-treated groups. 
However, compared with diabetic control rats, LEL-, LEH-, amd MET- 
treated diabetic rats exhibited a significant (p<0.05) increases in Na+/ 
K+ ATPase and E-NTPDase activities.

3.6. Effect of the alkaloid-rich leaf extract of Lannea egregia on the 
oxidative stress biomarkers in the brain of STZ-induced diabetic rats

The effects of treatment with the alkaloid-rich extract of Lannea 
egregia on the specific activities of superoxide dismutase (SOD), gluta
thione S-transferase (GST), catalase (CAT), and glutathione peroxidase 
(GPx), and the concentration of malondialdehyde (MDA) are presented 
in Fig. 5. A significantly (p<0.05) greater concentration of MDA was 
detected in the untreated diabetic group than in the normal control, LEL- 
, LEH- and metformin-treated groups. However, LEL-, LEH- and 
metformin-treated diabetic rats exhibited a significant (p<0.05) 
decrease in the MDA concentration compared with that in the diabetic 
control group. Additionally, at the end of the experimental period, 
diabetic animals treated with LEL, LEH and metformin exhibited sig
nificant (p<0.05) increases in the activities of antioxidant enzymes SOD, 
CAT, GST and GPx compared to those in the untreated diabetic group. 

Fig. 1. Neurotransmitter levels in the brains of STZ-induced diabetic rats treated with alkaloid-rich extracts from Lannea egregia leaves (a) dopamine, (b) norepi
nephrine, and (c) serotonin levels.
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Additionally, the antioxidant activities of the diabetic rats treated with 
LEL, LEH and metformin compared favorably well with the normal 
control.

3.7. Effect of alkaloid-rich leaf extracts of Lannea egregia on brain tissue 
histology in STZ-induced diabetic rats

As illustrated in Fig. 6, the blood vessels in the control group 
appeared normal, as indicated by the yellow arrows. Surrounding the 
blood vessels partly is an artifact of fixation in a space without cells or 
parenchyma. In the untreated diabetic group, STZ induced edema and 
neuron cell shrinkage, demyelination and axonal degradation. After 
treatment with LEL and LEH, there was still edema in diabetic rats 
placed on LEL; however, this edema was absent in LEH-treated diabetic 
rats.

4. Discussion

Neurotransmitters are natural substances that transmit signals be
tween neurons, muscles, or gland cells at chemical synapses, like 
neuromuscular junctions [31]. Studies have shown that STZ-induced 
diabetes raises neurotransmitter levels [15,19]. This abnormal 

increase is attributed to neuropathic pain, hyperexcitability, and 
elevated production of reactive oxygen species in diabetic individuals, 
leading to neuronal degeneration [19,31]. Hussein et al. [20] and 
Okesola et al. [31] established a relationship between neurotransmitter 
concentrations and oxidative status, stating that elevated levels of 
neurotransmitters (serotonin, dopamine and norepinephrine) positively 
correlate with increased oxidative stress markers (MDA) and negatively 
correlate with antioxidant enzymes (SOD). The results of this study 
support this established relationship.

Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) are 
crucial hydrolase enzymes (esterases) essential for cognitive functions. 
Persistent hyperglycemia, especially in individuals with type II diabetes 
mellitus, can lead to memory loss (Ebokaiwe et al., 2020; [31]). 
Acetylcholinesterase hydrolyzes acetylcholine (Mushtaq et al., 2014; 
Ebokaiwe et al., 2020); butyrylcholinesterase, on the other hand, hy
drolyzes acetylcholine as well as other choline esters and constitutes 
approximately 10 % of cholinesterase activity in the temporal cortex 
[11,44]. The activities of both AChE and BuChE were found to be greater 
in diabetic patients than in normal controls. This suggests that abnormal 
plasma levels of AChE and BuChE may serve as markers to predict the 
development of type 2 diabetes mellitus (Mushtaq et al., 2014). 
Increased BChE activity is found in both type 1 and 2 forms of the disease 
in humans [19,44]. Memory loss, cognitive dysfunction, and neurode
generative diseases may be present in diabetic control rats, as suggested 
by the increased activities of both AChE and BChE in the present study 
[18,31]. A decrease in the hydrolysis of acetylcholine, suggested by the 
inhibited AChE and BChE activity in rats with diabetes administered 
different concentrations of the alkaloid-rich leaf extract of Lannea 
egregia, may indicate amelioration of neuronal damage and is associ
ated with the correction of memory loss. This outcome is in agreement 
with those of Sriraksa et al. [40] and Okesola et al. [31].

Nitric oxide (NO) is an unstable gaseous free radical that performs 
different functions under physiological and pathological conditions 
[12]. NO is secreted by the endothelium and has been shown to have 
anti-inflammatory and proinflammatory functions depending on its 
concentration [17]. Alterations in bioavailability have been reported in 
patients with hypertension, atherosclerosis, stroke, diabetes mellitus 
and its complications. At low concentrations, NO is a mediator of insulin 
secretion, while at high concentrations, it has cytotoxic effects on beta 
cells by inhibiting insulin secretion and inducing lipid peroxidation [17, 
7]. The elevated levels of NO reported in this study support the claims of 
elevated NO levels in individuals with type 2 diabetes mellitus, which is 
associated with endothelial dysfunction and beta cell dysfunction and 
may also be linked to high levels of glucose in individuals with diabetes 
[2,7]. Notably, the administration of different concentrations of the 
alkaloid-rich leaf extract of Lannea egregia restored the levels of NO, 
which may be indicative of the anti-inflammatory, antioxidative and 
insulin-enhancing effects of the plant extract.

Sodium-potassium adenosine triphosphatase (Na+/K+-ATPase), also 

Fig. 2. Cholinesterase activities in STZ-induced diabetic rats after treatment with the alkaloid-rich extracts from Lannea egregia leaves (a) acetylcholinesterase and 
(b) butyrylcholinesyerase activities Data expressed as mean ± SD (n = 8). # p < 0.05 vs. NC, * p < 0.05 vs. DC.Legend: NC: normal control, DC: diabetic control, LEL: 
diabetic rats treated with a low dose (50 mg/kg body weight) of alkaloid-rich extract of Lannea egregia, LEH: diabetic rats treated with a high dose (100 mg/kg body 
weight) of alkaloid-rich extract of Lannea egregia, and MET: diabetic rats given 200 mg/kg metformin, AChE: acetylcholinesterase, and BChE: butyrylcholinesterase.
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Fig. 3. Brain nitric oxide levels in STZ-induced diabetic rats treated with 
alkaloid-rich extracts from Lannea egregia leaves.Each value is the mean of eight 
readings ± SD. # p < 0.05 vs. NC, * p < 0.05 vs. DC.Legend: NC: normal 
control, DC: diabetic control, LEL: diabetic rats treated with a low dose (50 mg/ 
kg body weight) of alkaloid-rich extract of Lannea egregia, LEH: diabetic rats 
treated with a high dose (100 mg/kg body weight) of alkaloid-rich extract of 
Lannea egregia, and MET: diabetic rats given 200 mg/kg metformin, and NO: 
nitric oxide.
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known as the sodium-potassium pump, is an electrogenic trans
membrane enzyme in animal cell membranes that maintains resting 
potential and regulates cellular volume. It also regulates the reactive 
oxygen species, MAPK pathway, and intracellular calcium metabolism, 
highlighting its role in oxidative stress (Iman-Fulani et al., 2016). Na+/ 
K+-ATPase uses the energy from ATP hydrolysis to transport three Na+

ions out of the cell and two K+ ions into the cell, creating an 

electrochemical gradient essential for secondary active transport of 
nutrients and metabolites, as well as the excitability of neurons and 
muscle cells [9]. Diabetes significantly impacts the metabolism of 
various tissues, and since Na+/K+-ATPase is essential for maintaining 
membrane potential, and transport, a change in its activity in diabetic 
condition has an effect on these tissues. Dysfunction of Na+/K+-ATPase 
activity in the brain is linked to electrophysiological abnormalities, 

Fig. 4. Some brain ATPase activities of STZ-induced diabetic rats treated with alkaloid-rich extracts from Lannea egregia Leaf (a) ATPAse activity, (b) E-NTPDase, and 
(c) Na+/K+ ATPase activities.Each value is the mean of eight readings ± SD. # p < 0.05 vs. NC, * p < 0.05 vs. DC.Legend: NC: normal control, DC: diabetic control, 
LEL: diabetic rats treated with a low dose (50 mg/kg body weight) of alkaloid-rich extract of Lannea egregia, LEH: diabetic rats treated with a high dose (100 mg/kg 
body weight) of alkaloid-rich extract of Lannea egregia, and MET: diabetic rats given 200 mg/kg metformin, and E-NTPDase: Ecto-nucleoside triphosphate 
diphosphohydrolase.

Fig. 5. Oxidative stress biomarker levels in the brains of STZ-induced diabetic rats treated with alkaloid-rich extracts from Lannea egregia leaf.Each value is the mean 
of eight readings ± SD. # p < 0.05 vs. NC, * p < 0.05 vs. DC.Legend: NC: normal control, DC: diabetic control, LEL: diabetic rats treated with a low dose (50 mg/kg 
body weight) of alkaloid-rich extract of Lannea egregia, LEH: diabetic rats treated with a high dose (100 mg/kg body weight) of alkaloid-rich extract of Lannea egregia, 
and MET: diabetic rats given 200 mg/kg metformin, GST: glutathione-S-transferase, CAT: catalase, GPx: glutathione peroxidase, SOD: superoxide dismutase, and 
MDA: malondialdehyde.
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resulting in impaired excitation, reduced cerebral reactivity, inadequate 
nutrient delivery, and decreased cognitive function (Iman-Fulani et al., 
2016). Na+/K+-ATPase activity is decreased in the brains of 
STZ-induced diabetic animals (Iman-Fulani et al., 2016; [35]). The re
sults obtained in this study indicate that Na+/K+-ATPase activity in the 
treated diabetic animals was greater than that in the animals in the 
diabetic group, which might be due to reduced insulin levels and 
reduced glycolysis, which leads to a decrease in ATP levels and enzyme 
activity. This result is in agreement with the documentation of 
Iman-Fulani et al. (2016), Kherd et al. [23], Safiriyu et al. [35], and 
Buxbaum [9].

Ectonucleoside triphosphate diphosphohydrolases (ENTPDases) are 
a group of glycosylated extracellular hydrolases that hydrolyze extra
cellular adenosine di- and triphosphates to adenosine monophosphate. 
ENTPDases are activated by millimolar concentrations of either Ca2+ or 
Mg2+, and when these cations are absent, these enzymes show no ac
tivity. Schetinger et al., [37]. The communication processes triggered by 
extracellular adenine nucleotides are regulated by ectonucleotidases, 
such as ecto nucleoside triphosphate diphosphohydrolase (E-NTPDase) 
and ecto-5-nucleotidase. Recently, the role of ENTPDase in pathological 
conditions, such as ischemia, epilepsy, diabetes and cancer, has been 
investigated [39]. ENTPDase is crucial for regulating adenine nucleotide 
levels and controlling the duration and extent of receptor activation. In 
brain injury, there is a massive release of adenine nucleotides, which can 
accumulate and elevate intracellular calcium levels, thereby increasing 
cellular damage [39]. Different concentrations of the alkaloid-rich leaf 
extract of Lannea egregia prevented the decrease in ENTPDase in the 
brain of diabetic animals (Figure 4.4), which is in agreement with the 
findings of Maciel et al. [25]. This may be due to the antioxidant ca
pacities of the plant extract, as it has been proposed that alterations in 
enzyme levels could be caused by oxidative stress [39].

Activation of molecular mechanisms associated with oxidative 
modifications in brain tissues is facilitated by STZ-induced diabetes, 
which provokes oxidative damage and disrupts the balance between 
antioxidant enzymes [34]. According to Tiwari et al. [42], hyperglyce
mia generates reactive oxygen species, which facilitate cellular damage 
and ultimately result in complications associated with diabetes mellitus. 
The peroxidation of lipids, which is a result of oxidative stress, produces 
highly reactive aldehydes, such as malondialdehyde (MDA), acrolein, 
4-hydroxynonenal (HNE) and 4-oxononenal (ONE). Decrease in the 
enzymatic antioxidant defense mechanism suggests an increase in lipid 
peroxidation, which, in turn, indicates that peroxidative injury may be 
involved in the development of diabetic complications in patients. This 
explains the results of this study, where the diabetic rats had higher 

MDA levels than did the treated groups, and the antioxidant capacity of 
the alkaloid-rich extract of Lannea egregia was demonstrated by reducing 
the MDA levels in the treatment groups.

In addition to an increase in lipid peroxidation, uncontrolled hy
perglycemia also alters the levels of antioxidant enzymes. Antioxidant 
enzymes such as superoxide dismutase (SOD), catalase (CAT), gluta
thione peroxidase (GPx) and glutathione s-transferase (GST) play 
important roles in preventing damage caused by oxidative stress in cells 
(Alkreaty and Ahmad, 2020; [21,30]). As the main regulator of 
hydrogen peroxide metabolism, catalase plays a crucial role in miti
gating oxidative stress-induced complications, including diabetes and 
cardiovascular diseases [42]. CAT neutralizes hydrogen peroxide in 
peroxisomes and GPx performs similar task in the cytoplasm (Sadi et al., 
2019). SOD facilitates the conversion of superoxide anions into 
hydrogen peroxide and molecular oxygen ([42]; Sadi et al., 2019). The 
high flux of glucose through the activated polyol pathway in the diabetic 
brain may consume NADPH, which results in decreased levels and ac
tivities of GPX and GST [21]. The decreased activities of these antioxi
dants enzymes/molecule in diabetic conditions might result in 
decreased protection against free radical-induced damage [30]. In this 
study, the antioxidant potential of the alkaloid-rich extract of Lannea 
egregia was further demonstrated by restoring the antioxidant enzyme 
levels. This finding also suggested that the plant extract has neuro
protective effects and potential against insulin resistance caused by 
increased reactive oxygen species levels [30,8]. Furthermore, the results 
of this study were in agreement with those of Ibrahim and Rizk. [21], 
Sadi and Konat. [34] and Ogunyinka et al. [30].

Moreover, diabetes mellitus is known to reduce brain glucose 
transporters and disrupt glucose transport and metabolism, potentially 
heightening the risk of brain damage [27]. Treatment with the 
alkaloid-rich leaf extract of Lannea egregia was able to restore and 
reverse the damage to brain tissues of diabetic rats, as revealed by the 
study’s histological findings. This may be due to the beneficial effects of 
the extracts on oxidative stress indicators and neurotransmitter levels.

5. Conclusion

This study demonstrated that alkaloid-rich leaf extracts of normal
izes the levels of neurotransmitters, nitric oxide, oxidative stress and 
antioxidant biomarkers. The extracts normalized cholinesterase and 
enhanced the activities of ATPase, ENTPDase, and Na+/K+ ATPase. This 
was supported by the results of the histological examination. Hence, 
Lannea egregia alkaloid-rich extract has a neuroprotective effect on STZ- 
induced diabetic rats.

Fig. 6. Brain histological examination of STZ-induced diabetic rats treated with alkaloid-rich extracts from Lannea egregia leaves. H&E staining, magnification: x800. 
Legend: NC: normal control, DC: diabetic control, LEL: diabetic rats treated with a low dose (50 mg/kg body weight) of alkaloid-rich extract of Lannea egregia, LEH: 
diabetic rats treated with a high dose (100 mg/kg body weight) of alkaloid-rich extract of Lannea egregia, and MET: diabetic rats given 200 mg/kg metformin; black 
arrow points to neuronal cells while yellow arrow points blood vessel.
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