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ABSTRACT: Background: Atherosclerosis is a chronic patholog-
ical condition that has remained clinically silent for decades, and
the epidemic has continued to be on the rise due to risk factors,
including diet, lifestyle, hyperlipidemia, pathogenic microorgan-
isms, and aging. Using various synthetic drugs in treating
atherosclerosis is associated with a high risk of myositis,
angioedema, myoglobinuria, and acute renal failure. Various side
effects of the available drugs have been reported; attempts are underway to explore natural sources with antiatherosclerotic activity.
Aim and objective: Using a diet-induced atherosclerosis rat model, the current study tested the hypothesis of antiatherosclerotic and
antihyperlipidemic roles of Terminalia catappa fruit extracts. Materials and Methods: Atherosclerosis in Wistar rats was induced using
an atherogenic diet. Total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), aspartate transaminase (AST),
alanine transaminase (ALT), alkaline phosphatase (AP), creatine kinase (CK), and lactate dehydrogenase (LDH) were determined
using analytical kits. Results: Quantitative phytochemical analysis of the extracts demonstrated that the plant had flavonoids,
saponins, tannins, terpenoids, alkaloids, cardiac glycosides, sterols, phenols, and anthraquinones. Diet-induced atherogenic Wistar
rats showed a significant (p < 0.05) increase in total cholesterol, triglyceride, low-density lipoprotein cholesterol, and very low-
density lipoprotein cholesterol compared to the healthy control group; however, the atherogenic lipid profile was reversed by the
treatment of T. catappa fruit extracts. The biochemical experiments demonstrate that T. catappa fruit extracts have an
antihyperlipidaemic effect, shown by a decreased coronary risk index and the atherogenic index, and an increased cardioprotective
index, compared to disease control. Conclusion: The current study indicates that T. catappa fruit extracts may contain bioactive
molecules to treat atherosclerosis.

■ INTRODUCTION
Atherosclerosis is a blood vessel disease of lipid accumulation
in the artery.1 Primary complications of atherosclerosis include
angina pectoris, myocardial infarction, and stroke.2 Athero-
sclerosis is an inflammatory condition leading to the
development of ischemic heart diseases, cerebrovascular
diseases, and peripheral vascular diseases.

Hyperlipidemia represents the early development of
atherosclerosis and its cardiovascular complications.3 The
inflammatory signs of atherosclerosis are accompanied by
incipient lipid accumulation in the artery wall.4 Several factors
determine endothelial modifications through a primary
inflammatory response followed by a local prothrombotic
balance.5 Low-density lipoprotein cholesterol (LDL) oxidation
is a leading cause of endothelial injury and induces the
expression of pro-inflammatory molecules in endothelial cells.6

Thus, removing modified LDL is the necessary treatment of
the inflammatory response.7 Other risk factors include diabetes
developing in the early stages of insulin-dependent and insulin-
resistant patients. Diabetes is clinically associated with
impaired endothelial function, worsened by severe hyper-
glycemia.8

When plaques are damaged and rupture, prothrombotic
molecules are exposed to the coagulation system to inhibit

blood flow.9 Statins are widely used in the treatment of
atherosclerosis due to their excellent efficacy in reducing low-
density lipoprotein levels.10 Statins competitively inhibit the 3-
hydroxy-3-methylglutaryl coenzyme A reductase as catalysis of
the rate-limiting step in cholesterol biosynthesis.11 Many
antihyperlipidemic agents, including statin, fibrates, niacin, bile
acids, and ezetimibe, reduce cholesterol levels under different
conditions.12

Terminalia catappa Linn belongs to the Combretaceae family
as a considerable (25−40 m height) deciduous tree with
smooth gray bark and whorled branches that form a canopy in
tropical and subtropical regions of Asia and Africa.13 It is often
found in coastal vegetation, growing at the edges of mangrove
swamps or on rocky shores. It is widely planted throughout the
tropics as an ornamental tree for shade and edible nuts in
Africa. The tree loses its leaves twice yearly in most places,
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turning a brilliant red to yellow before leaf shedding.14

Traditionally, people used T. catappa as a dysentery and
hepatitis medicine in Asia. The dried leaves are used for fish
pathogen treatment as an alternative to antibiotics. The leaves
have antioxidant, anticlastogenic, and antihyperglycemic
properties.15 The leaves and bark extracts of T. catappa are
anticancer, anti-HIV reverse transcripts, hepato-protective,
anti-inflammatory, antihepatitis, antidiabetic, and aphrodis-
iac.16 The fallen leaves of T. catappa have been used in the
management of sickle cell disorders.17

Atherosclerosis has remained asymptomatic and clinically
silent for decades, and the epidemic has continued to rise due
to environmental risk factors, including diet, lifestyle, hyper-
lipidemia, pathogens, and aging.18 Eighteen synthetic drugs,
including statins, are associated with a higher risk of myositis,
angioedema, myoglobinuria, and acute renal failure in treating
the above conditions. Due to the side effects of the available
medicine, attempts are underway to explore natural sources
with antiatherosclerotic activity.19 The current study aims to
determine the antiatherosclerotic effects of T. catappa extracts
in a murine model.20 Our in vivo study demonstrated that T.
catappa fruit extracts could regulate total cholesterol,
triglyceride, low-density lipoprotein cholesterol, and very
low-density lipoprotein cholesterol. In addition, metabolic
biomarkers, including alanine transaminase, aspartate amino-
transferase, alkaline phosphatase, creatine kinase, and lactate
dehydrogenase, decreased using T. catappa fruit extracts.
Histology confirmed that the aorta, heart, and liver improved
cholesterol deposits in the lumen of the blood vessels by the
extracts. The current biochemical experiments show that T.
catappa fruit extracts contain bioactive molecules to treat
atherosclerosis.

■ MATERIALS AND METHODS
Materials. Cholesterol, cholic acid, and Atorvastatin were

commercially available (Sigma-Aldrich Chemical Co., Milwau-
kee, Wisconsin). Analytical kits were purchased from Randox
Laboratories Limited, UK, to determine lipids and biomarkers,
including total cholesterol (TC), triglycerides (TG), high-
density lipoprotein (HDL), aspartate transaminase (AST),
alanine transaminase (ALT), alkaline phosphatase (AP),
creatine kinase (CK), and lactate dehydrogenase (LDH). All
other chemicals were of analytical grade.
Plant Materials. T. catappa Linn ripe fruits were collected

from Jimeta, Yola-North local government area of Adamawa
State, Nigeria (February 2015, latitude 11055’N and longitude
11011’), and were authenticated in the Department of Plant
Science, Modibbo Adama University of Technology, Yola,
Nigeria. The plant taxonomists Bristone B. and Chimbe Konje
identified and confirmed the herbarium specimens by the
taxonomic literature. T. catappa fruit was photographed in the
live form at the time of collection and was preserved after the
allotment of the voucher number. The T. catappa fruit was
deposited in the herbarium of Modibbo Adama University,
Yola (voucher number MAU/YL/BT/0420). The herbarium
specimen of T. catappa fruit was a pressed, mounted sample
with collection data deposited for future studies.
Animals. Albino rats of the Wistar strain (200−250 g) were

purchased from the Veterinary Research Institute, Vom, Jos,
Nigeria. The animals were in a group of five rats per cage and
were maintained under standard laboratory conditions. The
animals were fed for 6 weeks with a regular diet from Vital
Feeds (Jos, Nigeria) and freshwater ad libitum. All of the

animals were acclimatized to laboratory conditions for a week
before the commencement of the experiment.

An atherogenic diet was used to induce atherosclerosis in
Wistar rats.21 The atherogenic diet was prepared by mixing
cholesterol 1.25%, cholic acid 0.5%, fat 15%, and standard
pellet 83.25%.22 All animal experiments were followed in
accordance with the Guide for the Care and Use of Laboratory
Animals (8th edition, 2006, NIH).

Protocols for animal experiments were approved by the
Animal Experimental Ethics Committee of the Modibbo
Adama University of Technology with approval number
UAEC/YMAU/YL/0100 on the fourth of January, 2016, in
compliance with the National Institutes of Health guidelines
for the care and use of laboratory animals.

T. catappa Fruit Extraction. For the ethanol extraction
(ETC), ripe fruits of T. catappa were sliced and shade-dried.
After moisture was removed, fruits were pulverized using an
electric blender (BL335, Kenwood Company) to obtain a
powder. The powdered sample (250 g) was macerated in
absolute ethanol (95%, 1000 mL) for 72 h at room
temperature. The mixture was wrung in a neat cloth and
filtered by using Whatman No. 1 filter paper. The filtrate was
concentrated at 40 °C using a rotary evaporator to obtain a
semidried brown solid (22%). ETC was stored in a tightly
closed container and inside a refrigerator (4 °C). For the
aqueous extraction of T. catappa (ATC), the dry powder was
macerated in distilled water (1000 mL) for 72 h at room
temperature. The filtrate was concentrated using a drying oven
(40 °C, 3 days) to obtain a brown solid (21%). ATC was kept
in a sterilized container in a refrigerator at 4 °C.

Two different postextraction drying methods were used,
such as lyophilization or oven-drying routinely. All filtrated
were lyophilized using Labconco FreeZone (36 h, −100 °C,
4.5 L) or a drying oven (48−72 h, 40−60 °C). Aqueous/
EtOH extracts were dried in the oven (72 h, 40 °C or 48 h, 60
°C) or a lyophilizer (36 h, −100 °C).
Phytochemical Screening of T. catappa Fruit. The

ethanol and aqueous extracts were analyzed qualitatively
through phytochemical screening of alkaloids, saponins,
tannins, steroids, flavonoids, phenols, terpenoids, anthraqui-
nones, and cardiac glycosides. Phenolic and flavonoid
molecules were determined by UV−vis spectrophotometric
analysis.

■ METHODS
Quantitative Phytochemistry. A five-point calibration

curve using standard molecules, including gallic acid or
quercetin, was prepared by using the peak area against
different standard concentrations to obtain the concentration
of the phytochemicals. The phenol concentration in the
extracts was analyzed by the modified Folin−Ciocalteu method
using gallic acid equivalent (mg/g).23 Total phenolics were
expressed using the regression equation between gallic acid
standards and A765.

The total flavonoid concentration was analyzed using the
aluminum chloride method.24 The flavonoid content was
expressed as quercetin equivalents (mg/g) from the calibration
curve of the standard. The extracts (10 mg) were dissolved in
ultrapure hexane (2 mL) as a nonpolar solvent or chloroform/
MeOH/H2O (8:2:1) as a polar solvent system. The fractions
were filtered using a micro chromatography syringe filter (0.25
μm) into a vial (1 mL). The prepared organic layer (hexane or
chloroform) was injected into a high-performance liquid
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chromatography (HPLC, Buck Scientific BLC10/11) with a
fluorescence detector (excitation at 295 nm and emission at
325 nm) and an analytical column (25 cm × 4.6 mm, stainless
steel, 5 μm). The mobile phase was hexane: tetrahydrofuran:
isopropanol (1000:60:4 = v/v/v) at a 1.0 mL/min flow rate
with a sample injection volume of 20 μL. Positive controls,
including quercetin (flavonoid), oleanolic acid (saponin),
lanatoside C (cardiac glycoside), gallic acid (phenols), caffeine
(alkaloids), corosolic acid (terpenoids), 6β-hydroxycortisone
(steroids), and anthraquinone (anthraquinones), were used to
analyze plant metabolites for quantitative HPLC analysis.
Stock solutions of each standard were prepared separately in
methanol at 1.0 mg/mL. The highest calibrator was prepared
by mixing appropriate volumes of each stock solution and
diluting it to obtain a final concentration. The HPLC sample
was purified to remove any contaminants by solid-phase
extraction with Phenomenex Strata C18 cartridges. The
identification of the different compounds in the chromato-
graphic profile of the extracts was compared by their retention
time and UV spectra of positive controls.
Antiatherosclerotic Roles of T. catappa Fruit In Vivo.

Fifty-five male rats (200−250 g) were divided into 11 groups
(five rats/cage).25 Standard control group (I) received a
regular pellet diet; disease control group (II) received an
atherogenic diet; positive control groups (III) received an
atherogenic diet and Atorvastatin (10 mg/kg), ethanol extract-
treated group (IV, V, VI) received 100, 200, and 300 mg/kg of
T. catappa fruit ethanol extracts (ETC), respectively.26

Aqueous extract-treated groups (VII, VIII, IX) received an
atherogenic diet and 100, 200, and 300 mg/kg of aqueous
extracts of T. catappa fruit (ATC), respectively. The highest
dose group (X and XI) received a regular diet and the highest
dose of ETC/ATC extracts (300 mg/kg), respectively. Extracts
were administered to different groups daily for 6 weeks by oral
gavage. At the end of the experiment, the rats were fasted
overnight and euthanized under ether, isoflurane, or
pentobarbital anesthesia, showing no difference. In all cases,
animals were euthanized using ether. Blood was collected by
cardiac puncture in plain tubes and allowed to stand for an
hour. The clotted sample was centrifuged, followed by serum
collection, and stored at −20 °C for biochemical analysis. The
liver, heart, and aorta were removed and stored in 10%
formaldehyde solution for histopathological examinations.27

Determination of Lipid Profile Biomarkers. Total
cholesterol was determined using enzymatic hydrolysis and

oxidation protocol.28 Triglycerides were analyzed using the
colorimetric method, and HDL-cholesterol was measured
using the precipitation method.29 Low-density lipoprotein
cholesterol and very low-density lipoprotein cholesterol were
determined using Friedewald’s method.30 Transaminases
(AST/ALT) were analyzed using the colorimetric method,31

and creatine kinase activity was assayed by the Nelson method.
The p-nitrophenol protocol was used to evaluate ALP activity
using the Randox test kit.32 Atherogenic, cardioprotective, and
coronary risk indices were calculated as previously.33 In brief,
the atherogenic index (AI), coronary risk index (CRI), and
cardioprotective index (CPI) were calculated as AI = Log
[TG/HDL-C], CRI = TC/HDL-C, and CPI= [HDL-C/LDL-
C], respectively.
Histopathological Determination. Aorta, heart, and liver

specimens were fixed in a 10% buffered formaldehyde solution,
sectioned, and embedded in paraffin wax using conventional
techniques for histopathological studies. The aortas were cut
transversely at the arch and midthoracic level; the heart and
liver were also cut, followed by fixing in Bruin’s fluid for 24 h,
and were processed for routine histopathological examination
by passing through graded alcohols. Tissue sections (6−8 μm
thickness) were obtained by using a microtome, transferred on
glass slides, and stained with hematoxylin and eosin. The
stained sections were examined under a light microscope and
photographed.
Statistical Analysis. One-way ANOVA (Analysis of

Variance) with Tukey’s multiple comparison tests were
performed using GraphPad Prism version 5.02 for Windows
(GraphPad Software, San Diego, California, www.graphpad.
com). All values were expressed as means ± standard deviation
of the mean (SEM). Differences were considered to be
significant at p < 0.05.

■ RESULTS
Phytochemical Screening. Phytochemical screening of T.

catappa fruit (Figure 1A, 1B) demonstrated the presence of
alkaloids, flavonoids, tannins, saponins, cardiac glycosides,
phenols, terpenoids, anthraquinones, and steroids in the
ethanol and aqueous extracts.

The phytochemicals were further analyzed quantitatively to
show that ethanol and aqueous extracts of T. catappa fruit
contain large amounts of phenols, alkaloids, cardiac glycosides,
and flavonoids using a UV−vis spectrophotometer (Table 1).

Figure 1. T. catappa tree (A) and fruit (B). Pictures were taken in Yola, Nigeria.
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Ethanol solubilizes better for alkaloids, flavonoids, cardiac
glycosides, and phenols, whereas saponin is well-soluble in
aqueous extraction. All components were confirmed by HPLC
using positive controls with standard curves.

The lipid profile of the atherogenic rat model was estimated,
as shown in Table 2 (Supporting Information Figure S1−S5).
Hyperlipidemia was evident in rats fed with an atherogenic diet
only (Group II) by the significant increase (P < 0.05) in serum
levels of total cholesterol (TC), total glyceride (TG), low-
density lipoprotein (LDL), and very low-density lipoprotein
(VLDL) when compared to the values of standard diet control
(Group I). The antiatherogenic and antihyperlipidemic
potential of ETC was observed in Groups IV, V, and VI as
concomitant administration of ETC along with an atherogenic
diet showed significant (P < 0.05) decrease in the serum levels
of TC, TG, LDL, and VLDL when compared to values of
negative control (Group II).

The hypolipidemic effect of ETC was observed in rats
(Group X) treated with 300 mg/kg of ETC under normal diet
conditions, showing a significant (P < 0.05) decrease in TG
and VLDL when compared to standard diet control (Group I).

The antiatherogenic and antihyperlipidemic potential of
ATC was observed in Groups VII, VIII, and IX as concomitant
administration of ATC along with an atherogenic diet showed
a significant (P < 0.05) decrease in the serum levels of TC, TG,

LDL, and VLDL when compared to atherogenic group (Group
II). The highest doses of ATC (Group IX) showed no
significant difference (P < 0.05) in serum levels compared to
the values of standard diet control (Group I), implying its
ability to suppress atherogenesis. The antiatherosclerotic
activity of ETC at the highest dose (300 mg/kg) is evident,
as an atherogenic diet effectively reduced LDL serum levels.
The hypolipidemic activity of ATC was also observed in Group
XI, which shows a significant (P < 0.05) decrease in TG and
VLDL when compared to standard diet control (Group I).
Standard drug Atorvastatin (Group III) at 10 mg/kg was able
to effectively suppress atherogenesis, showing a significant
decrease (P < 0.05) of TC, TG, LDL, and VLDL, compared to
the atherogenic diet control (Group II) and no significant
difference when compared to standard diet control (Group I).
Antiatherosclerotic Roles of T. catappa Fruit In Vivo.

Next, ETC and ATC efficacy on enzyme markers of
atherosclerosis was analyzed (Table 3, Supporting Information
Figures S6−S10). The results are shown as mean ± SEM
(standard error of the mean) of five animals from each group.
The activity of ALT, AST, ALP, CK, and LDH were
significantly (P < 0.05) increased under atherogenic conditions
(Group II) when compared to standard diet control (Group I).
Coadministration of ETC with an atherogenic diet in Group
IV, V, and VI significantly (P < 0.05) decreased the activity of
ALT, AST, ALP, and CK compared to the atherogenic group
(Group II). T. catappa (aqueous extract, Group VI)
significantly (P < 0.05) decreased the activity of LDH when
compared to atherogenic control (Group II). Concomitant
administration of ATC with an atherogenic diet (Groups VII,
VIII, IX) decreased the activities of ALT, AST, ALP, and LDH
significantly (P < 0.05) compared to the atherosclerosis model
(Group II). The highest dose (300 mg/kg) of T. catappa fruit
reversed the activity of ALT and AST significantly (P < 0.05).
The positive control as a standard atherosclerosis drug
(Atorvastatin 10 mg/kg, Group III) effectively reversed the
activity of enzyme markers compared to the atherogenic group
(Group II).
Determination of Lipid Profile Biomarkers. Next, the

coronary risk index (CRI), cardioprotective index (CPI), and
atherogenic index (AI) were analyzed quantitatively (Table 4,
Supporting Information Figures S11−S13).34

Table 1. Quantitative Analysis of Phytochemical
Components of T. catappaa,b

phytochemicals ethanol (mg/g) H2O (mg/g)

alkaloids 182.7 ± 0.35c 176.5 ± 0.25
flavonoids 63.27 ± 0.15c 43.93 ± 0.25
saponins 28.50 ± 0.10 36.57 ± 0.15d

terpenoids 0.31 ± 0.015c 0.22 ± 0.030
steroids 8.07 ± 0.015c 6.24 ± 0.025
cardiac glycosides 71.31 ± 0.03c 61.37 ± 0.02
phenols 304.8 ± 0.20c 213.9 ± 0.25
tannins 0.15 ± 0.020c 0.11 ± 0.015
anthraquinones 0.08 ± 0.002c 0.06 ± 0.002

aResults are shown as mean ± SD (standard deviation) of 3
determinations. bAll quantitative analysis was performed by UV−vis
spectrophotometer and confirmed by HPLC using positive controls.
cP < 0.05 is significantly higher than aqueous extracts. dP < 0.05 is
significantly higher than ethanol extracts.

Table 2. Lipid Profile of Atherogenic Rat Modela,b

group total cholesterol (mg/dL) total glyceride (mg/dL) HDL (mg/dL) VLDL (mg/dL) LDL (mg/dL)

I. standard diet (SD) 74.50 ± 1.49 76.62 ± 2.30 42.73 ± 0.78 15.32 ± 0.46 16.45 ± 2.20
II. atherogenic diet (AD) 116.20 ± 4.07c 149.90 ± 4.63c 34.33 ± 1.12 29.98 ± 0.92c 51.85 ± 3.03c

III. AD + 10 mg/kg atorvastatin 80.05 ± 0.67c,d 85.89 ± 2.58c,d 55.45 ± 4.78e 17.18 ± 0.52d 7.42 ± 5.17d,f

IV. AD + 100 mg/kg ETC 92.68 ± 1.13c,d 136.60 ± 2.89c,d 38.28 ± 1.93 27.24 ± 0.56 27.06 ± 1.32
V. AD + 200 mg/kg ETC 87.14 ± 4.15c,d 123.70 ± 0.59c,d 40.60 ± 2.15 24.74 ± 0.12c,d 21.79 ± 6.22c,d

VI. AD + 300 mg/kg ETC 86.49 ± 2.06c,d 112.60 ± 4.07c,d 51.68 ± 5.17 22.52 ± 0.81c,d 12.29 ± 6.38d,f

VII. AD + 100 mg/kg ATC 99.38 ± 2.58c,d 134.30 ± 0.78c,d 38.03 ± 2.70 26.86 ± 0.16 34.49 ± 5.10d

VIII. AD + 200 mg/kg ATC 91.52 ± 5.46c,d 105.10 ± 2.21c,d 38.91 ± 3.93 21.02 ± 0.44c,d 31.59 ± 7.58d

IX. AD + 300 mg/kg ATC 80.30 ± 4.80d 73.92 ± 2.83d 41.64 ± 1.79 14.78 ± 0.56d 23.88 ± 5.85d

X. SD + 300 mg/kg ETC 71.41 ± 3.68 45.61 ± 1.79f 43.18 ± 7.98 9.12 ± 0.35f 19.11 ± 10.52d

XI. SD + 300 mg/kg ATC 71.41 ± 1.51 49.30 ± 1.18f 36.16 ± 1.67 9.86 ± 0.24f 25.39 ± 1.83d

aValues are expressed as mean ± SEM (standard error of the mean). bSD = standard diet, AD = atherogenic diet, ATC= aqueous extract of T.
catappa fruit, ETC= ethanol extract of T. catappa fruit. cP < 0.05 is significantly higher compared to the standard diet control. dP < 0.05 is
considerably lower compared to atherogenic control. eP < 0.05 is markedly higher compared to atherogenic control. fP < 0.05 is significantly lower
compared to the standard diet control.
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The levels of coronary risk index significantly (P < 0.05)
increased with an atherogenic diet (Group II). The
antiatherogenic and antihyperlipidemic effects of the T.
catappa fruit extract were observed with coadministration of
ETC (Groups V and VI) with an atherogenic diet, as shown by
the decreased coronary risk index significantly (P < 0.05) when
compared to atherogenic diet group (II). T. catappa fruit
treatment in 300 mg/kg ATC group (IX) with an atherogenic
diet significantly (P < 0.05) decreased levels of coronary risk
index when compared to the disease model.

The atherogenic index significantly increased following the
administration of an atherogenic diet (Group II) compared to
the standard diet control (Group I). Coadministration of ETC
with an atherogenic diet (Groups V and VI) significantly (P <
0.05) decreased the atherogenic index when compared to
disease control. The antiatherogenic effect of ATC was
observed (Groups VIII and IX), which received T. catappa
and an atherogenic diet, as shown by a decreased atherogenic
index compared to the disease model (Group II).

The cardioprotective index of the atherogenic murine model
(Group II) significantly (P < 0.05) decreased compared to the
standard diet control (Group I). The increased cardiopro-
tective index of T. catappa fruit was observed with the
administration of ETC with an atherogenic diet (Group VI),
compared to that of the disease model (Group II). The
Atorvastatin (positive control, standard drug, 10 mg/kg)

showed no significant (P < 0.05) changes in the CRI, CPI, and
AI indices compared to the standard diet control (Group I).
However, it showed a significant (P < 0.05) decrease in
coronary risk and atherogenic index and a significant (P <
0.05) increase in the cardioprotective index compared to
atherogenic control (Group II).
Histopathology. Under a standard diet control, tissues

showed a major arterial vessel with a free lumen containing
blood cells and intima of the endothelium free of any lipid
deposit surrounding the adventitial layer (Figure 2A). The
plaques in the atherogenic group occlude over 40% of blood
passage (Figure 2B). Administration of standard drug (Figure
2C, Atorvastatin 10 mg/kg) under atherogenic conditions
showed a lumen containing much-reduced cholesterol deposits
with blood cell clusters. Administration of T. catappa fruit
extracts (300 mg/kg ethanol extracts) and an atherogenic diet
(Figure 2D) show major arterial vessels with endothelium,
fibrous media, and adventitia layers. In addition, the lumen
contains much-decreased levels of cholesterol plaques, with a
5% narrowing of blood passage.

■ DISCUSSION
The current experiments demonstrated that aqueous and
ethanol extracts of T. catappa fruit might have antiathero-
sclerotic and antihyperlipidemic effects, as indicated by
coronary risk and cardioprotective and atherogenic indices,

Table 3. Effects of ETC and ATC on the Tissue Enzyme Markers of Atherosclerosisa,b

group ALT (IU/L) AST (IU/L) ALP (IU/L) CK (IU/L) LDH (IU/L)

I. standard diet (SD) 21.53 ± 0.11 105.90 ± 1.02 338.00 ± 19.31 174.60 ± 36.46 210.30 ± 46.36
II. atherogenic diet (AD) 102.30 ± 4.36c 182.20 ± 6.33c 680.70 ± 18.48c 479.20 ± 19.30c 577.40 ± 90.51c

III. AD + 10 mg/kg atorvastatin 20.27 ± 2.04d 81.14 ± 6.37d 394.30 ± 6.64d 230.30 ± 4.29d 340.30 ± 99.34
IV. AD + 100 mg/kg ETC 66.38 ± 10.10c,d 149.50 ± 3.57c,d 573.00 ± 20.79c,d 271.00 ± 10.56d 527.60 ± 110.4
V. AD + 200 mg/kg ETC 41.92 ± 3.64d 126.70 ± 2.50d 562.70 ± 10.40c,d 252.60 ± 19.65d 415.50 ± 86.78
VI. AD + 300 mg/kg ETC 28.97 ± 3.36d 94.90 ± 6.37d 478.00 ± 16.37c,d 237.70 ± 12.87d 221.80 ± 30.91d

VII. AD + 100 mg/kg ATC 47.22 ± 4.03c,d 126.20 ± 3.15d 579.00 ± 6.65c,d 445.70 ± 90.07c 225.60 ± 19.87d

VIII. AD + 200 mg/kg ATC 29.72 ± 5.14d 112.20 ± 3.84d 557.70 ± 16.46c,d 401.20 ± 64.34c 198.80 ± 17.66d

IX. AD + 300 mg/kg ATC 22.65 ± 3.94d 97.28 ± 2.23d 519.00 ± 11.85c,d 300.90 ± 23.59 233.20 ± 24.28d

X. SD + 300 mg/kg ETC 19.84 ± 1.85d 84.87 ± 3.35d 396.00 ± 8.083d 237.70 ± 8.57d 267.60 ± 79.47
XI. SD + 300 mg/kg ATC 17.77 ± 1.60d 112.20 ± 2.36d 398.30 ± 6.64d 315.00 ± 15.01 244.70 ± 8.83

aValues are expressed as mean ± SEM (standard error of the mean). bSD = standard diet, AD = atherogenic diet, ATC = aqueous extract of T.
catappa fruit, ETC = ethanol extract of T. catappa fruit. The groups treated with ETC and ATC only resulted in no significant (P < 0.05) changes in
enzyme markers when compared to the normal control (Group I). cP < 0.05 is significantly higher compared to standard diet control. dP < 0.05 is
significantly lower compared to atherogenic control.

Table 4. Coronary Risk and Cardioprotective and Atherogenic Indices of T. catappa Using an Atherosclerosis Modela,b

group coronary risk index (CRI) cardioprotective index (CPI) atherogenic index (AI)

I. standard diet (SD) 1.74 ± 0.05 2.73 ± 0.46 0.25 ± 0.01
II. atherogenic diet (AD) 3.39 ± 0.13c 0.67 ± 0.05d 0.64 ± 0.02c

III. AD + 10 mg/kg atorvastatin 1.57 ± 0.12e 3.06 ± 0.27f 0.23 ± 0.02e

IV. AD + 100 mg/kg ETC 2.50 ± 0.03 1.43 ± 0.15 0.55 ± 0.02c

V. AD + 200 mg/kg ETC 2.17 ± 0.23e 2.19 ± 0.57 0.48 ± 0.03c,e

VI. AD + 300 mg/kg ETC 1.86 ± 0.13e 3.09 ± 0.78f 0.38 ± 0.03e

VII. AD + 100 mg/kg ATC 2.65 ± 0.23 1.19 ± 0.29 0.55 ± 0.03c

VIII. AD + 200 mg/kg ATC 2.41 ± 0.33 1.40 ± 0.35 0.39 ± 0.06e

IX. AD + 300 mg/kg ATC 1.94 ± 0.16e 1.98 ± 0.48 0.25 ± 0.01e

X. SD + 300 mg/kg ETC 1.77 ± 0.36e 1.46 ± 0.33 0.09 ± 0.01d,e

XI. SD + 300 mg/kg ATC 1.98 ± 0.09 1.45 ± 0.15 0.13 ± 0.02d,e

aValues are shown as mean ± SEM (standard error of the mean). bSD = standard diet control; AD = atherogenic diet disease control; ATC=
aqueous extract of T. catappa fruit; ETC = ethanol extract of T. catappa fruit. Values were calculated as follows: CRI = TC/HDL-C, CPI= [HDL-
C/LDL-C], AI = Log [TG/HDL-C]. cSignificantly higher compared to the standard diet control. dSignificantly lower compared to the standard
diet control. eSignificantly lower compared to the atherogenic diet. fSignificantly higher compared to atherogenic control.
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in a murine model in vivo. T. catappa is one of Africa’s most
popular medicinal plants, possessing diverse biological
activities and pharmaceutical functions, including the hypo-
glycemic effect.13 The quantitative phytochemical screening of
T. catappa fruit revealed specific amounts of alkaloids,
flavonoids, tannins, saponins, glycosides, phenols, terpenoids,
anthraquinones, and steroids. Phenolic phytochemicals exhibit
potent antioxidant activity, neutralizing reactive oxygen
species. Table 1 shows that T. catappa contains the highest
concentrations of phenolic compounds in ethanol and aqueous
extracts, indicating that the fruit might have an antioxidative
effect.

Previously, it was reported that flavonoids from alcoholic
extracts might include an activity of lecithin cholesterol acyl
transferase (LCAT), which regulates blood lipids by
incorporating free radicals into HDL and transferring it back
to VLDL and LDL, which are taken back into the liver cells.35

The antiatherosclerotic effect of T. catappa could be attributed
to high levels of cardiac glycosides.36

Saponins act as antihyperlipidemic by binding with
cholesterol in the intestinal lumen so that cholesterol is less
readily absorbed. Decreased bile acids in their extrahepatic
circulation increase the metabolism of cholesterol to sterols
through their fecal secretion. Saponins increase lipoprotein
lipase activity (LPL) in the fast removal of free fatty acids from
circulation, causing a decrease in total cholesterol.37 The
antihyperlipidemic activity of the T. catappa fruit could be
attributed to the significant amount of saponins in the extracts.
Atherosclerosis is characterized by endothelial dysfunction and
vascular inflammation. T. catappa contains tannins as anti-
inflammatory agents to reduce the risk of atherosclerosis.38

Improving atherosclerosis and coronary heart disease is
related to lowering serum cholesterol levels. As shown in Table
2, TC was significantly decreased in animals treated with T.

catappa extracts, demonstrating their ability to improve
atherosclerosis. The endothelial damage, which ultimately
resulted in atheroma and plaque formation, is characterized by
high cholesterol, lipid concentration, and free radical oxidative
stress.39

LDL oxidation in vessel walls initiates an inflammatory
cascade that activates many atherogenic pathways.40 LDL
oxidation is an immediate reaction of endothelial injury and
induces the expression of pro-inflammatory molecules in
endothelial cells, so removing modified LDL is a critical
therapy to treat inflammatory diseases. Our experiments
showed that LDL was decreased significantly (200 and 300
mg/kg) by T. catappa fruit, suggesting efficacy in inhibiting
atherogenic pathways (Table 2). In addition, statins are widely
used as the clinical treatment for atherosclerosis, reducing the
low-density lipoprotein (LDL) level as it is shown that
Atorvastatin treatment significantly decreased LDL levels
compared to atherogenic control.

Our data showed that T. catappa treatment for 6 weeks had
regression effects in atherosclerosis. ETC decreased serum
levels of LDL, consequently reducing the risk of atheroscle-
rosis. In contrast, cholesterol transported in HDL particles,
known as antiatherogenic cholesterol, protects against
metabolic diseases.41 HDL inhibits the uptake of LDL by the
arterial wall and facilitates cholesterol transport from
peripheral tissue to the liver, where they are catabolized.42

Our results showed that HDL increased using ETC, suggesting
the antiatherosclerotic activity of T. catappa. Atorvastatin (10
mg/kg body weight) was chosen carefully to compare with the
activity of the plant extracts as a positive drug control.

The hypolipidemic activity of ETC and ATC suggests that a
protective mechanism exists against the development of
atherosclerosis. The activity of enzyme markers, including
ALT, AST, ALP, CK, and LDH, was increased in the
atherogenic model compared to the standard diet control
(Table 3). Besides, ETC and ATC treatment decreased the
activities of enzyme markers, suggesting the cytoprotective
mechanism of T. catappa. ETC and ATC treatment showed no
changes in enzyme activity compared to standard diet control.
In addition, our experiments show the cardioprotective roles of
T. catappa fruit (Table 4). For example, rats treated with ETC
and ATC (300 mg/kg) significantly decreased the coronary
risk and atherogenic index, while the cardioprotective index
was significantly increased compared to the atherogenic diet
control.

The antiatherogenic and antihyperlipidemic effects of the T.
catappa extract were observed with ETC with an atherogenic
diet, as shown by the decreased CRI and AI. The CRI, CPI,
and AI determine a person’s risk of developing cardiovascular
disease. The CRI is a ratio of total cholesterol to high-density
lipoprotein cholesterol (HDL-C) to measure a person’s risk of
developing coronary artery disease (CAD). The low CRI
indicates a higher ratio of HDL-C to total cholesterol as
cardioprotective. CI is a ratio of HDL-C to low-density
lipoprotein cholesterol (LDL-C) to determine the level of
cardioprotection. An increased CI indicates better cardiopro-
tection.

The AI, on the other hand, is a ratio of total cholesterol to
HDL-C, indicating atherogenicity, the potential of cholesterol
to cause atherosclerosis and artery hardening. In addition, a
higher AI indicates a higher risk of developing cardiovascular
disease.

Figure 2. Aorta tissues were examined histologically using
hematoxylin and eosin staining (H&E) under the atherogenic diet/
plant extract-treated conditions. Standard diet condition demon-
strated a free lumen containing blood cells and intima of the
endothelium free of any lipid deposit (A). The atherogenic conditions
occlude over 40% of blood passage by lipid plaques (B). Atorvastatin
as positive control showed much-reduced cholesterol deposits (C,
Atorvastatin 10 mg/kg). T. catappa fruit extracts under an atherogenic
condition showed much-decreased levels of lipid deposit (D, 300 mg/
kg ethanol extracts).
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The lower the CRI and AI values and the higher the CI
value demonstrate, the lesser the risk of cardiovascular disease.
These indices are indicators in evaluating overall cardiovascular
health, but they must not be used in isolation as other risk
factors like smoking, hypertension, and diabetes are equally
critical in determining a person’s risk of developing
cardiovascular disease.

Based on the current data, the isolation and characterization
of the active components for the antiatherogenic, antihyperli-
pidemic, and hypolipidemic activity are underway, including
the mechanism of action.

■ CONCLUSIONS
T. catappa fruit exhibited antiatherosclerotic, antihyperlipi-
demic, and hypolipidemic activities in the atherosclerosis
model in vivo. The extract treatment showed an improved lipid
profile, enzyme biomarkers, histopathology, cardioprotection,
and atherogenic index. In high amounts, T. catappa fruit
contains polyphenols, flavonoids, cardiac glycosides, alkaloids,
and saponins. Our data demonstrated the antiatherogenic and
antihyperlipidemic effects of the T. catappa fruit extracts with
an atherogenic diet, shown by the decreased CRI and AI, and
increased CPI. The current study will guide further
investigation to propose a clinical application to treat vessel
diseases, including atherosclerosis.

■ ASSOCIATED CONTENT
Data Availability Statement
This published article and its Supporting Information files
include all data generated or analyzed during this study.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c00685.

Quantitative analysis of lipid profile of the atherogenic
rat model with T. catappa extracts (Supporting
Information Figures S1−S5); the efficacy on enzyme
markers of atherosclerosis (Supporting Information
Figures S6−S10); and quantitative analysis of the
coronary risk index (CRI), cardioprotective index
(CPI), and atherogenic index (AI) with T. catappa
extracts (Supporting Information Figures S11−S13)
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Doris Tabansi − Department of Biochemistry, Faculty of Life
Sciences, Modibbo Adama University of Technology, Yola
640101, Nigeria; Phone: +234 703 181 4645;
Email: dtabansi85@gmail.com

Wan Jin Jahng − Department of Ophthalmology, Julia
Laboratory, Suwon 16232, Korea; Department of Drug
Discoveries, Julia Eye Institute, Suwon 16243, Korea;

orcid.org/0000-0001-8241-7739; Phone: +8231 307
0135; Email: wanjinjahng@korea.edu

Authors
Daniel Dahiru − Department of Biochemistry, Faculty of Life

Sciences, Modibbo Adama University of Technology, Yola
640101, Nigeria

Ambrose Teru Patrick − Department of Cellular and
Molecular Medicine, Chosun University, Gwangju 61452,

Korea; Department of Ophthalmology, Julia Laboratory,
Suwon 16232, Korea

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c00685

Author Contributions
D.T. participated in research design, experimental perform-
ance, manuscript drafting, and data analysis. D.D. participated
in the research design, manuscript preparation, and revision.
A.T.P. participated in research design, technical assistance, and
manuscript preparation. W.J.J. participated in data analysis,
manuscript preparation, and revision. All authors wrote, read,
and approved the final manuscript.
Funding
This work was supported in part by grants from Julia
Laboratory, Julia Eye Institute, and Korea Technology Finance
Corporation.
Notes
The authors declare no competing financial interest.
Ethics Approval and Consent to Participate The Institutional
Animal Care and Use Committee of the Modibbo Adama
University of Technology, Yola, approved all animal protocols.

■ ACKNOWLEDGMENTS
The authors thank Faith Pwaniyibo Samson and Professor
Margret Samuel Nadro for discussion and suggestions.

■ REFERENCES
(1) Balling, M.; Afzal, S.; Davey Smith, G.; Varbo, A.; Langsted, A.;

Kamstrup, P. R.; Nordestgaard, B. G. Elevated LDL Triglycerides and
Atherosclerotic Risk. J. Am. Coll. Cardiol. 2023, 81 (2), 136−152,
DOI: 10.1016/j.jacc.2022.10.019. From NLM Medline.
(2) Bruckert, E.; Kalmykova, O.; Bittar, R.; Carreau, V.; Beliard, S.;

Saheb, S.; Rosenbaum, D.; Bonnefont-Rousselot, D.; Thomas, D.;
Emery, C.; et al. Long-term outcome in 53 patients with homozygous
familial hypercholesterolaemia in a single centre in France.
Atherosclerosis 2017, 257, 130−137. From NLM Medline.
(3) Di Fusco, S. A.; Arca, M.; Scicchitano, P.; Alonzo, A.; Perone, F.;

Gulizia, M. M.; Gabrielli, D.; Oliva, F.; Imperoli, G.; Colivicchi, F.
Lipoprotein(a): a risk factor for atherosclerosis and an emerging
therapeutic target. Heart 2023, 109 (1), 18−25. From NLM Medline.
(4) Chan, Y. H.; Ramji, D. P. Key Roles of Inflammation in

Atherosclerosis: Mediators Involved in Orchestrating the Inflamma-
tory Response and Its Resolution in the Disease Along with
Therapeutic Avenues Targeting Inflammation. Methods Mol. Biol.
2022, 2419, 21−37. From NLM Medline.
(5) Moller, D. E.; Kaufman, K. D. Metabolic syndrome: a clinical

and molecular perspective. Annu. Rev. Med. 2005, 56, 45−62. From
NLM Medline.
(6) Munro, J. M.; Cotran, R. S. The pathogenesis of atherosclerosis:

atherogenesis and inflammation. Pathol. Rev. 1989, 58 (3), 171−183,
DOI: 10.1007/978-1-4612-4502-5_10. From NLM Medline.
(7) Koziolek, M. J.; Mueller, G. A. Impact of LDL-apheresis on

inflammation and microcirculation. Atheroscler. Suppl. 2009, 10 (5),
56−58, DOI: 10.1016/S1567-5688(09)71812-4. From NLM Med-
line.
(8) Ye, J.; Li, L.; Wang, M.; Ma, Q.; Tian, Y.; Zhang, Q.; Liu, J.; Li,

B.; Zhang, B.; Liu, H.; Sun, G. Diabetes Mellitus Promotes the
Development of Atherosclerosis: The Role of NLRP3. Front.
Immunol. 2022, 13, 900254. From NLM Medline.
(9) Nakajima, A.; Libby, P.; Mitomo, S.; Yuki, H.; Araki, M.;

Seegers, L. M.; McNulty, I.; Lee, H.; Ishibashi, M.; Kobayashi, K.;
et al. Biomarkers associated with coronary high-risk plaques. J.
Thromb. Thrombolysis 2022, 54 (4), 647−659, DOI: 10.1007/s11239-
022-02709-2. From NLM Medline.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00685
ACS Omega 2023, 8, 35571−35579

35577

https://pubs.acs.org/doi/10.1021/acsomega.3c00685?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00685/suppl_file/ao3c00685_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Doris+Tabansi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:dtabansi85@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wan+Jin+Jahng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8241-7739
https://orcid.org/0000-0001-8241-7739
mailto:wanjinjahng@korea.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Dahiru"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ambrose+Teru+Patrick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00685?ref=pdf
https://doi.org/10.1016/j.jacc.2022.10.019
https://doi.org/10.1016/j.jacc.2022.10.019
https://doi.org/10.1016/j.jacc.2022.10.019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.atherosclerosis.2017.01.015
https://doi.org/10.1016/j.atherosclerosis.2017.01.015
https://doi.org/10.1136/heartjnl-2021-320708
https://doi.org/10.1136/heartjnl-2021-320708
https://doi.org/10.1007/978-1-0716-1924-7_2
https://doi.org/10.1007/978-1-0716-1924-7_2
https://doi.org/10.1007/978-1-0716-1924-7_2
https://doi.org/10.1007/978-1-0716-1924-7_2
https://doi.org/10.1146/annurev.med.56.082103.104751
https://doi.org/10.1146/annurev.med.56.082103.104751
https://doi.org/10.1007/978-1-4612-4502-5_10
https://doi.org/10.1007/978-1-4612-4502-5_10
https://doi.org/10.1007/978-1-4612-4502-5_10?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1567-5688(09)71812-4
https://doi.org/10.1016/S1567-5688(09)71812-4
https://doi.org/10.1016/S1567-5688(09)71812-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fimmu.2022.900254
https://doi.org/10.3389/fimmu.2022.900254
https://doi.org/10.1007/s11239-022-02709-2
https://doi.org/10.1007/s11239-022-02709-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11239-022-02709-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(10) Climent, E.; Bea, A. M.; Benaiges, D.; Brea-Hernando, A.;
Pinto, X.; Suarez-Tembra, M.; Perea, V.; Plana, N.; Blanco-Vaca, F.;
Pedro-Botet, J.; et al. LDL Cholesterol Reduction Variability with
Different Types and Doses of Statins in Monotherapy or Combined
with Ezetimibe. Results from the Spanish Arteriosclerosis Society
Dyslipidaemia Registry. Cardiovasc. Drugs Ther. 2022, 36 (2), 301−
308, DOI: 10.1007/s10557-020-07137-z. From NLM Medline.
(11) Gratl, V.; Cheung, R. C.; Chen, B.; Taghibiglou, C.; Van

Iderstine, S. C.; Adeli, K. Simvastatin, an HMG-CoA reductase
inhibitor, induces the synthesis and secretion of apolipoprotein AI in
HepG2 cells and primary hamster hepatocytes. Atherosclerosis 2002,
163 (1), 59−68. From NLM Medline.
(12) Huang, L. Z.; Zhu, H. B. Novel LDL-oriented pharmacother-

apeutical strategies. Pharmacol. Res. 2012, 65 (4), 402−410. From
NLM Medline.
(13) Iheagwam, F. N.; Iheagwam, O. T.; Onuoha, M. K.; Ogunlana,

O. O.; Chinedu, S. N. Terminalia catappa aqueous leaf extract reverses
insulin resistance, improves glucose transport and activates PI3K/
AKT signalling in high fat/streptozotocin-induced diabetic rats. Sci.
Rep 2022, 12 (1), No. 10711, DOI: 10.1038/s41598-022-15114-9.
From NLM Medline.
(14) Mininel, F. J.; Leonardo Junior, C. S.; Espanha, L. G.; Resende,

F. A.; Varanda, E. A.; Leite, C. Q.; Vilegas, W.; Dos Santos, L. C.
Characterization and Quantification of Compounds in the Hydro-
alcoholic Extract of the Leaves from Terminalia catappa Linn.
(Combretaceae) and Their Mutagenic Activity. Evidence-Based
Complementary Altern. Med. 2014 , 2014 , No. 676902,
DOI: 10.1155/2014/676902. From NLM PubMed-not-MEDLINE.
(15) Anand, A.; Divya, N.; Kotti, P. An updated review of Terminalia

catappa. Pharmacogn. Rev. 2015, 9 (18), 93−98. From NLM
PubMed-not-MEDLINE.
(16) Dwevedi, A.; Dwivedi, R.; Sharma, Y. K. Exploration of

Phytochemicals Found in Terminalia sp. and their Antiretroviral
Activities. Pharmacogn. Rev. 2016, 10 (20), 73−83. From NLM
PubMed-not-MEDLINE.
(17) Aimola, I. A.; Inuwa, H. M.; Nok, A. J.; Mamman, A. I.

Induction of foetal haemoglobin synthesis in erythroid progenitor
stem cells: mediated by water-soluble components of Terminalia
catappa. Cell Biochem. Funct. 2014, 32 (4), 361−367. From NLM
Medline.
(18) Spence, J. D. Recent advances in pathogenesis, assessment, and

treatment of atherosclerosis. F1000Research 2016, 5, 1880
DOI: 10.12688/f1000research.8459.1.
(19) Xu, X.; Song, Z.; Mao, B.; Xu, G. Apolipoprotein A1-Related

Proteins and Reverse Cholesterol Transport in Antiatherosclerosis
Therapy: Recent Progress and Future Perspectives. Cardiovasc. Ther.
2022, 2022, 4610834 DOI: 10.1155/2022/4610834. From NLM
Medline.
(20) Hirata, H.; Uto-Kondo, H.; Ogura, M.; Ayaori, M.; Shiotani, K.;

Ota, A.; Tsuchiya, Y.; Ikewaki, K. Xanthohumol, a hop-derived
prenylated flavonoid, promotes macrophage reverse cholesterol
transport. J. Nutr. Biochem. 2017, 47, 29−34, DOI: 10.1016/
j.jnutbio.2017.04.011. From NLM Medline.
(21) Paigen, B.; Morrow, A.; Brandon, C.; Mitchell, D.; Holmes, P.

Variation in susceptibility to atherosclerosis among inbred strains of
mice. Atherosclerosis 1985, 57 (1), 65−73. From NLM Medline.
(22) Wang, Q.; He, Y.; Li, X.; Zhang, T.; Liang, M.; Wang, G.; Zhao,

J.; Zhang, H.; Chen, W. Lactobacillus reuteri CCFM8631 Alleviates
Hypercholesterolaemia Caused by the Paigen Atherogenic Diet by
Regulating the Gut Microbiota. Nutrients 2022, 14 (6), No. 1272,
DOI: 10.3390/nu14061272.
(23) Blainski, A.; Lopes, G. C.; de Mello, J. C. Application and

analysis of the folin ciocalteu method for the determination of the
total phenolic content from Limonium brasiliense L. Molecules 2013,
18 (6), 6852−6865. From NLM Medline.
(24) Chandra, S.; Khan, S.; Avula, B.; Lata, H.; Yang, M. H.; Elsohly,

M. A.; Khan, I. A. Assessment of total phenolic and flavonoid content,
antioxidant properties, and yield of aeroponically and conventionally
grown leafy vegetables and fruit crops: a comparative study. Evidence-

Based Complementary Altern. Med. 2014 , 2014 , 253875
DOI: 10.1155/2014/253875. From NLM PubMed-not-MEDLINE.
(25) Slowing, K.; Ganado, P.; Sanz, M.; Ruiz, E.; Tejerina, T. Study

of garlic extracts and fractions on cholesterol plasma levels and
vascular reactivity in cholesterol-fed rats. J. Nutr. 2001, 131 (3s),
994S−999S. From NLM Medline.
(26) Liu, S.; Li, D.; Huang, B.; Chen, Y.; Lu, X.; Wang, Y. Inhibition

of pancreatic lipase, alpha-glucosidase, alpha-amylase, and hypolipi-
demic effects of the total flavonoids from Nelumbo nucifera leaves. J.
Ethnopharmacol. 2013, 149 (1), 263−269. From NLM Medline.
(27) Kuloglu, T.; Aydin, S. Immunohistochemical expressions of

adropin and inducible nitric oxide synthase in renal tissues of rats with
streptozotocin-induced experimental diabetes. Biotech. Histochem.
2014, 89 (2), 104−110, DOI: 10.3109/10520295.2013.821713.
From NLM Medline.
(28) Abell, L. L.; Levy, B. B.; Brodie, B. B.; Kendall, F. E. A

simplified method for the estimation of total cholesterol in serum and
demonstration of its specificity. J. Biol. Chem. 1952, 195 (1), 357−
366. From NLM Medline.
(29) Chilazi, M.; Zheng, W.; Park, J.; Marvel, F. A.; Khoury, S.;

Jones, S. R.; Martin, S. S. Quantifying the contribution of
lipoprotein(a) to all apoB containing particles. J. Clin. Lipidol. 2022,
16 (2), 220−226, DOI: 10.1016/j.jacl.2022.02.004. From NLM
Medline.
(30) Friedewald, W. T.; Levy, R. I.; Fredrickson, D. S. Estimation of

the concentration of low-density lipoprotein cholesterol in plasma,
without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18
(6), 499−502. From NLM Medline.
(31) Chen, J.; Dan, L.; Tu, X.; Sun, Y.; Deng, M.; Chen, X.; Hesketh,

T.; Li, R.; Wang, X.; Li, X. Metabolic dysfunction-associated fatty liver
disease and liver function markers are associated with Crohn’s disease
but not Ulcerative Colitis: a prospective cohort study. Hepatol. Int.
2023, 17, 202−214, DOI: 10.1007/s12072-022-10424-6. From NLM
Publisher.
(32) Lucarelli, P.; Scacchi, R.; Corbo, R. M.; Benincasa, A.;

Palmarino, R. Human placental alkaline phosphatase electrophoretic
alleles: quantitative studies. Am. J. Hum. Genet. 1982, 34 (2), 331−
336. From NLM Medline.
(33) Ma, X.; Zhang, X.; Yang, Y.; Jiang, L.; Huang, Z. Relationship

Between Atherogenic Index of Plasma and Serum Uric Acid in
Patients With Untreated Essential Hypertension in China: A Cross-
Sectional Study. Angiology 2022, 33197221141666. From NLM
Publisher.
(34) Xie, F.; Zhou, H.; Wang, Y. Atherogenic index of plasma is a

novel and strong predictor associated with fatty liver: a cross-sectional
study in the Chinese Han population. Lipids Health Dis. 2019, 18 (1),
170 DOI: 10.1186/s12944-019-1112-6. From NLM Medline.
(35) Wallentin, L. Lecithin: cholesterol acyl transfer rate in plasma

and its relation to lipid and lipoprotein concentrations in primary
hyperlipidemia. Atherosclerosis 1977, 26 (2), 233−248. From NLM
Medline.
(36) Li, W.; Yang, C.; Mei, X.; Huang, R.; Zhang, S.; Tang, Y.;

Dong, Q.; Zhou, C. Effect of the polyphenol-rich extract from Allium
cepa on hyperlipidemic sprague-dawley rats. J. Food Biochem. 2021, 45
(1), No. e13565. From NLM Medline.
(37) Gong, G.; Qin, Y.; Huang, W.; Zhou, S.; Wu, X.; Yang, X.;

Zhao, Y.; Li, D. Protective effects of diosgenin in the hyperlipidemic
rat model and in human vascular endothelial cells against hydrogen
peroxide-induced apoptosis. Chem. Biol. Interact 2010, 184 (3), 366−
375. From NLM Medline.
(38) Xu, Y.; Liu, P.; Xu, S.; Koroleva, M.; Zhang, S.; Si, S.; Jin, Z. G.

Tannic acid as a plant-derived polyphenol exerts vasoprotection via
enhancing KLF2 expression in endothelial cells. Sci. Rep 2017, 7 (1),
No. 6686, DOI: 10.1038/s41598-017-06803-x. From NLM Medline.
(39) Das, M.; Devi, K. P.; Belwal, T.; Devkota, H. P.; Tewari, D.;

Sahebnasagh, A.; Nabavi, S. F.; Khayat Kashani, H. R.; Rasekhian, M.;
Xu, S.; et al. Harnessing polyphenol power by targeting eNOS for
vascular diseases. Crit. Rev. Food Sci. Nutr. 2023, 2093−2118,
DOI: 10.1080/10408398.2021.1971153. From NLM Publisher.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00685
ACS Omega 2023, 8, 35571−35579

35578

https://doi.org/10.1007/s10557-020-07137-z
https://doi.org/10.1007/s10557-020-07137-z
https://doi.org/10.1007/s10557-020-07137-z
https://doi.org/10.1007/s10557-020-07137-z
https://doi.org/10.1007/s10557-020-07137-z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0021-9150(01)00754-7
https://doi.org/10.1016/s0021-9150(01)00754-7
https://doi.org/10.1016/s0021-9150(01)00754-7
https://doi.org/10.1016/j.phrs.2012.01.007
https://doi.org/10.1016/j.phrs.2012.01.007
https://doi.org/10.1038/s41598-022-15114-9
https://doi.org/10.1038/s41598-022-15114-9
https://doi.org/10.1038/s41598-022-15114-9
https://doi.org/10.1038/s41598-022-15114-9?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1155/2014/676902
https://doi.org/10.1155/2014/676902
https://doi.org/10.1155/2014/676902
https://doi.org/10.1155/2014/676902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4103/0973-7847.162103
https://doi.org/10.4103/0973-7847.162103
https://doi.org/10.4103/0973-7847.194048
https://doi.org/10.4103/0973-7847.194048
https://doi.org/10.4103/0973-7847.194048
https://doi.org/10.1002/cbf.3024
https://doi.org/10.1002/cbf.3024
https://doi.org/10.1002/cbf.3024
https://doi.org/10.12688/f1000research.8459.1
https://doi.org/10.12688/f1000research.8459.1
https://doi.org/10.12688/f1000research.8459.1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1155/2022/4610834
https://doi.org/10.1155/2022/4610834
https://doi.org/10.1155/2022/4610834
https://doi.org/10.1155/2022/4610834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jnutbio.2017.04.011
https://doi.org/10.1016/j.jnutbio.2017.04.011
https://doi.org/10.1016/j.jnutbio.2017.04.011
https://doi.org/10.1016/j.jnutbio.2017.04.011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jnutbio.2017.04.011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9150(85)90138-8
https://doi.org/10.1016/0021-9150(85)90138-8
https://doi.org/10.3390/nu14061272
https://doi.org/10.3390/nu14061272
https://doi.org/10.3390/nu14061272
https://doi.org/10.3390/nu14061272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules18066852
https://doi.org/10.3390/molecules18066852
https://doi.org/10.3390/molecules18066852
https://doi.org/10.1155/2014/253875
https://doi.org/10.1155/2014/253875
https://doi.org/10.1155/2014/253875
https://doi.org/10.1155/2014/253875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/jn/131.3.994S
https://doi.org/10.1093/jn/131.3.994S
https://doi.org/10.1093/jn/131.3.994S
https://doi.org/10.1016/j.jep.2013.06.034
https://doi.org/10.1016/j.jep.2013.06.034
https://doi.org/10.1016/j.jep.2013.06.034
https://doi.org/10.3109/10520295.2013.821713
https://doi.org/10.3109/10520295.2013.821713
https://doi.org/10.3109/10520295.2013.821713
https://doi.org/10.3109/10520295.2013.821713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0021-9258(19)50907-3
https://doi.org/10.1016/S0021-9258(19)50907-3
https://doi.org/10.1016/S0021-9258(19)50907-3
https://doi.org/10.1016/j.jacl.2022.02.004
https://doi.org/10.1016/j.jacl.2022.02.004
https://doi.org/10.1016/j.jacl.2022.02.004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/clinchem/18.6.499
https://doi.org/10.1093/clinchem/18.6.499
https://doi.org/10.1093/clinchem/18.6.499
https://doi.org/10.1007/s12072-022-10424-6
https://doi.org/10.1007/s12072-022-10424-6
https://doi.org/10.1007/s12072-022-10424-6
https://doi.org/10.1007/s12072-022-10424-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1177/00033197221141666
https://doi.org/10.1177/00033197221141666
https://doi.org/10.1177/00033197221141666
https://doi.org/10.1177/00033197221141666
https://doi.org/10.1186/s12944-019-1112-6
https://doi.org/10.1186/s12944-019-1112-6
https://doi.org/10.1186/s12944-019-1112-6
https://doi.org/10.1186/s12944-019-1112-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9150(77)90106-X
https://doi.org/10.1016/0021-9150(77)90106-X
https://doi.org/10.1016/0021-9150(77)90106-X
https://doi.org/10.1111/jfbc.13565
https://doi.org/10.1111/jfbc.13565
https://doi.org/10.1016/j.cbi.2010.02.005
https://doi.org/10.1016/j.cbi.2010.02.005
https://doi.org/10.1016/j.cbi.2010.02.005
https://doi.org/10.1038/s41598-017-06803-x
https://doi.org/10.1038/s41598-017-06803-x
https://doi.org/10.1038/s41598-017-06803-x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10408398.2021.1971153
https://doi.org/10.1080/10408398.2021.1971153
https://doi.org/10.1080/10408398.2021.1971153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(40) Ravi, S.; Duraisamy, P.; Krishnan, M.; Martin, L. C.;
Manikandan, B.; Raman, T.; Sundaram, J.; Arumugam, M.; Ramar,
M. An insight on 7- ketocholesterol mediated inflammation in
atherosclerosis and potential therapeutics. Steroids 2021, 172, 108854.
From NLM Medline.
(41) Feng, J.; Wang, Y.; Li, W.; Zhao, Y.; Liu, Y.; Yao, X.; Liu, S.; Yu,

P.; Li, R. High levels of oxidized fatty acids in HDL impair the
antioxidant function of HDL in patients with diabetes. Front.
Endocrinol. 2022, 13, 993193. From NLM Medline.
(42) Wang, H. H.; Garruti, G.; Liu, M.; Portincasa, P.; Wang, D. Q.

Cholesterol and lipoprotein metabolism and atherosclerosis: recent
advances in reverse cholesterol transport. Ann. Hepatol. 2018, 16, 27−
42, DOI: 10.5604/01.3001.0010.5495. From NLM Medline.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00685
ACS Omega 2023, 8, 35571−35579

35579

https://doi.org/10.1016/j.steroids.2021.108854
https://doi.org/10.1016/j.steroids.2021.108854
https://doi.org/10.3389/fendo.2022.993193
https://doi.org/10.3389/fendo.2022.993193
https://doi.org/10.5604/01.3001.0010.5495
https://doi.org/10.5604/01.3001.0010.5495
https://doi.org/10.5604/01.3001.0010.5495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

