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Siddhi Patil1,3 · Moumita Das2,3 · G. Suresh Kumar2,3 · Pushpa S. Murthy1,3 

Received: 30 March 2023 / Accepted: 7 July 2023 / Published online: 18 July 2023 
© King Abdulaziz City for Science and Technology 2023

Abstract
In the present study, the effect of coffee leaf extract (CLE) on in vitro enzyme inhibition was studied. Furthermore, its impact 
on the high-fat diet (HFD)-induced obese mice (C57BL/6) at the levels of 100 and 200 mg/kg body weight along with 
positive control (orlistat) and the normal group maintained with starch-fed diet (SFD) was observed. CLE had significant 
α amylase and lipase enzyme inhibitory properties. In HFD-induced obese mice, treatment with CLE significantly reduced 
the body weight gain. The investigation demonstrated that CLE administration lowered blood glucose, total cholesterol, 
total triglycerides and LDL levels while increasing the HDL levels. It reduced the development of fatty liver by reducing 
hepatic fat accumulation and decreased the fat cell size in the adipose tissue. Further, CLE significantly increased the liver 
antioxidant enzyme activities and lowered the levels of hepatotoxicity markers in the serum when compared to the HFD-
fed mice. The treatment also downregulated the mRNA expression of lipogenic transcription factors (SREBP-1c, CEBP-α) 
and enzymes (ACC, FAS) than HFD. Overall, the results indicate that coffee leaves have anti-obesity potential and can be 
used as functional ingredients in the development of innovative products for managing lifestyle disorders such as obesity.

Keywords Coffee leaves · Histopathology · Lipogenic genes · Obesity · Serum lipid profile

Introduction

The hallmarks of metabolic syndrome, a group of metabolic 
disorders, are hyperglycemia, hypertension, hypertriglyceri-
demia, etc. Obesity is one of the important chronic meta-
bolic disorders increasing at an alarming rate worldwide due 
to diet and lifestyle changes. It is observed to increase the 
incidence of type 2 diabetes, develops insulin resistance, 
hypertension and cardiovascular diseases (Geetha et al. 
2022). Increased levels of serum total cholesterol, low-
density lipoprotein cholesterol (LDL-C) and triglycerides 
(TG), combined with a decrease in high-density lipopro-
tein cholesterol (HDL-C), are the major characteristics of 
obesity-associated hyperlipidemia. Diet plays a significant 
role in the development of obesity. Human obesity has been 
linked to dietary fat intake, and experimental studies have 
also suggested that a high-fat diet majorly contributes to 
increased oxidative stress (Ibrahim et al. 1997).

One of the key factors contributing to the development 
of obesity is oxidative stress which occurs due to an imbal-
ance in the antioxidants and reactive oxygen species (ROS) 
in the body. ROS have a high chemical reactivity and can 
cause substantial oxidative damage to cells when present in 
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concentrations above a threshold level of the normal function-
ing of cells (Chan et al. 2006; Pang et al. 2007). The human 
body has developed a highly complicated antioxidant defense 
system to protect cells and organs from ROS. It comprises 
multiple endogenous antioxidant enzymes such as glutathione 
peroxidase, superoxide dismutase and catalase. Besides that 
diets rich in antioxidants are the exogenous components func-
tioning synergistically and interactively to neutralize free radi-
cals (Block 1991; Wang and Luo 2007). Long-term consump-
tion of foods with a high energy density promotes an aberrant 
lipid metabolism with higher levels of TC and TG according 
to epidemiological and experimental investigations (Prentice 
and Jebb 2003, Yang et al. 2019). Therefore, modifying the 
regulatory network of transcription factors related to lipid 
metabolism could be a useful strategy to reduce lipid build-up 
and consequent obesity-related conditions.

Locals in the countries where coffee plants are tradition-
ally cultivated have been drinking tea-like beverages made 
from coffee leaves for more than 200 years (Patay et al. 2016). 
According to recent studies, coffee leaves are known to have 
anti-hypertensive and anti-inflammatory properties and they 
are shown to increase insulin levels and decrease insulin resist-
ance in metabolic syndrome rats (Chen et al. 2019; Widyastuti 
et al. 2020; Ji et al. 2021). The abundance of bioactive com-
ponents in coffee leaves has recently drawn attention to their 
health advantages for humans. The phytochemicals found in 
coffee leaves include alkaloids, flavonoids, phenolics, xan-
thonoid, phytosterols, amino acids, tannins, anthocyanins and 
terpenes (Campa et al. 2012; Chen et al. 2018). Chlorogenic 
acids (CGAs), sinapic acids, caffeic acids and p-coumaric 
acids are the main phenolic acids found in coffee leaves along 
with rutin, quercetin and its glycosides, while caffeine, trigo-
nelline, theobromine and theophylline are the chief alkaloids 
from coffee leaves. These compounds in coffee leaves have 
already been known for antioxidant, anti-inflammatory, anti-
diabetic, anti-hypertensive effects, etc. (Martins et al. 2014; 
Patil et al. 2022b). As a result, coffee leaves have the potential 
to be a unique therapeutic beverage and act as an alternative to 
traditional tea consumption and herbal teas to control lifestyle 
problems like obesity.

Therefore, in the current study, we have assessed the effect 
of coffee leaf extract on in vitro enzyme inhibition and in vivo 
serum lipid profile, blood glucose levels, antioxidant enzyme 
activities, serum hepatotoxicity markers and gene expression 
of key lipogenic enzymes in high-fat diet-induced C57BL/6 
obese mice.

Materials and methods

Chemicals

Orlistat was obtained from Sigma-Aldrich Chemical Co. 
(St. Louis, MO, USA). The raw materials required for 
the preparation of the animal diet were acquired from HI-
MEDIA (Mumbai, India) and casein from Nimish Corpora-
tion, Mumbai. Kits for plasma biochemical analysis were 
obtained from Agappe Diagnostics Ltd. (Kerala state, India). 
cDNA synthesis kit was obtained from Takara Bio Inc. 
(Shiga, Japan #RR037A).

Processing of coffee leaves and preparation 
of coffee leaf extracts (CLE)

The intact coffee leaves were sorted from the infected/dam-
aged leaves and washed with clean water. After that, the 
leaves were blanched for 30 s followed by soaking them 
in cold water for 30 min. The leaves were then dried in a 
cross-flow drier (45 ± 2 °C) for 5–6 h, powdered and stored 
in airtight containers. For the preparation of coffee leaf 
extracts, 10 g dried leaf powder was brewed with 100 ml 
water (80–85 °C) for 30 min, filtered and allowed to freeze 
dry. The obtained freeze-dried powder was carefully col-
lected and stored in an amber-colored air-tight container 
at − 20 °C until further use. The freeze-dried powder was 
freshly weighed and dissolved in water every time for prepa-
ration of the required dosage during animal experimentation.

α‑Amylase and lipase inhibitory activity

With a few minor modifications, α-amylase inhibitory 
activity was carried out as described by Kwon et al. (2006). 
100 µl of varying concentrations of CLE and 400 µl of 0.1 M 
phosphate buffer saline (pH 6.9) were added to the test tubes, 
followed by 500 µl of 1% starch solution (substrate) and 
500 µl of α-amylase enzyme solution (2 mg/ml). After incu-
bation for 10 min in the dark (27 °C ± 1), 1 ml of glucose 
reagent (M/s Agappe Diagnostics Ltd, India) was added and 
the tubes were further incubated for 30 min. Absorbance was 
then measured at 505 nm using a spectrophotometer.

The estimation of lipase activity was done by the method 
described by Weibel et al. (1987) with certain modifications. 
Firstly, to prepare the substrate emulsion, lecithin (1 mM), 
cholesterol (0.1 mM), bovine serum albumin (15 mg/ml), 
NaCl (100 mM),  CaCl2 (1 mM) and 2 mM Tris–HCl (pH 
8) were mixed with olive oil and ultra-sonicated. The men-
tioned composition of the emulsion was chosen to closely 
resemble the in vivo conditions. Orlistat a known lipase 
inhibitor was used as a positive control and was prepared in 
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dimethyl (DMSO) at a concentration of 2 mg/ml. Briefly, to 
1.5 ml of substrate solution varying concentrations of cof-
fee leaf extracts were added. Subsequently, porcine pancre-
atic lipase (EC# 3.1.1.3) at a concentration of 1 mg/ml was 
added to initiate the reaction. The reaction mixtures were 
then incubated for 15 min at 37 °C followed by the addition 
of 1.5 ml ethanol to terminate the reaction. The amount of 
fatty acid liberated was assessed by titrating against 0.02 N 
NaOH.

Animal experiment

A male C57BL/6 mouse strain was used for the present 
study. It is a widely used model for studying diet-induced 
obesity as it closely parallels the progression of obesity and 
its related complications in humans (Kleinert et al. 2018). 
The experimental procedures and procurement of male 
mice (C57BL/6, 20–22 g, 6–8 weeks old) conformed to 
clearance from the institutional animal ethical committee 
(IAEC/216/2021). Sincere attempts were taken to reduce 
the suffering, and the numbers of animals were maintained 
to get the statistical data comparisons. Polycarbonate cages 
were used to house the mice and upheld at 12 h light/dark 
cycle with ad libitum water and food.

(a) Animal grouping
  After acclimatization for 1 week, the animals were 

divided into five groups (n = 6): (1) starch-fed diet 
(SFD), (2) high-fat diet (HFD), (3) HFD with positive 
control (PC) orlistat (10 mg/kg body weight), (4) HFD 
with CLE1 (100 mg/kg body weight) and (5) HFD with 
CLE2 (200 mg/kg body weight). The dosage of the cof-
fee leaf extract (CLE) was based on the amount of total 
polyphenols (TP) present in them as coffee leaves are a 
rich source of polyphenols, especially chlorogenic acid 
(CGA). The TP in the freeze-dried powder of the CLE 
was determined, and the dosage was selected based on 
the previous literature (Singh et al. 2020). A daily dose 
(200 μl) of CLE and orlistat was given to the animals 
through oral gavaging. The animals were fed with AIN-
76 diet (American Institute of Nutrition). The detailed 
diet composition is given in Table 1.

(b) Evaluation
  The body weight of the animals was recorded weekly 

throughout the experiment. Fecal matter was collected 
for fat estimation during the experiment. Mice were 
killed after 90 days of treatment. They were euthanized 
by carbon dioxide inhalation, and the blood was drawn 
by cardiac puncture. The collected blood was then sub-
jected to serum separation. The liver was harvested, 
washed, weighed and stored at − 80 °C until further 
analysis. Samples of liver and adipose tissues for his-
tological studies were fixed in 10% formalin.

Fecal fat content

Fat content from the fecal matter collected every week 
was estimated according to the methods of Geetha et al. 
(2022) from 1 g of lyophilized fecal matter and expressed 
as g/100 g.

Blood glucose and serum lipid profile

The blood glucose levels and lipid profile (TG, cholesterol, 
LDL-C and HDL-C) were analyzed in the overnight fasted 
and killed animals. The animals underwent overnight fast-
ing, next day blood was drawn from the tail vein, under 
anesthesia before the killing, and the blood glucose was 
estimated using a glucometer (M/s ARKRAY Healthcare 
Pvt. Ltd). The total triglycerides (TG), total cholesterol 
(TC), high-density lipoprotein cholesterol (HDL-C) and 
low-density lipoprotein cholesterol (LD-C) were analyzed 
in the serum collected, as per the instructions provided in 
the respective kits (M/s Agappe Diagnostics Ltd., India).

Intraperitoneal glucose tolerance test (IPGTT) 
and area under curve (AUC)

IPGTT was performed 1 week before killing the animals. 
After overnight fasting, d-glucose (2 g/kg body weight) was 
administered intraperitoneally in sterile saline. Blood was 
drawn from the tail vein to determine the blood glucose 
levels at 0 min (before administration of glucose) and 30, 
60 and 120 min (after administration of glucose) using a 
glucometer (M/s ARKRAY Healthcare Pvt. Ltd.). The val-
ues are presented in the form of AUC (Andrikopoulos et al. 
2008).

Histological analysis of liver and adipose tissues

The liver and adipose tissue samples were fixed in paraf-
fin and sectioned (4–10 µm) after being preserved in 10% 
formalin. Further, the sections were deparaffinized with 

Table 1  AIN-76 diet composition

SFD starch-fed diet, HFD high-fat diet

Ingredients (g/kg) SFD (g) 30% HFD (g)

Starch 653 453
Casein 200 200
Vitamin mix 10 10
Mineral mix 35 35
Choline chloride 2 2
DL Methionine 0.5 0.5
Groundnut oil 100 100
Lard – 200
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100% xylenol, hydrated with ethanol at progressively lower 
concentrations and stained with H&E (Talawar et al. 2020). 
After that, the stained sections were examined at 10 × 
magnification and digital images were taken under a light 
microscope.

Serum hepatotoxicity markers

Hepatotoxicity markers such as serum glutamic-oxaloacetic 
transaminase (SGOT), serum glutamic pyruvic transaminase 
(SGPT), alkaline phosphatase enzymes (ALP) and creatinine 
in the serum were estimated using the commercially avail-
able kits from M/s Agappe Diagnostics Ltd., India.

Antioxidant enzyme activities

Catalase (CAT), superoxide dismutase (SOD) and glu-
tathione peroxidase (GPx) antioxidant enzyme activities 
were examined in the protein extract from approximately 
100 mg of liver tissues, and activities were represented in 
terms of units/mg of protein (Aebi 1984; Flohé and Günzler 
1984; Flohi and Tting 1984).

RNA extraction, cDNA synthesis and gene 
expression analysis

Following the procedure outlined by Billing et al. (2017), 
total RNA (100 mg, RNA later processed) was extracted 
from animal liver tissues. Nano-drop was used to quan-
tify the RNA, and according to the instructions indicated 
in the cDNA synthesis kit (Takara Bio Inc., Shiga, Japan 
#RR037A), 1 μg of RNA was used for synthesizing cDNA.

Following the instructions given by the manufacturer 
(Takara Bio Inc., Shiga, Japan), gene expression of CEBP-α 
(CCAT-enhancer-binding protein-alpha), SREBP-1c (sterol 
regulatory element-binding protein-1c), ACC (Acetyl Coen-
zyme A Carboxylase) and FAS (fatty acid synthase) was 
performed using CFX96 Touch™ Real-Time PCR Detection 
System (Bio-Rad Laboratories, Hercules, CA). In brief, the 
reaction mixture contained cDNA, forward primer, reverse 
primer, SYBR 2X buffer and double-distilled water to a total 
volume of 20 μl. The qPCR was performed for 40 cycles, 
using the following conditions for each cycle: 95 °C for 
5 min, 95 °C for 10 s, 60 °C for 20 s and 72 °C for 30 s. 
After the normalization with β-actin, the gene expression 
was assessed as per the 2ΔΔCt method. The acquired normal-
ized values were shown as mean from triplicate samples of 
three independent runs.

Procurement of the primer sequences for the genes was 
done from Bioserve Biotechnologies Pvt. Ltd., India. Primer 
sequences used for PCR analysis were as follows: SREBP-
1c, TGA CCC GGC TAT TCC GTG A (forward) and CTG GGC 
TGAG CAA TAC AGTTC (reverse); CEBP-α, TCA CTT GCA 

GTT CCA GAT CG (forward) and TTG ACC AAG GAG CTC 
TCA GG (reverse); ACC, ATG GGC GGA ATG GTC TCT TTC 
(forward) and TGG GGA CCT TGT CTT CAT CAT (reverse); 
and FAS, GGA GGT GGT GAT AGC CGG TAT (forward) and 
TGG GTA ATC CAT AGA GCC CAG (reverse).

Statistical analysis

From at least three independent experiments, all the data 
were expressed as means with standard deviations (± SD) 
with p < 0.05 using Microsoft Excel software 2013 (Micro-
soft Corporation, Redmond, Washington, USA) and Graph 
Pad Prism software version 7.0 (Graph Pad Prism Inc., San 
Diego, California). One-way analysis of variance (ANOVA) 
was used to analyze the experimental data, and Duncan’s 
multiple range test (DMRT) was used to evaluate sample 
differences.

Results and discussion

In vitro anti‑obesity potential of CLE

Firstly, to investigate the anti-obesity potential of CLE 
in vitro enzyme inhibitory experiments were carried out 
which include the α-amylase and lipase inhibitory assay. 
We have assessed the α-amylase and lipase-inhibiting prop-
erties of CLE in comparison with acarbose and orlistat as 
the positive control, known drugs for the respective enzyme 
inhibition. The amount of extract needed to inhibit 50% of 
the enzyme activity is known as the  IC50 value. The results 
revealed that the CLE could inhibit α-amylase and showed an 
 IC50 value of 120.86 ± 2.56 µg in comparison with its stand-
ard acarbose having an  IC50 value of 40.9 ± 0.4 µg. Lipase 
inhibition assay displayed an  IC50 value of 211.89 ± 1.96 µg 
when compared to the standard drug orlistat which had an 
 IC50 value of 158.37 ± 1.2 µg demonstrating that CLE in its 
native form can lower fat absorption by suppressing lipase 
activity.

Coffee leaves are known to have antioxidant as well as 
anti-hyperglycemic properties (Nurmasari et  al. 2020). 
Hyperglycemia is one of the key factors involved in the 
development of obesity; therefore, suppressing hypergly-
cemia can help in preventing the onset of obesity and its 
related complications. There are numerous approaches to 
control hyperglycemia one of which comprises the inhibi-
tion of hydrolyzing enzymes such as α-amylase. It is an 
important enzyme of the digestive system that hydrolyzes 
polysaccharides into smaller oligosaccharides and therefore 
inhibition of this enzyme will cause a delay in the break-
down of polysaccharides from food and its subsequent 
absorption in the body. Lipase helps in the absorption of 
fat by acting on the triglycerides and breaking them down 
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into monoglycerides and fatty acids. These free fatty acids 
act as a substrate for the synthesis of glucose which further 
increases the blood glucose levels. Our studies show that 
coffee leaf extract could significantly inhibit the activities 
of α-amylase as well as lipase. However, further in vivo evi-
dence is required to elucidate the mode of action and prove 
its anti-obesity potential.

Effect of CLE on body weight and fecal fat in high‑fat 
diet‑induced obese mice

C57BL6 mice are one of the ideal models to study obesity. In 
the present study, obesity is induced by the supplementation 
of a high-fat diet to C57BL6 mice which is characterized by 
an increase in body weight. Figure 1a illustrates the images 
of mice from five different experimental groups where the 

change in body weight is visibly clear, while Fig. 1b repre-
sents changes in the weight of the mice during an experi-
mental period of 90 days. The body weight of the animals in 
the HFD group was increased from 21.68 to 37.4 g, while for 
the SFD group, it was increased from 20.4 to 33.4 g. A con-
tinuous increase in body weight was observed in the group 
fed with HFD compared to the control group (SFD). PC, 
CLE1 and CLE2 had final body weights of 32.7 g, 33.03 g 
and 31.4 g, respectively, which is similar to SFD.

All the groups exhibited gain in body weight during the 
experimental period (Fig. 1c). The HFD group showed the 
highest body weight gain compared to the other groups, 
whereas treatment with PC and CLE robustly lowered the 
body weight gain when compared to the HFD. It can also be 
observed that the experimental groups had a dose-dependent 
effect on the body weights. The results indicate that CLE had 
a stronger impact on body weight reduction which could be 
as a result of reduced absorption of fat from the diet due to 
the presence of bioactives with lipase inhibitory properties. 
It might also result from preventing fat buildup in the adi-
pose tissue, and therefore, further exploration of the mode 
of action is necessary. Similarly, excretion of fecal fat was 
observed to be more in the PC (10.52 ± 1.44%) and experi-
mental groups (CLE1: 8.86 ± 1.05% and CLE2: 9.2 ± 1.11%) 
as compared to the HFD group (7.51 ± 0.56%) as the reduc-
tion in absorption of fat from the diet leads to bulkier fecal 
matter.

Effect of CLE on blood glucose and serum lipid 
profile

As shown in Fig. 2, blood glucose levels in the HFD group 
were higher than those in the SFD group, While CLE 
significantly lowered the glucose levels more than HFD. 
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Hyperglycemia can generate free radicals increasing oxida-
tive stress by glycation of proteins and auto-oxidation and 
potentially weaken the antioxidative machinery by glycat-
ing the enzymes that neutralize free radicals (Ceriello 2000; 
Jakus 2000). Our studies demonstrate that CLE controlled 
the blood glucose levels and reduced hyperglycemia in high-
fat-induced obese mice.

Changes in serum lipid profile are represented in Fig. 3. 
Consumption of dietary fat is seen to alter the serum lipid 
levels as mice in the HFD group displayed a significant 
increase in the levels of serum TC, TG and LDL in com-
parison with the SFD group, whereas the serum HDL level 
of HFD group was lower than SFD. CLE administration 
showed a significant decrease in the serum TC, TG and 
LDL levels and an increase in the serum HDL levels in a 
dose-dependent manner. One of the important causes of 
metabolic syndrome is excessive fat/high-calorie diet con-
sumption resulting in increased cholesterol and triglyceride 
levels in the body (Golan et al. 1998). Hypertriglyceridemia 
is known to cause other complications such as diabetes mel-
litus, hypertension and cardiovascular diseases (Grundy and 
Denke 1990). Dyslipidemia with high TG, LDL, TG/HDL-C 
ratio, TC/HDL-C ratio is seen in people with metabolic syn-
drome (Castellani 2004).

In our study, administration of CLE restored the serum 
lipid profile to normal. This might be because of the syn-
ergistic effects of phenolics and alkaloids found in coffee 
leaves. Chlorogenic acid a major phenolic found in coffee 
leaves is known to play a significant role in maintaining 
the body’s lipid and glucose metabolism (Pimpley et al. 
2020). Similarly, other bioactives from coffee leaves may 
also contribute to this effect (Patil et al. 2022b). Thus, 
consumption of coffee leaf extracts or products developed 

from it would lower the risk of metabolic syndrome 
by increasing the HDL-C and reducing the TG and TC 
concentrations.

IPGTT and AUC 

IPGTT measures the clearance of an intraperitoneally 
injected glucose load from the body and detects distur-
bances in glucose metabolism. It is very important to study 
glucose tolerance in obese conditions as being overweight 
can cause hyperglycemia. Figure 4 shows blood glucose 
levels at various time intervals after administration of 
D-glucose (2 g/kg body weight) up to 120 min, and AUC 
is also used to present the values. The blood glucose levels 
were highest at 30 min after administration of intraperi-
toneal glucose and reduced in a time-dependent manner. 
It was found that CLE-treated groups were able to bring 
their blood sugar levels to normal and reach baseline early 
when compared to the HFD group. The change in the AUC 
of glucose levels also indicates the same where the AUC 
of HFD is higher than the SFD and experimental groups. 
Thus, glucose intolerance was observed more in the HFD 
group and treatment with CLE decreased intolerance and 
improved glucose sensitivity. Regulation of fasting and 
postprandial hyperglycemia is crucial for keeping blood 
sugar levels under control because hyperglycemia causes 
insulin resistance and beta cell damage, which is known 
as glucotoxicity (Luquet et al. 2005). The current find-
ings suggest that CLE may provide a suitable therapeu-
tic approach to managing metabolic syndrome as it has a 
protective effect against the onset of obesity-related high 
blood glucose and insulin resistance.

Fig. 3  Changes in serum lipid 
profile of high-fat-fed obese 
mice on coffee leaf extract 
administration. *Data values are 
means ± SD (n = 6). Columns 
not sharing common alphabets 
differ significantly at p < 0.05. 
SFD starch-fed diet, HFD high-
fat diet, PC positive control (orl-
istat; 10 mg/kg body weight), 
CLE1 coffee leaf extract 
(100 mg/kg body weight), CLE2 
coffee leaf extract (200 mg/kg 
body weight)
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Histological changes in liver and adipose tissues

Figure 5a and b displays histological analysis of the liver 
and adipose tissues, respectively. The liver sections from 
the SFD group displayed normal histology, whereas lipid 
droplet (vacuole-like structure) accumulation is seen in 
the HFD group as indicated by the black arrows. The PC 
and experimental groups displayed a reduced number of 
lipid droplets as compared to the HFD group indicating 
that CLE reduces the accumulation of fat in liver cells. 
Inflammation brought on by hepatic fat accumulation 
leads to an imbalance in lipid metabolism and a fatty 
liver, which are linked to metabolic syndrome, insulin 
resistance and obesity (Rohla and Weiss 2014).

The H&E staining of the adipose tissue shows that the 
HFD group contained fat cells that were noticeably larger 
than those of the SFD group as denoted by the black 
arrows. In the PC and experimental group, the adipose 
tissue histology was similar to the control group as they 
had smaller fat cells than those of the HFD group. Exces-
sive adipose tissue is linked to increased fat storage and 
adipose cell hypertrophy, which raises glucose tolerance, 
fasting glucose levels, and lipid profiles, and also acti-
vates several inflammatory markers (Bansal et al. 2012). 
These findings imply that CLE inhibits HFD-induced 
hyper-adiposity, which reduces insulin resistance and a 
persistent low-grade inflammatory state.

Effect of CLE on serum levels of hepatotoxicity 
markers and liver antioxidant enzyme activities

Serum hepatotoxicity markers The SGPT, SGOT, ALP and 
creatinine levels are represented in Table 2. The concentra-
tion of these metabolites was significantly higher in the HFD 
group than in the SFD group, while PC and CLE-treated 
groups showed reduced SGOT, SGPT, ALP and creatinine 
levels up to the values of the SFD group. This indicates that 
there is no damage to the vital organs. Hussain et al. (2021) 
revealed that a polyphenol-enriched complex plant extract 
reduced serum levels of SGOT and SGPT in high-fat diet-
induced obese mice. Similarly, in a study investigating the 
effects of Xylopia parviflora seed and Aframomum citratum 
fruit extract on diet-induced obesity, the levels of plasma 
SGOT, SGPT, ALP and creatinine indicated no liver and 
kidney damage (Nwakiban et al. 2022).

Serum glutamic pyruvic transaminase (SGPT) and serum 
glutamic-oxaloacetic transaminase (SGOT) are primarily 
found in the liver. These enzymes catalyze the transfer of 
amino groups between amino acids and α-keto acids. Alka-
line phosphatase enzyme (ALP) is yet another key liver 
enzyme that acts as a catalyst in important processes for 
the normal functioning of the body. Thus, elevated levels 
of these enzymes in the serum indicate damage to the liver 
tissue. Creatinine is a waste product of creatinine (supplying 
energy to muscles) which is removed from the body by the 

Fig. 4  Effect of coffee leaf extract administration on intraperitoneal 
glucose tolerance test (IPGTT) with area under curve (AUC). *Data 
values are means ± SD (n = 6). Columns/means in the line graph not 
sharing common alphabets differ significantly (p < 0.05). SFD starch-

fed diet, HFD high-fat diet, PC positive control (orlistat; 10  mg/kg 
body weight), CLE1 coffee leaf extract (100  mg/kg bod weight), 
CLE2 coffee leaf extract (200 mg/kg body weight)
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kidneys. Hence, elevated levels of creatinine in the serum 
indicate damage to the kidney.

During obesity condition, there is an increase in hepatic 
fat accumulation, which results in elevated levels of these 
biomarkers, which in turn causes the development of fatty 
liver disease and hepatic inflammation (Rohla and Weiss 
2014). Lipid accumulation in the liver often leads to the 
development of non-alcoholic fatty liver disease (NAFLD) 
which is strongly associated with metabolic syndrome and 
obesity condition. The results from the present investigation 
indicated the elevation of ALP, SGPT, SGOT and creati-
nine biomarkers among the HFD group as a consequence 
of liver and kidney damage condition, whereas treatment 

with CLE ameliorated the progression of liver and kidney 
damage by lowering the mentioned hepatotoxicity markers 
and also improved glucose homeostasis, inflammation and 
hepatic lipid metabolism in comparison with HFD-induced 
obese mice.

Liver antioxidant enzyme activities The activities of anti-
oxidant enzymes like SOD, CAT and GPx are depicted in 
Table 2. A significant decrease in the activities of SOD, 
CAT and GPx was observed in the liver of the HFD group 
in comparison with those of the SFD group. It appears that 
the administration of CLE causes a significant increase in 
the activities of antioxidant enzymes when compared to the 
HFD group. Moreover, the antioxidant activity increased in 

Fig. 5  Influence of coffee leaf 
extract treatment on histol-
ogy of a liver and b adipose 
tissues. *SFD starch-fed diet, 
HFD high-fat diet, PC positive 
control (orlistat; 10 mg/kg 
body weight), CLE1 cof-
fee leaf extract (100 mg/kg 
body weight), CLE2 coffee 
leaf extract (200 mg/kg body 
weight)

(b)

SFD HFD PC

CLE2CLE1

SFD HFD PC

CLE2CLE1

(a)
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a dose-dependent manner in the treated groups. In a parallel 
study conducted by De Oliveira et al. (2015), it was observed 
that a polyphenol-rich Acai seed extract restored the activi-
ties of SOD, CAT and GPx in high-fat diet-induced C57BL6 
mice. Kim et al. (2013) reported a significant increase in the 
activities of SOD and GPx following treatment with Allium 
sativum L. stem extract.

High dietary fat consumption has been linked to several 
diseases, including diabetes, cardiovascular disease and cer-
ebrovascular disease. A common denominator among them 
is oxidative stress which occurs when excessive reactive 
oxygen species (ROS) are formed leading to cell damage. In 
normal conditions, the production of ROS is balanced with 
antioxidants in the body and if there is an imbalance between 
them, oxidative stress will occur. Antioxidant enzymes like 
SOD, CAT and GPx are the body’s endogenous defense 
mechanisms preventing cell damage against free radicals 
and providing a repair mechanism for oxidized membrane 
components (Yadav et al. 2016; Mirończuk-Chodakowska 
et al. 2018).

In our study, high-fat diet caused a marked decrease in 
the SOD, CAT and GPx activities suggesting the depletion 
of the antioxidant system and thus might enhance the oxida-
tive stress markers. Decreased activity of these enzymes in 
obesity conditions can lead to the development of various 
obesity-associated metabolic complications. Administration 
of CLE could effectively boost the activity of the antioxidant 
enzymes compared to HFD-fed group. Improved antioxidant 
defense systems (SOD, CAT and GPx) can help in scav-
enging free radicals generated during hyperlipidemia and 
obese conditions (Alshammari et al. 2017). Consumption of 
antioxidant-rich food helps in improved function of the anti-
oxidant defense system. Therefore, besides the endogenous 
antioxidant defense system, consuming antioxidant-rich 
food is also recommended (Lobo et al. 2010). In our previ-
ous studies, we have reported coffee leaves as an abundant 

source of bioactives with significant antioxidant activity 
(Patil et al. 2022a; Patil and Murthy 2022). The abundance 
of antioxidant components in CLE might be responsible for 
inducing the strong antioxidant defense among CFE groups 
in comparison with the HFD group.

Effect of CLE on hepatic gene expression

We examined the impact of lipid metabolism-related 
enzymes in the liver on gene expression to determine the 
mechanism behind the modifications in the serum and 
hepatic biochemical profile with CLE ingestion (Fig. 6). 
When compared to the SFD group, the expression of the 
lipogenic transcription factors CCAT-enhancer-binding pro-
tein-alpha (CEBP-α) and sterol regulatory element-binding 
protein-1c (SREBP-1c) was considerably upregulated in the 
HFD group. The ACC (Acetyl Coenzyme A Carboxylase) 
and FAS (fatty acid synthase) mRNA expression was lower 
in the CLE-treated groups compared to the HFD group.

Several mechanisms, including hepatic lipid production, 
breakdown and oxidation, control the changes in the liver 
and the lipid contents. The expression of genes involved in 
lipid synthesis is regulated by transcription factors known 
as sterol regulatory element-binding proteins (SREBPs). 
SREBP-1c is a critical regulator of hepatic fatty acid 
production and is primarily expressed in the liver. ACC 
and FAS are two lipogenic enzymes whose expression 
is favorably associated with SREBP-1c (Kohjima et al. 
2008). Overexpression of ACC and FAS in the liver is 
strongly linked with hepatic steatosis. Acetyl CoA, a nec-
essary substrate for the production of fatty acids, is con-
verted into malonyl CoA by ACC in the process of fatty 
acid synthesis. Further, the enzyme FAS uses both acetyl 
CoA and malonyl CoA in the biosynthesis of fatty acids 
(Dorn et al. 2010; Das et al. 2022). CLE treatment dis-
played reduced expression of SREBP-1c, CEBP-α, ACC 

Table 2  Effect of CLE administration on hepatotoxicity markers in the serum and antioxidant enzyme activities in the liver

SFD starch-fed diet, HFD high-fat diet, PC positive control (orlistat; 10 mg/kg body weight), CLE1 coffee leaf extract (100 mg/kg body weight), 
CLE2 coffee leaf extract (200 mg/kg body weight)
*Data values are means ± SD (n = 6). Rows not sharing common alphabets differ significantly at p < 0.05

SFD HFD PC CLE1 CLE2

Serum hepatotoxicity markers
SGPT (U/L) 8.615 ± 0.77c 24.391 ± 1.14a 13.698 ± 1.09b 11.146 ± 1.00bc 9.89 ± 0.80c

SGOT (U/L) 12.056 ± 1.60d 21.176 ± 1.68a 17.921 ± 0.66b 15.685 ± 0.79c 14.387 ± 1.38c

ALP (U/L) 15.925 ± 3.69e 50.856 ± 3.01a 25.077 ± 2.88d 35.913 ± 2.12b 30.125 ± 2.56c

Creatinine (mg/dL) 0.721 ± 0.10c 1.14 ± 0.15a 0.818 ± 0.11c 0.913 ± 0.12b 0.659 ± 0.10d

Liver antioxidant enzyme activities
GPx (unit activity/min/mg protein) 71.721 ± 9.97c 41.011 ± 5.87d 80.013 ± 4.67a 70.179 ± 6.76c 74.376 ± 8.03b

SOD (U/mg of protein) 0.594 ± 0.08c 0.412 ± 0.06d 0.721 ± 0.05ab 0.704 ± 0.02b 0.739 ± 0.07a

Catalase (U/mg of protein) 2.927 ± 0.33b 0.913 ± 0.11c 5.233 ± 0.27a 2.707 ± 0.30b 2.922 ± 0.22b
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and FAS compared to the HFD, thus improving the lipid 
metabolism by suppressing lipogenesis in the liver.

CGA is the major phenolic compound found in coffee 
leaves along with others such as quercetin, p-coumaric 
acid and rutin. The anti-obesity effects of CLE can be 
attributed to these phenolics. Chlorogenic acid has been 
shown to suppress weight gain from high-fat-diet-related 
increase in body weight, visceral fat and hepatic-free fatty 
acids (Santana-Gálvez et al. 2017). A study by Huang 
et al. (2015) suggests that 5-CQA (the most widely stud-
ied CGA) may improve lipid metabolism by modifying 
the mRNA expression of PPAR-α (peroxisome prolifer-
ator-activated receptor α), LXR-α (liver X receptor α) 
and target genes involved in cholesterol synthesis, fatty 
acid synthesis, etc. In another study carried out by Cho 
et al. (2010), CGA improves lipid metabolism proper-
ties and exhibits anti-obesity by increasing the fatty acid 
β-oxidation activity and PPAR-α expression in the liver 
as well as inhibiting fatty acid synthase (FAS). Quercetin 
is yet another major phenolic compound found in coffee 
leaves which is also known to have anti-obesity effects. 
Quercetin was shown to induce activation of AMPK α and 
β1 (adenosine monophosphate-activated protein kinase) 
which increases the inactive ACC by phosphorylating it 
and thus in turn inhibits adipogenesis (Ahn et al. 2008).

However, CLE being a crude extract the anti-obesity 
effects of coffee leaves are not only because of the pheno-
lics but can also be attributed to the alkaloids present in 
them. One such important alkaloid is caffeine. It is known 
to exhibit its anti-obesity effects by preventing oxidative 
stress by inhibiting the free radical formation and directly 
inhibiting lipid peroxide formation (Tellone et al. 2015). 
Trigonelline is the second-most prevalent alkaloid in cof-
fee leaves. The neuroprotective and hypoglycemic proper-
ties of trigonelline are its most well-known effects. Trigo-
nelline has been demonstrated to gradually lower blood 
glucose levels in streptozotocin and HFD-induced type 
2 diabetes mice (Zhou et al. 2013). Since coffee leaves 
are a consortium of bioactive molecules, the anti-obesity 

effect of CLE can be due to the synergistic effect of these 
compounds.

Conclusion

The in vitro enzyme inhibitory assays indicate that cof-
fee leaf extract has considerable α-amylase and lipase, 
inhibiting properties. The coffee leaf extract seems to play 
an important role in maintaining the body weight, lipid 
profile and blood glucose levels in high-fat diet-induced 
obese mice. It was also observed to increase the antioxi-
dant enzyme levels and decrease the hepatotoxicity mark-
ers in vivo, which reduces the chance of obesity caused 
by high-fat diet and the complications that come along 
with it. Additionally, it lowered lipogenesis in the liver by 
reducing the expression of SREBP-1c, CEBP-α, ACC and 
FAS in the treated groups. Therefore, coffee leaf extract 
or products developed from it are anticipated to be poten-
tial anti-obese ingredients in the functional food industry 
along with providing sustainability to the coffee industry.
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Fig. 6  Impact of coffee 
leaf extract on hepatic gene 
expression. *Data values are 
means ± SD (n = 6). Columns 
not sharing common alphabets 
differ significantly at p < 0.05. 
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fat diet, PC positive control (orl-
istat; 10 mg/kg body weight), 
CLE1 coffee leaf extract 
(100 mg/kg body weight), CLE2 
coffee leaf extract (200 mg/kg 
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