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ABSTRACT: Metabolic syndrome is a complex condition
associated with a series of pathologies featuring glucose intolerance,
diabetes, high blood pressure, dyslipidemia, microalbuminuria,
overweight, and obesity. It is also related to nonalcoholic fatty liver
disease (NAFLD), recognized as the most familiar cause of chronic
liver disease worldwide. The overall prevalence of metabolic
syndrome and, consequently, the one of NAFLD is constantly
increasing worldwide. The initial management of these diseases
involves lifestyle modifications, including changes in diet and
physical exercise. In addition to conventional drugs like orlistat,
botanicals are traditionally used to counteract these disorders, and some of them are currently under evaluation. The present work
evaluated the in vivo beneficial effects of hydroalcoholic extracts of two Cameroonian spices, focusing on obesity-related hepatic lipid
injury in high-fat-fed C57BL/6 mice. Hydroethanolic extracts were prepared and characterized by reverse phase-high-performance
liquid chromatography (HPLC)-photodiode array detection and ultra performance liquid chromatography-triple time-of-flight
electrospray ionization tandem mass spectroscopy (TOF-ESI-MS/MS) analysis. Plant extracts were orally administered for 30 days
at different dose levels (100 and 200 mg kg−1 body weight (BW)) to obese C57BL/6 mice. Food intake (FI) and BW were recorded
daily. Plasma biochemical parameters and lipid content were estimated at the beginning and at the end of the experiment. Liver
tissues were subjected to histological examinations, lipid content, as well as oxidative stress markers, and FAME (fatty acid methyl
esters) were estimated. Oral administration of extracts at 200 mg kg−1 BW significantly reduced FI and prevented BW gain. A
decrease in the weight of the liver and a decrease in the hepatic and plasma lipid content were observed. Plasma enzyme (serum
glutamic-oxaloacetic transaminase, SGOT; serum glutamic pyruvic transaminase, SGPT; alkaline phosphatase, ALP) activities were
not indicative of any organ damage. Chemical analysis suggested that phenolic acids (4-caffeoylquinic acid, p-coumaric acid 4-O-
glucoside, 5-caffeoylshikimic acid, caffeic acid hexose, and 4-O-methyl gallic acid) and flavonoids (morusin derivatives, naringenin-7-
O-glucoside, and homoisoflavanone) identified in the extracts could potentially justify the biological properties observed. The main
findings of this study showed that Xylopia parviflora (A. Rich.) Benth and Aframomum citratum (Pereira ex Oliv. et Hanb.) K. Shum
decreased hepatic lipid accumulation in high-fat-diet (HFD)-induced obese C57BL/6 mice and confirmed, at least in part, our
previous in vitro and ex vivo studies. The molecular mechanisms underlying these effects are still unclear and will be explored in the
future.

■ INTRODUCTION

The metabolic syndrome (MetS) is a constellation of different
pathological features involving all or almost all organs and
tissues. It is a cluster of risk factors that include abdominal
obesity, hyperlipidemia, hyperglycemia, and hypertension.
MetS have received a lot of interest because of the increasing
association with cardiovascular morbidity and mortality.1 The
definition of MetS includes high blood pressure (BP), high
blood glucose concentration, increased waist circumference
(WC), high triglycerides (TG), and low high-density lip-
oprotein (HDL). The liver (along with the kidney) is

frequently and heavily involved, with the onset of nonalcoholic
fatty liver disease (NAFLD) actually recognized as the most
familiar cause of chronic liver disease worldwide.2 The
estimated prevalence of NAFLD is thought to be around
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25−35% across the globe and affects different proportions of
men and women. It is estimated that among the population
suffering from NAFLD, 75% are obese individuals and even
more are patients with type 2 diabetes mellitus (T2DM).3

Most of the patients with NAFLD develop simple steatosis, but
in up to one-third of patients, NAFLD progresses to its more
severe form, nonalcoholic steatohepatitis (NASH), charac-
terized by liver injury and inflammation (liver cirrhosis,
hepatocarcinoma, and cardiovascular diseases).4 Because
NAFLD is closely associated with insulin resistance, obesity,
hypertension, and dyslipidemia, it is regarded as the liver
manifestation of MetS. Fatty infiltration of the liver results
from increased hepatic lipid accumulation and, at the same
time, decreased hepatic lipid clearance. In addition, it is well
established that adipose tissue has a substantial impact on the
accumulation of lipids in the liver, predominantly by the
release of free fatty acid (FFA), proinflammatory cytokines,
and induction of reactive oxygen species (ROS), which are
considered as a critical pathological factor for NASH
development and progression.5

Many pharmacological treatments are often prescribed [i.e.,
statins, pioglitazone, glucagon-like peptide-1-receptor agonists
(GLP-1RAs)] to reduce hepatic liver accumulation; never-
theless, these drugs are only effective at the last stage of the
disease and can additionally exert serious side effects that can
lead to low therapy compliance.6 Thus, especially in the initial
phases of NAFLD, for which no specific drugs are available, the
identification, validation, and availability of functional foods
and food supplements able to reduce lipid accumulation in the
liver may be welcome.
In addition, herbs/spices traditionally used to remedy a wide

range of diseases have been systematically re-evaluated rather
than conventional drugs. Our previous studies7−9 clearly
demonstrated that some selected edible plants from Cameroon
positively modulate enzymes relevant to carbohydrate/lipid
and cardiometabolic disorders. Furthermore, we clearly
showed that on hepatic and adipose human cell models,
those spice extracts inhibited ROS production and improved
glucose uptake, reduced lipid storage, and exhibited anti-
inflammatory activity.8,10 Our first chemical profiling suggested
that polyphenols could potentially justify the biological
properties observed.7 The present study evaluated the Xylopia
parviflora (A. Rich.) Benth and Aframomum citratum (Pereira ex

Oliv. et Hanb.) K. Shum hydroethanolic extracts for in vivo
beneficial effects against hepatic injury induced by high-fat diet
(HFD) in C57BL/6 mice and further isolated and chemically
characterized the most abundant polyphenols occurring in the
extracts.

■ RESULTS

Effect of Hydroethanolic Spice Extracts on Cumu-
lative FI, and Body and Tissue Weights in Diet-Induced
Obese Mice. After feeding HFD to C57BL/6 mice for 18
weeks, the body weight (BW) of the HFD groups increased by
37.24% (from 25.88 to 41.24 g) while the BW of the normal
chow diet (ND) increased by 11.10% (from 24.26 to 27.29 g).
During the 30 days treatment, HFD was provided every day to
mice. Before administering the respective treatment (ORL50,
XP100 and 200, AC100 and 200), BW and food intake (FI)
were recorded. Compared with the mice fed with ND, the mice
fed with HFD presented a significant (p < 0.001) increase in
BW. Orlistat (tetrahydrolipstatin, administered to the mice at
50 mg/kg BW) and spice extracts at 200 mg/kg BW
significantly (p < 0.001) reduced the BW compared with the
mice-HFD group receiving saline (Figure 1A). On the
contrary, mice administered 100 mg/kg BW of spice extracts
did not show any significant (p > 0.05) changes in BW. No
significant difference in FI between groups was observed
(Figure 1B), and no signs of pathology or abnormalities were
observed. Different organs, viz. the liver, kidney, spleen, heart,
lungs, testis, and brain, were collected, weighed, and
normalized to their respective BWs. As shown in supple-
mentary Table 1S, there was a significant (p < 0.01) difference
in liver weight between the ND-fed mice group and the HFD-
fed mice group, both receiving saline. The liver of the treated
groups had a significant (p < 0.001) lower weight than HFD-
fed mice. Similar observations were shown on the heart weight
of different groups. Moreover, there were no significant (p >
0.05) changes in the weight of the other organs.

Effect of Hydroethanolic Spice Extracts on Plasma
Biochemical Parameters. Plasma biochemical profiles of all
groups are shown in Table 1 and supplementary Table 2S.
Glucose, triglycerides, total cholesterol, HDL cholesterol, and
protein were estimated using standard kits (Agape Pharma-
ceutical, Kerala, India). At the beginning of the treatment, only
glucose, total cholesterol, and HDL cholesterol levels were

Figure 1. Effect of spice extracts on BW and FI in high-fat diet-induced obesity in C57BL/6 mice. (A) BW and (B) FI. Values represent the mean
± SD. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs the HFD group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs ND group. ND, normal diet; HFD,
high-fat diet; ORL, orlistat; XP, Xylopia parviflora; and AC, Aframomum citratum.
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significantly (p < 0.001) increased in the HFD-fed mice group
compared to those in the ND-fed mice group (an increase of
29.18% of glucose, 63.17% of total cholesterol, and 56.69% of
HDL cholesterol) (Table 1). When the ratio of HDL to total
cholesterol was calculated, there was a significant reduction of
14−16% in the HDL/total cholesterol percentage in the HFD
group compared to the ND group. No significant differences
were seen between the HFD and treatment groups. In
addition, at the end of the treatment, the glucose and lipid
levels of the HFD-fed mice group were significantly (p <
0.001) higher than those in ND-fed mice (an increase of
38.07% of glucose, 46.65% of triglycerides, 60.73% of total
cholesterol, and 53.66% of HDL cholesterol). The HFD-fed
mice group treated with spice extracts at 200 mg/kg BW
showed a significantly lower (p < 0.001) glucose level (28−
31%) than the HFD-fed mice group. Treatment with orlistat
(50 mg/kg BW) and spice extracts (100 mg/kg BW)
significantly (p < 0.01) reduced the glucose level (12−21%)
compared to the HFD group, and no significant (p > 0.05)
difference was shown when compared with the ND group.
Similar observations on the total cholesterol and HDL
cholesterol levels were observed (Table 1). However,
compared to the HFD group, treatment with spice extracts
at 200 mg/kg BW significantly reduced (p < 0.05) the
triglyceride level. Moreover, no significant (p > 0.05)
difference in the plasma protein level was observed among
the different groups (Table 1).
We estimated the level of serum glutamic-oxaloacetic

transaminase (SGOT), serum glutamic pyruvic transaminase
(SGPT), and alkaline phosphatase enzymes, which are the
indicators of liver damage, and measured the level of
metabolites creatinine and urea to assess renal function
(supplementary Table 2S). All the groups evinced different
values of SGOT and SGPT, which were found to be in the
normal range (reference ranges of SGOT and SGPT in plasma
are, respectively, up to 46 and 49 U/L). Furthermore, the
blood plasma analysis demonstrated that groups did not
significantly differ in alkaline phosphatase enzymes, creatinine,
and urea levels, indicating that the treatment does not damage
the liver and kidney function.

Effect of Hydroethanolic Spice Extracts on Hepatic
Lipid Accumulation. Liver weight abnormalities and hepatic
steatosis are common obesity-related phenomena. Therefore,
we measured the lipid content in the liver of all treated groups,
as shown in Figure 2. The results showed significantly (p <
0.001) higher triglycerides and total cholesterol levels in the
HFD group than the ND group (an increase of 84.02 and
76.08% of triglycerides and cholesterol content, respectively)
(Figure 2A,B). Treatment with orlistat at 50 mg/kg BW and
spice extracts at 200 mg/kg BW significantly (p < 0.01)
reduced triglycerides and cholesterol content (50.41−82.86%
triglycerides and 53.76−89.49% cholesterol content) com-
pared with the HFD group. However, HFD-fed mice receiving
spice extracts at 100 mg/kg BW showed a less significant
difference than the HFD-fed mice group.

Effect of Hydroethanolic Spice Extracts on the Liver-
FFA Profile. We performed a gas chromatography−mass
spectrometry (GC−MS) analysis to study the liver-FFA profile
of all the experimental groups (Table 2). We confirmed the
presence of eleven (11) FFAs ranging from C14:0 to C20:4 in
the HFD-fed mice group, where palmitic (C16:0) and oleic
(C18:1) acids were predominant. Similar observations were
shown in HFD-fed mice and treated with A. citratum extract atT
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100 mg/kg BW. However, C15:0 (pentadecylic), C18:3
(linolenic: cis 9,12,15), C20:1 (gondoic: cis 11), C20:3
(dihomo-γ-linolenic: cis 7, 10, 13) fatty acids were not
detected in ND-fed and HFD-fed groups, orlistat or X.
parviflora extract (100 and 200 mg/kg BW), and A. citratum
extract at 200 mg/kg BW. Only mice administered 200 mg/kg
BW X. parviflora showed significantly (p < 0.001) low palmitic
acid (23.19 ± 0.34% fatty acid) compared to the HFD-fed

mice group. The total amount of FFAs was increased in the
HFD-fed mice group compared to the ND group. However,
HFD-fed mice groups showed a significant (p < 0.001)
decrease in the total amount of FFAs (Figure 2C). Those FFAs
were distributed in saturated and unsaturated fatty acids
(Figure 3A). The HFD-fed mice group showed higher
amounts of both saturated and unsaturated compared with
the other groups. Those saturated and unsaturated FFA

Figure 2. Effect of spice extracts on liver lipid contents. (A) Effect of spice extracts on triglyceride contents. (B) Effect of spice extracts on
cholesterol contents. (C) Effect of spice extracts on the total FFA contents. Values represent the mean ± SD. #p < 0.05, ##p < 0.01, and ###p < 0.001
vs the HFD group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs the ND group. HFD, high-fat diet.
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quantities were significantly (p < 0.001) lowered by the
administration of orlistat or 200 mg/kg BW plant extracts.
Effect of Hydroethanolic Spice Extracts on the Liver

Lipid Droplet Accumulation. Consistent with the previous
findings, significant changes were detected in the number of
lipid droplets from liver tissues of all groups stained with
hematoxylin and eosin (H&E). The liver section of the mice
fed HFD group showed a dramatic (p < 0.001) increase in the
number of lipids drops (85.89% of lipid droplets) compared to
the ND-fed mice group (Figure 3B). These liver sections
showed intense hepatic steatosis (microvesicular and macro-
vesicular lipid droplets). We observed the dilatation of
sinusoids, portal triads, centrilobular veins, and the presence
of Mallory-Denk bodies with a few or no necroinflammatory
foci (Figure 4B). In comparison, only a few lipid droplets were
seen in the HFD-fed mice groups and receiving treatment
(reduction of 54.78−77.99% lipid droplets) (Figure 3B).
Treatment reduced the fat depots in the liver, with a lower
presence of microvesicular and macrovesicular lipid droplets,
large, round, and fairly euchromatic hepatocytes, absence of

Mallory-Denk bodies, and weakly dilated sinusoids and
centrilobular veins (Figure 4C−G).
Photomicrographs of histological liver sections of different

treatment groups were taken from H&E-stained slides at a
magnification of 100×. Microscopic examination and photo-
micrographs of A: normal group shows large, round, and fairly
euchromatic nuclei with no inflammatory cells. The black
arrow shows a normal centrilobular vein. Black dotted arrows
show normal sinusoids. The green arrowhead shows the portal
triad. The black arrowhead shows a normal hepatocyte. B:
HFD-fed group showed severe hepatic steatosis and signifi-
cantly fewer necroinflammatory foci. Severe fat vacuole
accumulation in the cytoplasm of hepatocytes and Mallory-
Denk bodies is seen. Sinusoids, the portal triad, and
centrilobular veins are dilated. The black arrow shows a
dilated centrilobular vein. The black and red arrowheads,
respectively, show microvesicular and macrovesicular lipid
droplets. The blue arrowhead indicates irregular-shaped
eosinophilic aggregates in the cytoplasm of hepatocytes. C:
HFD-fed + orlistat (50 mg kg−1 BW) group, lipid

Table 2. Fatty Acid Profile of Liver Fat from Different Experimental Groups after 30 Days of Treatmenta

groups of mice ND HFD HFD + ORL50 HFD + XP100 HFD + XP200 HFD + AC100 HFD + AC200

group of fatty acids amount of fatty acids in one milligram of total fatty acid extracted from liver fat (%)
C14:0 0.51 ± 0.00 0.66 ± 0.02 0.67 ± 0.00 0.54 ± 0.01 0.57 ± 0.03 0.50 ± 0.00 0.00
C15:0 0.00 0.08 ± 0.01 0.00 0.00 0.00 0.08 ± 0.00 0.00
C16:0 26.32 ± 1.11 28.12 ± 0.07 29.24 ± 0.90 28.45 ± 0.05 23.19 ± 0.34*### 27.66 ± 0.38 27.04 ± 0.39
C16:1 5.64 ± 0.20 5.30 ± 0.01 3.59 ± 0.04 4.04 ± 0.03 4.54 ± 0.01 3.84 ± 0.07 3.60 ± 0.23
C18:0 7.41 ± 0.57 4.92 ± 0.07 7.47 ± 0.00 4.75 ± 0.19 5.69 ± 0.23 5.86 ± 0.09 6.65 ± 0.11
C18:1 42.32 ± 2.54 42.45 ± 0.18 40.75 ± 1.09 42.04 ± 0.41 44.74 ± 0.47 39.11 ± 0.68*# 40.57 ± 0.68
C18:2 12.48 ± 0.46 13.07 ± 0.12 14.20 ± 0.20 15.49 ± 0.01* 15.19 ± 0.05 14.70 ± 0.15 15.69 ± 0.26
C18:3 0.00 0.24 ± 0.00 0.00 0.00 0.00 0.13 ± 0.00 0.00
C20:1 0.00 0.63 ± 0.00 0.00 0.00 0.00 0.54 ± 0.01 0.00
C20:3 0.00 0.49 ± 0.00 0.00 0.00 0.00 0.49 ± 0.02 0.00
C20:4 5.58 ± 0.18 3.99 ± 0.08 4.04 ± 0.04 4.63 ± 0.24 6.03 ± 0.01 7.03 ± 0.06# 6.42 ± 0.09

aThe values represent the mean ± SD. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs the HFD group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs ND
group. HFD, high-fat diet; ND, normal diet; HFD, high-fat diet; ORL, orlistat; XP, Xylopia parviflora; and AC, Aframomum citratum.

Figure 3. Effect of spice extracts on the liver-saturated/-unsaturated free fatty and lipid droplet formation in HFD-induced obesity in C57BL/6
mice. (A) Effect of spice extracts on saturated and unsaturated fatty acid content in liver tissues of different animal groups after 30 days of
treatment. (B) Effect of spice extracts on liver steatosis. The values represent the mean ± SD. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs the HFD
group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs ND group. HFD: high-fat diet.

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

https://doi.org/10.1021/acsomega.2c00050
ACS Omega 2022, 7, 11914−11928

11918

https://pubs.acs.org/doi/10.1021/acsomega.2c00050?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00050?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00050?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00050?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


accumulation within the cytoplasm of hepatocytes was
considerably decreased compared to the HFD group. The
same observations presented in A are shown here. D&E and
F&G: Images from the HFD-fed mice group + X. parviflora
(D:100 mg kg−1 BW and E: 200 mg kg−1 BW) and A. citratus
(F:100 mg kg−1 BW and G: 200 mg kg−1 BW)-treated groups
showed signs of fatty change in liver cells, indicating that the
extracts prevent the accumulation of triglycerides within
hepatocytes, despite the low presence of microvesicular and
macrovesicular lipid droplets. Hepatocytes have large, round,
and fairly euchromatic nuclei without inflammatory cells.
Sinusoids and centrilobular veins are weakly dilated, and
Mallory-Denk bodies are absent. The black arrow shows a
normal centrilobular vein. Black dotted arrows show normal

sinusoids. The red arrowhead shows macrovesicular lipid
droplets.

Effect of Hydroethanolic Spice Extracts on Antiox-
idant Enzymes and Biomarkers of Oxidative Damage.
As oxidative stress is known to be one of the factors
contributing to the development of fatty liver, for these
reasons, we analyzed the oxidative status of the different
groups. As shown in Table 3, lipid accumulation significantly
(p < 0.001) increased for 53.70, 70.66, and 65.44% of TBARS,
protein carbonyl, and ROS levels in the liver, respectively, in
the HFD-fed mice group compared to the ND-fed mice group.
Conversely, orlistat and all the administered doses of spice
extracts significantly (p < 0.001) reduced the level of oxidative
stress biomarkers. However, NO levels did not differ among

Figure 4. Histological study of liver tissue. Representative microscopic images of liver sections of mice obtained from different treatment groups.
The liver sections were stained with H&E, and the magnification was 100. Microscopic examination of (A) Normal group (ND), (B) HFD-fed
mice group, (C) HFD-fed + orlistat (50 mg·kg−1 BW) (D&E) HFD + XP (D:100 mg·kg−1 BW and E: 200 mg·kg−1 BW) and (F&G) AC (F:100
mg·kg−1 BW and G: 200 mg·kg−1 BW) treated groups. ND, Normal diet; HFD, High-fat diet; XP, Xylopia parviflora; AC, Aframomum citratum.
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groups. Consistently, enzyme activities of superoxide dis-
mutase (SOD), catalase, and glutathione S-transferase (GST)
significantly (p < 0.001) decreased by 48.78% (p < 0.001),
30% (p < 0.05), and 76.78% (p < 0.01), respectively, in the
HFD-fed mice group when compared with the ND-fed mice
group. Oral administration of orlistat and spice extracts at 200
mg/kg BW significantly increased the SOD and GST activities.
Nevertheless, only mice receiving X. parviflora at 200 mg/kg
BW showed a significantly (p < 0.05) higher activity of GST.
RP-HPLC and Direct ESI-MS/MS Characterization of

Hydroethanolic Spice Extracts. The chemical character-
ization of the X. parviflora and A. citratum hydroethanolic
extracts analysis was carried out through reverse phase-high
performance liquid chromatography-photodiode array detec-
tion (RP-HPLC-PDA) and direct electron impact ionization-
tandem mass spectrometry (EI-MS/MS) in negative ionization
mode. The RP-HPLC-PDA base peak chromatograms were
recorded at λ1 = 280 nm and λ2 = 320 nm (Figures 5 and 1S).
Table 4 represents the identified individual compounds, their
retention times, and observed molecular and fragmented ions.
A total of 10 phenolic compounds have been tentatively
identified in the extracts (3 and 7 phenolic compounds in X.
parviflora and A. citratum, respectively) when the MS data of
the detected peaks were compared with that reported in the
literature and by searching the database of phytochemical
dictionary of natural products. The identified compounds of
both the extracts belonged to various classes that include
mainly phenolic acids and flavonoids (Table 4).
Compounds Identified in Xylopia parviflora. Three

significant compounds, eluted at different times, were detected
through RP-HPLC (peak 1a, peak 1b, and peak 1c). Peak 1a
showed a molecular ion at m/z 353.1 and fragmentation ions at
m/z 191 [M − H-162]− as the base peak with the acyl group
usually reported to be linked to the 3-OH and m/z 179 [M −
H-quinic acid]−. Based on the intensity of the m/z 179
fragment (49% intensity), which is higher for the 3-OH isomer
compared to that usually detected for the corresponding 5-OH
isomer, this compound was identified as 3-O-caffeoylquinic
acid.11 A hydroxycinnamic acid derivative (Peak 1b) with a
molecular ion at m/z 325.2 was tentatively identified as p-
coumaric acid 4-O-glucoside, producing fragment ions at m/z

119 [M − H − 162 − 44]−, thus indicating the loss of a
caffeoyl moiety and a carboxylic group.12 Peak 1c exhibited
maximal absorption at 280 and 320 nm with a molecular ion at
m/z 335.1. It produced fragments m/z 135 [M − H − quinic
acid−28]− (base peak) with a loss of quinic acid residue and a
carboxyl group, as well as ions at m/z 179 [M − H − caffeoyl
acid]− and m/z 161 [M − H − quinic acid]− with a loss of a
caffeoyl moiety and quinic acid residue, respectively. Based on
these data and comparing retention times and MS2 fragments,
this compound was assigned as a derivative of shikimic acid,
the 5-O-caffeoylshikimic acid.11,13

Compounds Identified in Aframomum citratum. The
chromatographic RP-HPLC and direct ESI-MS/MS profiles of
Aframomum citratum hydroethanolic extract are shown in
supplementary Figure 1S and Table 4, respectively. Seven
significant compounds (peak 2a to peak 2g), eluted at different
times, were detected by comparing with the RP-HPLC
chromatogram of water MS-grade used as a control.
Compound 2a revealed a molecular ion at m/z 183 and
produced fragment ions at m/z 168 [M − H − CH3]

− (base
peak), indicating the loss of a methyl radical, m/z 139 [M − H
− H2O]

− and m/z 139 [M − H − COO]− indicating the loss
of water and carboxylic function. This compound was assigned
as 4-O-methylgallic acid in agreement with previous
reports.14,15 Peaks 2b and 2d showed a molecular ion at m/z
419.1 and displayed similar MS2 fragmentation patterns that
mostly produced fractions at m/z 197 [M − H − 162 −
2CH2O]

− and m/z 179 [M − H − 162 − 2CH2O − H2O]
−,

indicating the loss of a caffeoyl moiety, methanal group, and
water. The abovementioned data showed that the two
compounds were from the same series of prenylated flavonoid
morusin.16 Peak 2c exhibited a molecular ion at m/z 325.2 and
MS2 fragmentation patterns similar to those observed for peak
1b. Thus, comparing the data of both compounds (1b and 2c),
peak 2c was assigned as p-coumaric acid 4-O-glucoside.13 Peak
2e showed a molecular ion at m/z 433.1, and it produced an
abundant fragment at m/z 269 [M − H − 146 − H2O]

− (95%
of intensity) corresponding to the loss of moiety of O-linked
glucose, and a fragment at m/z 287 [M − H − 146]−

indicating the loss of a deoxyhexose moiety. The above
fragments were consistent with the known naringenin-7-O-

Table 3. Effect of Spice Extracts on Liver Antioxidant Enzyme Activities and Oxidative Stress Biomarkers in DIO-C57BL/6
Mice Post-Treatmenta

groups of mice ND HFD HFD + ORL50 HFD + XP100 HFD + XP200 HFD + AC100 HFD + AC200

parameters Antioxidant enzyme activities and total protein content
SOD (UI/mg Protein) 1.23 ± 0.15 0.63 ± 0.07*** 1.47 ± 0.07* ### 1.09 ± 0.07### 1.11 ± 0.18### 1.08 ± 0.09### 1.2 ± 0.07###

CAT (UI/mg Protein) 0.11 ± 0.17 0.07 ± 0.00* 0.10 ± 0.02 0.06 ± 0.04** 0.17 ± 0.03**## 0.06 ± 2.03** 0.09 ± 0.90
GST (nmol/min/mg Protein) 12.62 ± 3.33 2.93 ± 7.66** 13.24 ± 2.53## 4.01 ± 1.09 11.85 ± 3.57## 9.68 ± 6.39# 13.01 ± 9.01##

protein (mg/mL) 5.03 ± 1.59 5.09 ± 2.022 4.73 ± 0.62 4.52 ± 0.89 4.01 ± 0.21 4.05 ± 0.90 5.18 ± 0.95
Oxidative stress biomarkers

LPO (nmol of TBARS/mg
Protein)

0.25 ± 0.06 0.54 ± 0.07*** 0.36 ± 0.05# 0.29 ± 0.05### 0.29 ± 0.04### 0.26 ± 0.02### 0.23 ± 0.03###

protein carbonyl (nmol/mg
Protein)

1.42 ± 0.25 4.84 ± 0.14*** 2.71 ± 0.53### 3.61 ± 0.75** 2.59 ± 1.08## 3.44 ± 0.90** 2.99 ± 0.85*##

nitric oxide (nmol/mg
Protein)

0.65 ± 0.11 0.59 ± 0.16 0.61 ± 0.07 0.68 ± 0.07 0.68 ± 0.28 0.55 ± 0.04 0.49 ± 0.22

ROS Level (% vs HFD) 34.56 ± 6.36 100 ± 9.71*** 44.90 ± 3.10*### 70.07 ±
3.55***###

57.14 ±
3.36***###

45 ± 5.39*### 41.09 ±
2.86###

aThe values represent the mean ± SD. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs the HFD group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs ND
group. ND, normal diet; HFDIO, high-fat-diet-induced obesity; HFD, high-fat diet; ORL, orlistat; XP, Xylopia parviflora; AC, Aframomum citratum;
SOD, superoxide dismutase; CAT, catalase GST, glutathion-S-transferase; LPO, lipid peroxidation; TBARS, thiobarbituric acid reactive substance
assay; and ROS, reactive oxygen species.
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Figure 5. Representative RP-HPLC-PDA chromatogram of spice extracts at 280/320 nm. (A) Xylopia parviflora, (B) Aframomum citratum. (C)
Compounds identified (1a: 3-O-caffeoylquinic acid, 1b/2c: p-coumaric acid 4-O-glucoside, 1c: 5-O-caffeoylshikimic acid, 2a: 4-O-methylgallic
acid, 2b: morusin, 2d: morusin derivative, 2e: naringenin-7-O-glucoside, 2f: caffeic acid-hexose, and 2g: 5,3,4′-trihydroxy-7-methoxy-8-methyl
homoisoflavanone).
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glucoside and allowed the identification of peak 2e. Peak 2f,
with a molecular ion at m/z 341.1 and fragments at m/z 179
[M − H − 162]−, m/z 179 [M − H − 162 − 2CH2O]

−

obtained after a loss of caffeoyl moiety, was assigned as caffeic
acid hexose.17 However, it was not possible to identify at which
position the caffeoyl group is glycosylated. Peak 2g displayed
the parent ion at m/z 329.2 and fragments at m/z 139 [M − H
− 162 − CO]−, m/z at 171 [M − H − 158]−, and m/z at 211
[M − H − 188]−. There was no information related to this
compound in the literature; however, the observed fragments
may refer to a methoxyl group in the A-ring and loss of a
methyl radical. According to the fragmentation behavior of the
compound 2g, it could be classified into a homoisoflavonoid
group.18

■ DISCUSSION

NAFLD is a common chronic liver disease generally associated
with high metabolic risk of health problems such as diabetes,
obesity, dyslipidemia, insulin resistance, hypertension, athero-
sclerosis, and hypertriglyceridemia.19 High calorie intake and
unhealthy dietary habits are among the most important risk
factors that could lead to the antilipolytic effect of insulin in
adipose tissue, increasing FFAs in nonadipose tissues like the
liver.20a Currently, there is no drug officially approved to treat
NAFLD, although there are many drugs in the pipeline.20b

However, the recommended treatment for NAFLD includes
lifestyle modification and some pharmacological interventions
classified as lipid-lowering, insulin sensitizers and antioxidant
drugs. Herbal medicines have been traditionally used to
improve liver conditions.2 In recent years, there has been a
significant advance in the field of drug research, and it has been
found that herbal medicines are regarded as rich sources of
natural bioactive chemicals that improve hepatic function. In
our previous studies,7−9 several edible plants used as spices in
the Cameroon diet showed antidiabetic, antiobesity, anti-
inflammatory, and antioxidant activities in cells and cell-free
systems. Among those spices were Xylopia parviflora (A. rich)
Benth and Aframomum citratum (Pereira ex Oliv. et Hanb.) K.
Shum, which are subject of the present study. We characterized

their polyphenol profile and investigated in vivo their beneficial
effects on hepatic lipid accumulation. HFD-induced obesity
leading to NAFLD and the outcome of treatment with the
hydroethanolic spice extracts on gaining weight as well as the
lipid profile in plasma and liver tissues in obese C57BL/6 mice
was evaluated.
Several studies have reported that changes in BW were

significantly associated with both the development (30−45%
weight gain) and remission (7−10% weight loss) of
NAFLD.21,22 In this study, spice extracts and orlistat reduced
BW compared with the control HFD group. The BW
reduction was significant when obese mice were treated with
the extracts at 200 mg/kg BW. Similar results were reported
for other botanicals,19,23 suggesting that spice extracts could
probably enhance energy expenditure and fat oxidation,
thereby inducing weight loss in obese mice.
The liver is an essential organ and plays an important role in

lipid metabolism. An imbalance between lipid deposition and
removal leads to lipid accumulation in the liver, which is
closely related to increased hepatic lipogenesis, augmented
lipid uptake, and decrease in hepatic lipid clearance (FFA
oxidation and excretion of very low-density lipoprotein).23 The
mice fed with ND or with HFD and treated with orlistat and
spice extracts showed decreased liver weight when compared
with the HFD group. The oral administration of spice extracts
reduced lipid accumulation in the liver (triglyceride, total
cholesterol, and fatty acids) as compared that in the HFD-fed
mice. The plasma SGOT, SGPT, alkaline phosphatase,
creatinine, and urea levels indicate that there was no damage
to the vital organs. Plasma triglycerides, total cholesterol, and
HDL cholesterol levels were lowered significantly in the mice
treated with spice extracts compared to the HFD-fed mice
group. Similar observations were reported by Park et al.24

Moreover, our previous in vitro studies7 demonstrated the
inhibitory activity of X. parviflora and A. citratum on enzymes
involved in lipid synthesis such as 3-hydroxyl-3-methyl glutaryl
coenzyme A (HMG-CoA) reductase. As suggested by Berlanga
et al.,25 the spice extracts may downregulate the expression of
downstream SREBP-1c (sterol regulatory element-binding

Table 4. Identification of Polyphenol Compounds in Hydro-Ethanolic Extracts through Direct ESI-MS/MS Analysis

peak
No

RT
(min)

Λmax
(nm)

precursor ion
(m/z) fragment ions ESI-MS2 (% base peak) formula

tentative identification
(references)

polyphenol fractions from Xylopia parvif lora collected through RP-HPLC
1a 5.46 280, 320 [M − H]−:

353.1
191.0436 (100), 135.0346 (50), 179.0231 (49), 353.0708 (10),
161.0131 (5), 171.0179 (2)

C16H18O9 3-O-caffeoylquinic acid11

1b 10.05 280, 320 [M − H]−:
325.2

325.1698 (100), 183.0000 (90), 184.0070 (8), 119.0405 (6), 197.0153
(4), 239.0614 (2)

C15H18O8 p-coumaric acid 4-O-
glucoside12

1c 12.58 280, 320 [M − H]−:
335.1

135.0304 (100), 179.0153 (75), 161.0070 (30), 335.0397 (17),
227.1758 (12), 133.0153 (5)

C16H16O8 5-O-caffeoylshikimic
acid13

polyphenol fractions from Aframomum citratum collected through RP-HPLC
2a 13.26 280, 320 [M − H]−:

183.0
168.9883 (100), 138.9895 (45), 139.9964 (27), 165.9728 (25),
183.0102 (7), 166.9802 (5)

C8H8O5 4-O-methyl gallic acid15

2b 24.43 280, 320 [M − H]−:
419.1

419.0892 (100), 197.0243 (78), 182.0025 (55), 139.0250 (37),
180.9949 (22), 179.0156 (10)

C25H24O6 morusin16

2c 25.25 280, 320 [M − H]−:
325.2

325.1694 (100), 183.0000 (90), 197.0146 (9), 119.0402 (7), 184.0079
(8), 225.0426 (4)

C15H18O8 p-coumaric acid 4-O-
glucoside12

2d 34.29 280, 320 [M − H]−:
419.1

419.1187 (100), 197.0327 (55), 182.0098 (33), 181.0025 (25),
125.0138 (24), 164.0005 (12)

C25H24O6 morusin derivative16

2e 35.12 280, 320 [M − H]−:
433.1

151.9999 (100), 269.0310 (95), 433.0966 (70), 259.0471 (40),
287.0404 (38), 286.0331 (14)

C21H22O10 naringenin-7-O-
glucoside13

2f 42.5 280, 320 [M − H]−:
341.1

89.0160 (100), 59.0085 (90), 341.0941 (80), 119.0256 (60), 179.0444
(53), 206.8386 (33)

C15H18O9 caffeic acid hexose17

2g 44.12 280, 320 [M − H]−:
329.2

329.1975 (100), 171.0839 (40), 211.1107 (35), 139.0973 (22),
229.1196 (20), 139.0973 (18)

homoisoflavonoid
derivative18
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protein 1c) and FASN (fatty acid synthase) genes, proteins
leading to the reduction of lipid accumulation in the liver. In
addition, spice extracts and orlistat lowered glucose levels
(reduction of 12−21%) in HFD-fed mice. Recent data
increasingly support a complex interplay between NAFLD
and T2DM. NAFLD has been closely related to insulin
resistance and frequently coexists with impaired glucose
tolerance (IGT) or type 2 diabetes mellitus.26 Many studies
have reported that C57BL/6 mice are rendered insulin-
resistant because of the increase in the total body fat mass
and hepatic lipid accumulation as early as 15 weeks of high-fat
feeding.27,28 In accordance with our previous findings in cell-
based studies,9 the present in vivo study confirms that X.
parviflora and A. citratum positively modulated the uptake of
glucose.
The accumulation of FFAs in hepatocytes induces lipid

accumulation. This leads to hepatic steatosis and impairs lipid
metabolism. Moreover, NAFLD is commonly identified by
lipid droplet (LD) abundance in hepatocytes, which
contributes to the development and progression of the
disease.29 In the present study, the FFAs (saturated and
unsaturated) and lipid droplets were significantly higher in the
liver tissues of the HFD-fed mice group, which were reduced
by the oral administration of orlistat and the spice extracts. In
agreement with the study of Li et al.,30 we found that in the
HFD-fed mice groups, the liver tissues have lower saturated
and higher unsaturated fatty acid distribution than mice-fed
ND. Furthermore, the spice extracts inhibited the uptake of n-6
unsaturated FFAs such as linolenic, dihomo-γ-linolenic, and
gondoic acids previously reported to be precursors of
proinflammatory eicosanoids and involved in the development
of NASH.31 Together, these evidences suggest that treatment
with the spice extracts and orlistat may influence the uptake
and storage of fatty acid in the liver, at least partly due to
altered PPARα activity, fatty acid translocase/cluster of
differentiation 36 (CD36), fatty acid transporter proteins

(FATP), and caveolins and fatty acid-binding protein (FABP)
functions. The expressions of these genes are regulated by
peroxisome proliferator-activated receptor alpha (PPARα)
transcriptional factor and are reported to be essential for
NAFLD development in HFD.32 In addition, treatment may
downregulate the activity of numerous enzymes involved in
TAG synthesis, such as acyl-CoA synthetases, acyltransferases
glycerol-3-phosphate 4 (GPAT4), and diacylglycerol acyl-
transferase 2 (DGAT2), which allow for the expansion of
preexisting lipid droplets.29 Similar results were reported
earlier,33,34 where both have shown that downregulation of
lipogenic-gene expression in the liver by Myristica fragrans
Houtt. and Morus alba L. extracts inhibit the progression and
development of NAFLD. The excess of FFAs can disturb
mitochondrial metabolism and increase ROS generation.22

Also, with the progression of NAFLD toward NASH, the
hepatocytes lose their ability to respond to injury as they
become increasingly sensitive to damage caused due to the
accumulation of toxic lipid metabolites, production of ROS,
and dysfunction of detoxification responses.35 Lipid accumu-
lation in the liver due to HFD induces oxidative stress in mice.
This is demonstrated by the high hepatic level of TBARS,
protein carbonyl, ROS, and low enzyme activities of SOD,
catalase, and GST in the HFD-fed mice group compared with
the ND-fed mice group. Spice extracts and orlistat treatments
reverted the increase in the above parameters involved in
oxidative stress. These data suggest that the antioxidant effect
of spice extracts might be beneficial against hepatic fat
accumulation. Indeed, various signaling pathways have been
described to explain the therapeutic effects of antioxidants,
such as the activation of the nuclear factor E2-related factor 2
(Nrf2) pathway and attenuation of nuclear factor-kappa B
(NF-κB) signaling.36 These mechanisms that were already
investigated in our previous studies8,9 in cell models could
justify the antioxidant activity of the spice extracts observed in

Scheme 1. Proposed Mechanism of the Action of the Hydroethanolic Extracts of X. parviflora and A. citratum
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the liver and consequently the inhibition of NAFLD
development.
Consistent with the previous findings, two groups of

polyphenols (phenolic acids and flavonoids) were detected in
the spice extracts. Stereoisomers of chlorogenic acids (3-O-
caffeoylquinic acid and 5-O-caffeoylshikimic acid) and
hydroxycinnamic acid derivatives (p-coumaric acid 4-O-
glucoside) were explicitly identified as the most abundant
polyphenols in X. parviflora hydroethanolic spice extracts. This
is also in accordance with our previous findings.7 A wide range
of experimental studies has confirmed the efficacy of phenolic
acids against hepatic steatosis, insulin resistance, and oxidative
stress in mice with HFD-induced NAFLD, independent of
other lifestyle factors.19,37 Therefore, this could potentially
explain the beneficial effect of X. parviflora on hepatic lipid
accumulation. Furthermore, flavonoids such as morusin and
derivatives, naringenin-7-O-glucoside, and phenolic acids (4-
O-methyl gallic acid and caffeic acid hexose) were identified in
A. citratum that might be beneficial against the progression of
NAFLD. However, no data or scientific work have clearly
demonstrated the role of morusin or morusin derivatives in
NALFD. Some experimental evidence from in vivo and in vitro
models suggests that flavonoids from dietary plants exhibit
hepatoprotective effects, including the improvement of
metabolic function, impairment of lipogenesis, reduction of
inflammation, and improving liver histology,38 thus suggesting
that the synergic action of A. citratum-rich polyphenols could
justify the therapeutic effect observed in obesity-induced
NAFLD mice. The summary of the findings is schematically
shown in Scheme 1.
Our study demonstrated that the oral administration of

hydroethanolic Xylopia parviflora (A. Rich.) Benth and
Aframomum citratum (Pereira ex Oliv. et Hanb.) K. Shum
spice extracts decreased hepatic lipid accumulation in HFD-
induced obese C57BL/6 mice. Reduction of BW, alleviation of
plasma glucose and lipid parameters, improvement of
antioxidant status, and hepatoprotective activity against
steatosis mediated by phenolic compounds are among the
main potential mechanisms of action of these spice extracts.
However, the deduction of molecular mechanisms underlying
these effects will require further investigations. These plants are
well-known, safe, widely distributed in eastern and central
Africa. The results, although promising, cannot be directly
translated onto the human context but will serve as a lead to
further studies in this direction toward treatment against
NAFLD.

■ MATERIALS AND METHODS
Chemicals and Reagents. Biochemical reagents were

supplied from Agape Pharmaceutical (Kerala, India). Casein
was purchased from Indian Casein Company (Mumbai, India).
AIN 93Vx vitamin mixture and AIN 93 M mineral mixture
were purchased from MP Biomedicals Pvt. Ltd. (Mumbai,
India). Sucrose and lard were purchased from a local market,
and other dietary materials were purchased from Himedia
(Mumbai, India). The solvents acetonitrile, methanol,
isopropanol, and hexane of HPLC grade were purchased
from Spectrochem Pvt. Ltd., (Mumbai, India). MS-grade
water, methanol, and acetonitrile were purchased from Sigma-
Aldrich (Bangalore, India). Ultrapure triple-distilled and
MilliQ water prepared using the Millipore (Merck, Mumbai,
India) water purification system was used to prepare reagents
and buffers throughout the experiment to avoid any metal

contamination. All other chemicals and solvents used in the
study were procured from Sigma Chemicals Co. (St. Louis,
MO, USA) or Merck Pvt. Ltd., (Mumbai, India).

Plant Materials and Sample Preparation. Xylopia
parviflora (A. Rich.) Benth seeds and Aframomum citratum
(Pereira ex Oliv. Et Hanb.) fruits were harvested in various
localities of the region of West Cameroon, as previously
described by Nwakiban et al.7,9 One hundred grams of specific
plant materials were cleaned and stored at room temperature
(30 ± 6 °C). Then, the plant materials were powdered and
extracted by stirring with 100 mL of ethanol and water
(hydroalcoholic) in the ratio 70:30 each, as described earlier.8

The lyophilized extracts were maintained at 4 °C, and 10 mg
was freshly dissolved in 1 mL of HPLC grade or MS grade
methanol for chemical characterization of polyphenols. On the
other hand, an equal ratio (1:1) of the hydroethanolic solvent
was used to dissolve the extracts intended for animal studies.

High-Performance Liquid Chromatography and Elec-
trospray Ionization Mass Spectrometry (ESI-MS/MS) of
Phenolic Fractions. HPLC Analysis. The phenolic com-
pounds present in each spice extract were analyzed, as
previously described39 by HPLC (Nexera X-2 LC-30A,
Shimadzu, Japan). Chromatographic separations were per-
formed on a Chromasol RP-C18 column (250 mm × 4.6 mm,
5 μm). The mobile phase was composed of water adjusted to a
pH of 2.65 with acetic acid (solvent A) and solvent B formed
with 20% solvent A and 80% acetonitrile. An aliquot of 30 μL
of sample solution was injected into the HPLC system, and a
linear elution gradient was applied as follows: 0−20% B in 0−
35 min, 20−50% B in 35−40 min, 50−100% B in 40−45 min,
and 100−0% B in 45−60 min. The column temperature was
maintained at 20 °C. The flow rate was 1.2 mL/min, and
detection was carried out using a PDA detector, with λ1 = 280
and λ1 = 320 nm as preferred wavelengths with the aid of
LabSolutions software (version 6.50, Shimadzu, Japan). The
peaks generated by the substances of interest were then
collected in 1 mL vials for electrospray ionization mass
spectrometry (ESI-MS/MS) analysis in off-line mode.

Mass Spectrometry Analysis by ESI-MS/MS. The HPLC
fractions were diluted using MS-grade methanol and directly
injected to the ESI source through a syringe pump at 0.4 mL/
min flow rate. ESI-MS analyses were carried out in the negative
ion mode within the m/z range 100−2000 m/z with an IRDx
resolution of 15,000, using a Hybrid Quadrupole-TOF LC/
MS/MS mass spectrometer (SCIEX Triple TOF 5600,
Singapore). The typical ESI conditions were as follows: gases
were GS1−45, GS2−60, and Curtain GAS (CUR)-40, source
voltage was 4.0 kV, duospray ion source set at 400 °C, and the
collision energy was 10 V. CID-MS/MS experiments were
performed on mass-selected precursor ions using standard
isolation and excitation configuration. All data acquisition and
analysis were performed using the Peak View 2.1 Software (AB
SCIEX Triple TOF 5600, Singapore), equipped with Master-
View (Version 1.0, AB SCIEX). The XIC manager tool in
Master View was used to detect quasimolecular weights, mass
errors, and isotope patterns of both targeted and nontargeted
compounds. ChemSpider, mzCloud and Chemdraw software,
elemental composition analysis, as well as literature review
were used to define consistent tentative structures for the
identified compounds.

Animal Models and Experimental Design. Male 4−6-
week-old C57BL/6 mice (56) weighing an average of 23 ± 2 g
were obtained from CFTRI animal facility after a mandatory
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institutional clearance with approval number CFT/IAEC/197/
2020. The procedures were performed according to India’s
Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA) regulations usage of
laboratory animals, and care was taken to minimize the
suffering of animals utilized in this study (approval number:
CFT/IAEC/197/2020). Animals were accommodated under
standard conditions of temperature 22−25 °C, 12 h light/dark
cycle, and relative humidity of 50 ± 10%, with ad libitum food
(standard chow) and water. After 6 days of acclimatization,
mice were randomly separated into seven groups (n = 8
animals per group). One group received a routine diet (10%
Kcal fat content) as standard (ND), and other groups were fed
with an HFD (60% Kcal by fat) for 18 weeks. Among groups
fed with an HFD, only animals showing an increase in weight
>30% were selected and divided into six (06) groups (n = 7
animals per group). Before treatment, mice were acclimatized
for 2 days, fasted for 16 h, and blood was collected through the
retro-orbital plexus.
Randomization of groups was done based on BW, and the

experimental design was as follows: mice fed a regular diet with
saline through oral gavage (ND + saline); mice fed an HFD
with saline through oral gavage (HFD + saline); mice fed an
HFD with orlistat through the oral gavage (50 mg/kg BW,
HFD + ORL50); mice fed an HFD with X. parviflora extract
through the oral gavage (100 mg/kg BW, HFD + XP100 and
200 mg/kg BW, HFD + XP200); and mice fed an HFD with A.
citratum extract through the oral gavage (100 mg/kg BW, HFD
+ AC100 and 200 mg/kg BW, HFD + AC200). Orlistat and
both XP and AC were prepared in saline. The oral treatment
was administered every 24 h for 30 days. BWs and FI were
recorded every day, and at the end of the experiment, blood
was collected through the retro-orbital plexus under anesthesia.
The animals were then sacrificed, and the organs were
removed, cleaned, weighed, and stored at −80 °C for further
studies.
Biochemical Plasma Analysis. Plasma was separated from

the blood of mice (n = 7 animals per group) by centrifugation
at 2000 rpm for 15 min at 4 °C and immediately transferred
into fresh tubes. Lipid parameters such as triglyceride (TG),
total cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), and other biochemical parameters like glucose,
protein, creatinine, and urea were estimated in the plasma
using commercially available kits (Agape Pharmaceutical,
Kerala, India). Plasma enzymes SGPT, SGOT, and ALP
were assayed to ascertain that the treatment has not affected
any vital functions.
Lipidomic Profile of the Liver Tissue. Total lipids were

isolated from the liver tissue of representative mice (n = 5
animals per group) using the Folch method.40 Total
triglycerides and TC content were estimated using colorimetric
methods described by Fletcher,41 Searcy, and Bergquis.42 The
FFA profile (FAMEs: fatty acid methyl esters) of total lipids
extracted from liver tissues was determined through GC−MS,
as described by Prasad et al.43 and slightly modified by Dalmia
and Tumaney.44 FAMEs were prepared by the esterification of
fat extracted from the liver with 1 mL of BF3-methanol
complex solution at 65 °C for 30 min. Fifty microliters of
internal standard heptadecanoic acid (1 mg/mL) were added
to the samples before methylation. The reaction was allowed to
cool for 10 min. After cooling, water: hexane (1:1 v/v) was
added to the mixture, and the upper layer that contains FAMEs
was transferred to GC vials. The resulting FAMEs were passed

through an Agilent DB-23 column ((50%-cyanopropyl)-
methylpolysiloxane; 60 m length; 0.25 mm ID; 0.25 μm film
thickness) on the Agilent 7890B GC-5977A MSD system (M/
S Agilent Technologies, Singapore). One microliter of the
sample was injected, and the split ratio was 20:1. Helium at a
flow rate of 1 mL/min was used as a carrier gas. The
temperature was programmed as follows: the initial temper-
ature was 40 °C for 1 min and increased to 130 °C at a rate of
70 °C/min with a 1 min hold, then ramped up to 170 °C at 6.5
°C/min rates and further increased to 200 °C at 2.75 °C/min
rates with 6 min hold. Finally, the temperature was increased
to 210 °C at 40 °C/min rate with a 2 min hold, and then
increased to 230 °C at 20 °C/min with 7 min hold time. The
mass spectrum was recorded under EI (electron impact
ionization) at 70 eV (fixed electron energy). The mass range
of m/z was between 40−500 Da, and the identified fatty acids
were confirmed using mass spectral library search (NIST
version 2.0 g).

Hepatic Antioxidant Enzyme Activity and Oxidative
Stress Biomarker Analysis. One hundred milligrams of fresh
liver tissue samples from representative mice were collected
and homogenized in 1 mL of ice-cold sucrose (0.32 M)
solution. Liver homogenate samples (n = 5 animals per group)
were centrifuged at 6000 rpm for 10 min at 4 °C, and
supernatants were used to determine SOD,45 catalase
(CAT),46 GST activity.47 The liver protein concentration
was quantified using Lowry’s method.48 The oxidative stress
biomarkers level viz., reactive oxygen species (ROS),49 lipid
peroxidation (LPO) through thiobarbituric acid reactive
substance (TBARS) assay,50 protein carbonyl (PC),51 and
nitric oxide (NO)52 concentrations were assayed.

Histological Analyses of Liver Tissues. Sections of the liver
tissue from representative mice (n = 3 animals per group) in
each group were fixed in 10% formalin, and thin sections of 4−
5 μm were mounted on glass slides. The liver sections were
stained with H&E, and digital images at ×10 magnification
were obtained using a high-resolution camera-mounted optical
microscope (BX51, Olympus, Tokyo) connected to a
computer. FIJI software was used to measure the area of
lipid droplets in order to detect hepatic steatosis.

Statistical Analysis. All results are expressed as mean
(±SD). Statistical data were determined with one-way analysis
of variance (ANOVA) followed by multiple comparison
analysis performed with the Bonferroni post hoc test. To
analyze BW, FI, and fatty acid profile, two-way ANOVA
followed by multiple comparison analysis performed with a
post hoc Tukey test was used. Statistical analyses were
calculated, and graphs were prepared using GraphPad Prism
9.0 software (GraphPad Software Inc., San Diego, USA).
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