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Abstract

Diabetes mellitus (DM) is a major health problem that has reached alarming levels. The valorization of food wastes has become
a priority research line in order to achieve a sustainable food industry. Coffee industry generate large amounts of by-products
that are rich in bioactive phytochemicals. Coffee Silverskin (CS) is a thin tegument of the outer layer of the coffee bean and is
the only by-product of the roasting process. This research was aimed to explore the diabetes-healing effects of CS extract (CSE).
Before secondary screening on animals, phytochemical constituent identification, and antioxidant activity were performed.
Then, streptozotocin-induced hyperglycemia in Wistar albino rats was carried out. Regular observations and different metabolic
parameters were assessed. In vitro results showed that CSE was rich in polyphenols and flavonoids. Current characteristics
of CSE include many principal secondary metabolites on HPLC, mainly caffeine and chlorogenic acid. CSE possesses also
a significant antioxidant activity. Regarding the in vivo activities, CSE shows promising efficacy in reducing blood glucose
level, glycated hemoglobin, total cholesterol, low-density lipoprotein, and hepato-renal biomarkers, and success in elevating
body weight, high-density lipoprotein, and insulin levels. The histopathological reports showed significant improvements
against liver and kidney damages. Analysis of the obtained data indicates the effect of CSE in improving the complications
of diabetes. The overall antidiabetic activity of CSE can be traced to its phytochemical constituents and antioxidant activity.
CSE could be a promising antidiabetic agent, thereby enhancing the high added value of this coffee by-product.

Highlights

o This is the first study exploring the in vivo antidiabetic effects of
CSE 80% ethanolic extract.

o CSE exerts potential antihyperglycemic, hypolipidemic and
antioxidant effects with significant improvement in hepatorenal
function parameters, and evidence of reversal of normal
histoarchitecture of the liver and kidneys.

e Studied CSE has a strong future prospective for isolation of
active antidiabetic principles and elucidation of its mechanisms
of action through which it seems to act.

Statement of Novelty The coffee industry produces large
amounts of waste by-products, which contain valuable bioactive
compounds with antioxidant properties. However, one such
by-product, coffee silverskin, remains relatively understudied
and underutilized. To our knowledge, the mechanism of action of
coffee silverskin bioactive compounds in diabetes is still unknown.
The aim of this study is to obtain novel scientific evidence to
demonstrate the effects of coffee silverskin extract in diabetes.
To achieve this goal, the antidiabetic effects of coffee silverskin
extract were evaluated in vivo. The outcome of these investigations
elucidates potential antihyperglycemic, hypolipidemic,
and antioxidant effects, suggesting that the consumption of coffee
silverskin extract in diabetes is biologically plausible.

Extended author information available on the last page of the article
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Introduction

DM is one of the fastest growing global health emergen-
cies of the twenty-first century affecting more than half a
billion people worldwide [1]. According to World Health
Organization, DM will become the seventh leading cause
of death worldwide in 2030 [2]. The main factors contrib-
uting to morbidity and mortality of diabetes are micro- and
macrovascular complications, including blindness, renal
failure, heart disease, stroke, and amputations [1]. DM
is characterized by chronic hyperglycemia due to insuf-
ficient insulin production caused by loss or dysfunction
of pancreatic islet -cells. This leads to imbalance in the
metabolism of not only carbohydrates but also protein
and lipids [3]. The dysfunction of pancreatic p-cells and
the development of diabetic complications are primarily
linked to hyperglycemia. This condition increases oxida-
tive stress due to changes in the defense mechanisms of
endogenous free radical scavenging. Consequently, there
is inadequate inhibition of reactive oxygen species (ROS),
resulting in tissue damage [4, 5]. A sustained reduction in
hyperglycemia will decrease the risk of developing diabe-
tes complications. The pharmacological drugs used for the
treatment of DM have many shortcomings like side effects
and high rate of secondary failure. On the other hand, plant
derived products have been preferred as natural source of
drugs because they are considered to be safe, less toxic
than synthetic ones and have strong antioxidant activi-
ties [6, 7]. Streptozotocin (STZ) is widely used to induce
experimental diabetes in rats. It is a potent DNA-methyl-
ating agent which acts as a diabetic agent due to its ability
to destroy pancreatic -cells, mainly by the mechanism of
free radicals, hence mimicking the human pathology [4,
8]. Supplementation with non-toxic free radical scavengers
and antioxidants may facilitate the regeneration of p-cells
and protect pancreatic islets against the cytotoxic effects
of STZ [7].

With coffee being one of the most popular beverages
worldwide, it is the second largest traded commodity after
petroleum [9]. As per the data provided by the Interna-
tional Coffee Organization, global coffee consumption is
recorded at 173 million 60 kg bags. Projecting forward,
it is anticipated that coffee production for the period of
2023/2024 will experience a growth of 5.8%. Europe
emerges as the foremost consuming region of coffee,
accounting for 53.7 million bags, succeeded by Asia and
North America with 45.7 million and 30.9 million bags,
respectively [10]. Harvesting and processing coffee beans
generates large amounts of biomass that is typically dis-
charged to the environment causing serious ecological
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problems [11]. Interests in utilizing coffee by-products for
value adding applications have increased in the last years.
This has been motivated by environmental concerns and
also because of their content of noteworthy amounts of
secondary metabolites like phenolics with high potential
for biological properties [12]. Phenolics and flavonoids
of natural sources have preventive roles against several
diseases and demonstrate various biological and pharma-
ceutical properties such as anti-inflammatory, neuroprotec-
tive, antioxidant, and antidiabetic properties [13]. In this
regard, phenolic compounds, consumed as part of the diet,
could be considered as a preventive nutritional strategy
for diminishing the prevalence of chronic diseases [14].
One of the interesting coffee by-products is CS, a thin
tegument of the outer layer of the two beans present in
the coffee cherry. It is generated during the roasting pro-
cess and it is a good source of bioactive compounds like
chlorogenic acid and caffeine that contribute to its high
antioxidant capacity [5]. There have been many studies
that validated the usage of CSE as a novel food [14-17]
and health promoting ingredient to prevent or treat chronic
diseases caused by oxidation and inflammation through its
powerful antioxidant character [13]. Phenolic compounds
from CSE have demonstrated antidiabetic potential that
has been initially associated.

with its capacity to inhibit the enzymatic activity of
a-glucosidase and lipase taking into account in vitro results
[5]. CSE can also be considered as a natural source of vari-
ous inhibitors of in vitro formation of advanced glycation
end products (AGE) acting by different pathways [18].
Moreover, CSE may protect pancreatic tissue in vitro against
oxidative stress induced by STZ, and ameliorate diabetes
symptoms through its antioxidant actions and its ability
to modulate B-cells secretory function [19]. According to
available information, no data has been found regarding the
diabetes-curative properties of CSE. This study was aimed to
provide novel information regarding the in vivo antidiabetic
activity of CSE by evaluating its therapeutic effect on STZ
induced diabetes in Wistar rats.

Material and Methods
Assay Kits, Chemicals and Reagents

All chemicals and solvents used in this study were of ana-
lytical grade. Ethanol absolute and Folin-Ciocalteu’s reagent
were purchased from VWR Chemicals (Fontenay-sous-Bois,
France). Methanol and acetic acid (99-100%) HPLC-grade,
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sodium carbonate (Na,COj;), sodium nitrite (NaNO,), alu-
minium trichloride hexahydrate (AlCl;-6H,0), ferric chloride
(FeCl,), 2-thiobarbituric acid (TBA) and paraffin were sup-
plied by Merck (Darmstadt, Germany). Analytical standards
(gallic acid, catechin, chlorogenic acid, caffeic acid, caffein,
epicatechin, vanillic acid, p-coumaric acid, quercetin dihy-
drate, trans-cinnamic acid), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), streptozotocin (STZ), trichloroacetic acid (TCA),
4-(Chloromethyl) phenyl acetate, hydrogen peroxide solution
(34,5-36,5%), Rat Insulin ELISA kit (SIGMA/RAB0904)
and biochemical parameters kits were all supplied by Sigma-
Aldrich (St. Louis, MO, USA). Rat Hemoglobin Alc assay
kit was purchased from (CrystalChem Inc, USA).

Raw Material

CS was obtained from the roasting of green coffee Robusta
beans (Coffea Canephora) of Ivorian origin (kindly supplied
by AFRICAFE factory, Tlemcen, Algeria). The roasting pro-
cess was carried out at a maximum temperature of 190 °C.
The obtained CS was dried in the shade at room temperature
till constant weight was attained. Prior the extraction, the
samples were grinded in a mill (Moulinex Turbo Blender,
France) and powder was sieved.

Preparation of CSE

The extraction of bioactive compounds from CS was per-
formed according to Wen et al. [20] with slight modifica-
tions. Briefly, the powder was mixed with ethanol-water
(80/20, v/v), at a fixed solid/liquid ratio of 1:20 (w/v).
An ultrasonic generator (VCX 500/VCX 750, SONICS
VIBRA CELL, USA) was employed for UAE, and 2 cm of
the probe (20 kHz) was immersed in the mixture. The mix-
ture was sonicated for 10 min at the ultrasound amplitude
level of 20% (5 W/cm? ultrasound intensity). Then, sam-
ples were covered and kept under magnetic stirring (300
rpm) at room temperature for 48 h. After the extraction,
the samples were filtered by Whatman paper and the fil-
trate was evaporated (40°C, 200 rpm) using rotary vacuum
evaporator (Basis Hei-VAP Value, Heidolph, Germany).

Total Phenolic Content Determination

Total phenolics (TP) were determined by the Folin—Ciocal-
teu colorimetric method according to Singleton et al. [21].
The absorbance was measured using a spectrophotometric
microplate reader (ELx800, BioTek, USA) at 750 nm. A
calibration curve (1) (r*=0,9992) was constructed using
standard solutions of gallic acid (0-0.5 mg/mL), and the

results were expressed as mg of gallic acid equivalents per
gram of the dry CS material (mg GAE/g).

y = 0.002x + 0.018 (1)

Total Flavonoid Content Determination

Total flavonoids (TF) were quantified according to the alu-
minum chloride protocol described by Zhishen et al. [22].
The absorbance was read at 510 nm. The total flavonoid con-
tent was calculated with a calibration curve (2) (r>=0.9998)
of catechin (0-0.05 mg/L), and the results were expressed as
mg of catechin equivalents per gram of the dry CS sample
(mg CAE/g).

y = 0.0034x + 0, 0005 (2)

Diphenyl PicrylhyDrazyl Radical Scavenging Assay

The ability of the extract to scavenge the radical 2,2-diphenyl-
1-picrylhydrazyl (DPPH) was investigated spectrophotometri-
cally according to the method proposed by Gulgin et al. [23].
The extract was tested at different concentrations (10-1000
pg/mL). On the other hand, a negative control was prepared
from the DPPH solution. The DPPH disappearance was meas-
ured spectrophotometrically at 515 nm and the percentage of
radical inhibition was calculated following the formula (3):

%I = [(A control — A sample)/A control| X 100 3)

where A control and A sample represent the absorbance
obtained without and with antioxidants respectively. The
scavenging activity was expressed as the IC50 value (pg/
mL), which is the concentration of the extract necessary to
cause 50% of DPPH inhibition. The IC50 value was obtained
by interpolation from the linear regression analysis. Ascor-
bic acid was used as the reference antioxidant (10-100 pg/
mL).

Ferric Reducing Power Activity

Ferric reducing power activity (FRAP) of CSE was quanti-
fied according to the method of Oyaizu [24]. The absorbance
was measured at 700 nm using water as blank. The control
was prepared by replacing water with plant extract at dif-
ferent concentrations (10—1000 pg/mL). Ascorbic acid was
used as a standard (10-100 pg/mL) and reducing power was
expressed as EC50 (pg/mL) value which is the concentration
effective in producing 50% of ferric reducing activity. The
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EC50 value was obtained by interpolation from the linear
regression analysis.

Bioactive Compound Identification By HPLC-UV/VIS

A known amount of CSE was dissolved in 5 mL of HPLC-
grade methanol, sonicated for 10 min, and an aliquot of the
solution was filtered using a 0.2 pm syringeless filter and
then injected into the HPLC system. The quantitation of the
bioactive compounds was performed by following developed
procedure. Briefly, the analytical study was carried out by
using a Perkin Elmar Flexar high performance liquid chro-
matography (USA). An ODS Hypersil (USA) C18 reverse
phase column (150 mm x 4.6 mm), particle size 5 uL was
used for analyte separation. The mobile phase was a mix-
ture of acidified water (5% acetic acid) (A) and methanol
(B). The elution was performed in gradient mode as fol-
lows: 0 min: 95% A—5% B, 20 min: 5% A—95% B. The
injection volume was 20 uL, total flow 1 mL/min and detec-
tion wavelength 254 nm. Individual stock solutions of each
analyte (caffein, chlorogenic acid, caffeic acid, gallic acid,
trans-cinnamic acid, p-coumaric acid, vanillic acid, catechin,
epicatechin, quercetin dihydrate), were prepared by dissolv-
ing pure standard compounds in HPLC-grade methanol and
used as standard solutions for the quantification of phenolic
compounds.

Ethics Statement

The care and use of animals, and the experimental protocol
were in accordance with the ethical principles and institu-
tional guidelines of the ethical committee of Tlemcen Uni-
versity (No. 165-2019).

Animals

Twenty-four Wistar rats obtained from Pasteur Institute
(Algiers, Algeria) were used in this study. Rats were housed
in a climate-controlled room (temperature, 24 +2 °C; humid-
ity, 55+ 5%; 12 h/12 h dark/light cycle) with free access to
food and water. After one week of acclimatization, and when
their weight reached 220-250 g, the experiment was started.

Induction of DM

After an overnight fasting, diabetes was induced in the rats
by a single intraperitoneal injection of STZ (45 mg/kg b.w.)
freshly prepared in citrate buffer (0.1 M, pH 4.5) [25]. The
normal control rats received citrate buffer. STZ-injected ani-
mals were given 10% glucose solution for 24 h to prevent
initial drug-induced hypoglycemic mortality. Development

@ Springer

of DM in the rats was confirmed by testing fasting blood
glucose (FBQ), after 72 h of STZ injection. The rats with
FBG higher than 250 mg/dL were considered diabetic.

Experimental Design
The rats were divided into 4 groups of 6 rats each:

Group 1: Normal control rats (NC)

Group 2: Diabetic control rats (DC)

Group 3: Diabetic rats treated with CSE (100 mg/kg b.w.)
by gavage for a period of 28 days (LD)

Group 4: Diabetic rats treated with CSE (250 mg/kg b.w.)
by gavage for a period of 28 days (HD)

Animal Monitoring

During the experimental period, FBG levels of rats were meas-
ured weekly by puncture in the tail using a blood glucose meter
(One Touch Ultra, Lifescan Inc., USA). Net feed intake of indi-
vidual rat was calculated on daily basis by excluding left-over
and collected spilled diet during the entire period to deter-
mine the effect of individual experimental treatment. Water
was provided with the help of graduated drinking bottles and
its consumption was also measured on daily basis. Changes in
body weight of individual rat in each group were estimated on
weekly basis using electronic weighing balance. All animals
tested their urine output by keeping them in their metabolic
cage 24 h a day to collect urine excretion.

Animal Sacrifice and Estimation of Biochemical
Parameters

Upon completion of the experiments, the animals were eutha-
nized under ketamine (100 mg/kg) and blood samples were
obtained via cardiac puncture. Blood samples were centri-
fuged (2-16P, SIGMA, Germany) at (4000 rpm, 20°C, 10
min). Insulin levels (INS) were estimated in serum. Glycated
hemoglobin levels (HbA1c) were quantified in whole blood.
Biochemical parameters including urea (U), uric acid (UA),
creatinine (CRE), total cholesterol (TC), triglycerides (TG),
high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C) were measured using col-
orimetric enzymatic kits. Plasma alkaline phosphate (ALP),
alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) activities were quantified using enzymatic
colorimetric kits. Glomerular filtration rate (GFR) was esti-
mated according to the equation developed and validated by
Besseling et al. [26] based on measurement of body weight,
plasma creatinine, and plasma urea. Pancreas were collected
and quickly washed with ice-cold saline. An aliquot from
pancreatic tissue was homogenized with an Ultra-Turrax
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homogenizer (Bioblock Scientifc, Illkirch, France) in 10 vol-
umes of ice-cold phosphate-buffered saline (pH 7.4). After
centrifugation (9000 rpm, 4 °C,15 min), the supernatant frac-
tions were collected and used for assessment of malondial-
dehyde (MDA) level and catalase enzyme activity (CAT).

Estimation of Oxidative Stress Parameters

Serum peroxynitrite levels were determined according to
Gheddouchi et al. [27]. This method is based on peroxynitrite
induced nitration of phenol. The serum paraoxonase activity
(PONT1) was determined as described by Kuo and La Du [28]
employing phenyl acetate as the enzyme substrate (EC 3.1.8.1).

Pancreatic MDA was estimated by specific methods using
TBA. Pancreatic CAT activity (EC 1.11.1.6) was measured by
spectrophotometric monitoring the rate of hydrogen peroxide
(H,0,, 35 mM) decomposition at 240 nm by catalase enzyme.

Histological Study

The histopathological examination of liver and kidney
samples from each group was carried out to assess the
architecture of the cells. Liver and kidney tissues were
immediately fixed in 10% buffered neutral formalin solution.
After 48 h, dehydration—-rehydration processes were
performed to fix the samples and the tissues were placed
in a paraffin block. Tissue sections were prepared using a
microtome device, and then the slides were stained with
Harris-Eosin hematoxylin staining (H&E) technique. Each
slide was then examined using a light microscope at different
magnifications [29].

Statistical Analysis

All in vitro experiments were carried out in triplicates
(n=3). Values presents mean + standard deviation (SD). For
the in vivo study, the normality of data distribution was veri-
fied using the Shapiro—Wilk test. Variables did not follow a
normal distribution. Thus, the Kruskal-Wallis test with the
post-hoc (Dunn's test) of multiple comparisons with Bonfer-
roni adjustment was used to compare more than two group
calculations. Averages indicated by different letters (a, b, c,
d) are significantly different (P <0.05). All data were ana-
lyzed using R software (version 4.3.0).

Results and Discussion

Polyphenolic Content and Antioxidant Activity
of CSE

Extraction is a crucial step in the recovery of molecules
from by-products. Various factors significantly impact the

extraction of bioactive compounds from natural sources.
Different extraction methods and conditions have been
described to recover polyphenolic and antioxidant com-
pounds from CS. Robusta CS typically contains more total
phenolics and antioxidant capacity compared to Arabica
CS. Optimizing the extraction of compounds relies heavily
on the solvent type. Generally, solvent mixtures are found
to perform better extraction yields than aqueous extracts.
Ethanol and water are considered the most effective solvents
for extracting total phenolics from CS [30, 31]. In order to
recover maximum bioactive compounds from CS, ethanol
was chosen for its superior extraction properties and non-
toxic nature and an emerging extraction technique was per-
formed (UAE). The CSE contained 47,57 mg GAE/g and
12,05 mg CAE/g of TP and TF respectively. These amounts
were found to be higher than those reported in previous stud-
ies that employed other extraction methods, such as con-
ventional solid-liquid extraction [32], pulsed electric field
assisted extraction [33], and mild hydrothermal pretreatment
[12]. The application of UAE showed a significantly higher
recovery of phenolic compounds [20].

In present study, DPPH and FRAP assays were performed
in order to evaluate antioxidant capacity of the CSE. It is
important to use assays using different mechanisms of
action to take in consideration the composition of extracts
which act through various mechanisms like the prevention
of chain initiation, binding of transition metal ion catalysts,
decomposition of peroxides, prevention of continued
hydrogen abstraction, reductive capacity and radical
scavenging [34]. The in vitro antioxidant activity of CSE
was evaluated as 199,5 ug/mL IC50 and 281,25 ug/mL EC50
for the DPPH and FRAP assays respectively. These findings
are consistent with earlier studies [20, 30, 32, 35] which
demonstrated that CS extracts possess significant antioxidant
activity. The DPPH scavenging effects and ferric reducing
power of CSE suggest its ability to serve as an electron
donor, thus preventing oxidative damage.

Bioactive Compound Identification

The HPLC chromatogram of CSE is shown in Fig. 1.

Table 1 reports the presence of 23 compounds, of which
10 have been identified based on their retention times (RT)
corresponding to the standards. Caffein represents the
major peak (42%). Several phenolic acids are present in
CSE (15%) mainly chlorogenic acid among others (gallic
acid, caffeic acid, trans-cinnamic acid, p-coumaric acid,
vanillic acid). CSE contains also flavonoids (8%) such
as catechin, epicatechin and quercetin dihydrate. These
findings provide evidence that CSE is abundant in bioactive
molecules, aligning with previous investigations [35, 36].
The biological activities of CS depend heavily on its
phytochemical content.

@ Springer



5224

Waste and Biomass Valorization (2024) 15:5219-5234

Fig. 1 HPLC Chromatogram of
the CSE at 254 nm. (1): gallic
Acid, (2): catechin, (3): chloro-
genic acid, (4): caffeic acid, (5):
caffein, (6): epicatechin, (7):
vanillic acid, (8): p-coumaric
acid, (9): quercetin dihydrate,
(10): trans-cinnamic acid

4

9
10

Table 1 Peak Reports HPLC Analysis of CSE

RT (min) Component Name Area Height

1.984 nd 939,381 64,310
2.302 gallic acid 1281,787 49,698
2.971 nd 1184,965 37,977
4.010 nd 1009,075 76,573
4.304 nd 1064,486 59,357
5.236 catechin 688,084 56,271
6.453 nd 1449,042 94,304
6.975 chlorogenic acid 3078,382 145,356
7.531 caffeic acid 1199,650 55,933
8,044 caffein 40311,866 2545,216
8.650 nd 2867,960 136,955
8.982 nd 983,407 82,792
9.319 epicatechin 2341,840 105,054
10.229 vanillic acid 788,903 63,391
10.825 nd 2935,825 145,656
11.130 p-coumaric acid 1752,143 122,014
12.021 nd 5224,002 149,171
12.237 nd 6451,906 235,615
13.236 nd 2751,575 148,562
13.474 nd 3943,218 147,790
14.137 nd 2564,025 128,852
14.367 quercetin dihydrate 4546,064 137,237
15.998 trans-cinnamic acid 6094,670 85,196

Nd: non determined

In Vivo Antidiabetic Effects of CSE

The complexity involved in the pathogenesis of DM and
the persistent occurrence of associated complications have
compelled rigorous search for effective therapies beyond the
conventional antidiabetic agents. This pursuit of effective
treatments for diabetes and its complications has become a
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pressing priority [37]. Coffee by-products may be sustain-
able sources of bioactive compounds with health-promoting
and therapeutic properties [31]. STZ-induced hyperglycemia
is a widely applied experimental diabetic model because of
the ability of STZ to selectively target and destroy insulin-
producing pancreatic islet f-cells [25]. The bioactive com-
pounds present in CSE affect several pathways involved in
the pathogenesis of DM, thereby reducing the risk of this
disease [13]. Therefore, to achieve a thorough comprehen-
sion of the interplay among different body systems, this
study was conducted to explore the glucose-lowering, insu-
linotropic, hepato-renal protective, and antioxidant effects
of CSE in STZ-induced diabetic rats.

Effects of CSE on Body Weight

The body weight changes of experimental groups on days 1,
7,14, 21, and 28 of the treatment are shown in Fig. 2. There
was significant loss in bodyweight in DC group compared
to NC. Experimental animals under treatment gained body-
weight compared to DC. There was no significant difference
between treated groups (LD and HD) and NC. Both doses of
CSE prevented the bodyweight loss caused by DM. These
findings are in accordance with previous study [37].

Body mass is a reliable metric for assessing efficient
metabolic homeostasis and good health. The differences in
body weight between groups before induction of diabetes
were not significant. The reduction in body mass observed
in diabetic rats can be attributed to insulin deficiency, lead-
ing to the catabolism of fat and protein [38]. CSE exhibited
a positive impact on body mass and restored the balance
between catabolism and anabolism, potentially by facili-
tating the breakdown of alternative fat stores and tissue
proteins, thereby generating energy to counterbalance the
decline in body mass. This mechanism aids in regulating
the hyperglycemic condition and the energy consumption in
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Fig. 2 Effects of CSE on body-

weight. Values are mean+ SD 350.00
of six rats/ treatment. Data 300.00
were tested by Kruskal-Wallis, '
followed by Dunn’s post hoc = 250.00 b
comparison test for significance. =
Values with different superscript g 200.00
letters (a, b, c, d) are signifi- ; 150.00
cantly different at P <0.05 ‘E,_ '
S 100.00
50.00
0.00

diabetic rats. Martinez-Saez et al. [39] indicated that CSE
is potentially of interest in body weight control and preven-
tion of diabetes and described a novel antioxidant beverage
based on CS with positive physiological effects due to the
active concentrations and bioaccessibility of caffeine and
chlorogenic acid.

Effects of CSE on Polyphagia, Polydipsia, Polyuria

All the metabolic symptoms are shown in Table 2.

DC group showed a growing interest in taking food as
compared to NC. CSE treatment, succeeded in outcome
regular food intake of rats to normal.

DC group animals were more prone to drink water than
NC. No significant difference was observed between treated
groups (LD and HD) and NC. CSE treatment was effective
in restructuring water intake of diabetic rats.

DC group showed a significant increase in urine output
compared to NC. Amongst treatment, both CSE doses mini-
mized high urine output. CSE treatment was able to restore
polyuria symptoms of DM.

Polyphagia, polydipsia, polyuria are established meta-
bolic signs and symptoms of DM. This study demonstrated
these with increased food, urine output, and water intake

Table 2 Effects of CSE on Polyphagia, Polydipsia, Polyuria

b

W b ab ab ab ab

| b
1 7 14 21

Duration (days)

ab g

28

NC mDC LD ®HD

in the DC group. In addition, there were improvements in
intake of food, thirst, and urine output in animals under
CSE treatment compared to DC group. These findings are
in accordance with previous research [40].

In DM, the fine regulation of blood glucose within
physiological limits is usually compromised, resulting
in hyperglycemia, and its accompanying polyphagia,
polydipsia and polyuria. Usually, therapeutic efforts are
targeted at restoring blood glucose control, thus dampening
hyperglycemia [41]. In this 4-week study, CSE decreased
all 3 classical symptoms (polyphagia, polydipsia and
polyuria) of DM which were monitored weekly throughout
the duration of intervention. This may be attributable to the
decreased blood glucose which was observed in the CSE
treated rats.

Effects of CSE on FBG, INS and HbA1c

The FBG level change of experimental groups on day 1,
7, 14, 21, and 28 of the treatment are shown in Fig. 3. DC
group demonstrated a noteworthy increase in FBG level
compared to NC. Both doses showed downfall of FBG level
after 7 days of administration. By the end of the experiment,
CSE treated groups had restored the elevated FBG levels in
a dose-dependent manner in LD and HD group.

NC DC LD HD
Polyphagia (g/day) 35,20+2,16° 49,03 +9,50° 40,13 +4,71% 38,40+4,81%
Polydipsia (mL/day) 48,54 +1,59° 123,22 +37,65° 101,55 +28,99% 92,37 +22,62%°
Polyuria (mL/day) 14,9 +1,90° 43,58 +15,56° 31,54 +11,35%® 24,70 +12,04%

Values are mean + SD of six rats/treatment during the 28 days of experience. Data were tested by Kruskal-Wallis, followed by Dunn’s post hoc
comparison test for significance. Values with different superscript letters (a, b, ¢, d) are significantly different at P <0.05
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Fig.3 Effects of CSE on FBG.
Values are mean + SD of six
rats/ treatment. Data were tested
by Kruskal-Wallis, followed by
Dunn’s post hoc comparison test
for significance. Values with
different superscript letters (a, b,
¢, d) are significantly different
at P<0.05

400.00

350.00

300.00

250.00

200.00

FBG (mg/dL)

150.00
100.00
50.00

0.00

INS levels of experimental groups are shown in Fig. 4.
The INS level in DC group was notably reduced compared
to NC. Conversely, INS was significantly increased in the
CSE treated diabetic rats, especially HD group that showed
no significant difference with the NC group.

HbA ¢ levels of experimental groups are shown in Fig. 5.
HbA 1c levels were considerably increased in the DC group
compared to the NC group. The administration of CSE sig-
nificantly reduced HbAlc levels in the LD and HD group,
as compared to the DC group. STZ administration to rats
showed an increase in FBG and HbA 1c levels and a decrease
in the INS levels. Antihyperglycemic potency of CSE in
treated rats has been indicated by improvement of FBG, INS
and HbA 1c levels. These results are in accordance with pre-
vious studies [4, 40, 42].

STZ is one of the main diabetogenic agents that exhibit spe-
cific toxicity to pancreatic -cells mainly by DNA alkylation

ab

INS (1U/mL)

NC DC LD HD

Fig.4 Effects of CSE on INS. Data are expressed as mean+SD of
six rats/treatment. Data were tested by Kruskal-Wallis, followed by
Dunn’s post hoc comparison test for significance. Values with differ-
ent superscript letters (a, b, ¢, d) are significantly different at P <0.05
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and free radical generation. These cellular events cause pan-
creatic p-cell necrosis followed by decreased insulin secretion
and action as well as a hyperglycemia episode. In the light
of this, the restoration of impaired pancreatic p-cells just as
pancreato-protection is indispensable for effective treatment
of diabetes [37]. Based on the findings of the current study,
it was observed that CSE exhibited a dose-dependent effect
in the recovery of impaired pancreatic -cells, subsequently
leading to the restoration of insulin secretion. These effects
resulted in a reduction in hyperglycemia in the treated rats.
FBG level is a vital indicator of diabetes status. CSE
seems to contribute through complementary mechanisms
of action, including interactions with intestinal sugar
transporters, hormones, and signaling pathways that
affect glucose metabolism, particularly AMPK [43]. The
bioactive compounds of CSE may have the potential to
enhance glucose uptake and improve glucose tolerance,
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Fig.5 Effects of CSE on HbAlc. Data are expressed as mean+ SD of
six rats/treatment. Data were tested by Kruskal-Wallis, followed by
Dunn’s post hoc comparison test for significance. Values with differ-
ent superscript letters (a, b, ¢, d) are significantly different at P <0.05
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modify insulin sensitivity, and influence glucose-dependent
insulin secretion [4, 44]. In fact, caffein and chlorogenic acid
present in CSE and their metabolites demonstrated a chemo-
protective effect against the risk of diabetes in pancreatic
tissue thus, enhancing insulin sensitivity and secretion [19].
Furthermore, Peixoto et al. [45] related the antidiabetic effect
of CSE to significant inhibitions of [1,2-3H(N)]-deoxy-D-
glucose and 14C-D-fructose uptake, which resulted mainly
from a decrease on the facilitative glucose transporter 2
(GLUT?2) and sodium-glucose linked transporter 1 (SGLT1)
genes expression. The observed increase in insulin secretion
in the CSE treated rats may be attributed to the stimulation
of Langerhans islet regeneration likely due to the presence
of insulin-like substances [4].

The particular aim of achieving glycemic control is
to attain a normal range of HbAlc, as maintaining good
glycemic control is crucial in reducing the risk of long-term
microvascular diabetic complications [46]. In the context
of this study, improvements in HbAlc levels in the CSE
treated rats compared to DC were observed. This effect
may be due to the inhibition of the secretion and activity of
hydrolytic enzymes such as a-glycosidase leading to slowed
release of glucose [44]. Furthermore, it is plausible that CSE
facilitates erythropoiesis while promoting apoptosis of aged
red blood cells containing higher levels of HbAlc than their
younger counterparts, which contributes to reducing the
concentration of glycated hemoglobin [37].

Effects of CSE on Biochemical Markers

Biochemical parameters of experimental groups are shown
in Table 3.

Effects of CSE on Lipid Profile

Lipid profile of DC group was significantly altered compared
to NC. There was a marked fall in the DC group's HDL, as
well as elevated TC, TG, and LDL. CSE treatment restruc-
tured the fall of HDL to the normal range and reduced TC,
TG and LDL in a concentration-dependent manner (Table 3).
These finding are in accordance with previous study [3].

Dyslipidemia emerges as a prominent risk factor for
cardiovascular disease in DM. Lipid metabolism is mainly
coordinated by the liver, which actively metabolizes fatty
acids as fuel and continuously produces very low-density
lipoprotein cholesterol particles to provide a constant sup-
ply of fatty acids to peripheral tissues [47]. Hypercholester-
olemia is the most commonly observed lipid abnormality
in DM. The cholesterol levels were increased in DC due to
increased cholesterogenesis, impaired cholesterol absorp-
tion and increased lipolysis process. Moreover, insulin defi-
ciency leads to an increased flux of fatty acids to the liver
which increases cholesterol production [3]. The outcomes
of this study show that CSE reduced hypercholesterolemia
in treated rats, which could be due to its antihyperlipidemic
effect via enhanced insulin secretion.

Hypertriglyceridemia is one of the leading causes of
other lipid abnormalities that leads to delayed clearance of
the TG-rich lipoproteins and the formation of small dense
LDL. Insulin deficiency results in the inactivation of the
enzyme lipoprotein lipase (LPL) responsible for hydrolysis
of TG, thereby causing hypertriglyceridemia [48]. In the
present study, CSE treatment led to decreased TG levels,
which may be due to increased insulin secretion as a result
of increased LPL activity.

Table 3 Effects of CSE on

! , NC DC LD HD
Biochemical Parameters

TC (mg/dL) 68.98+1.07¢ 109.94 +4.74* 85.48 +1.01% 73.18 + 1.49%®
TG (mg/dL) 95.21+3.12¢ 170.74 +5.85% 145.80+3.36% 132.40+3.32%
HDL-C (mg/dL) 24.39+1.38% 18.98+1.79* 23.30+1.61%° 29.79+3.71°
LDL-C (mg/dL) 44.58 +1.26 90.96 +3.15* 62.18+1.18% 43.39+2.81°
AST (U/L) 38.33+5.00° 94.85+4.21* 67.31+£3.37% 64.97 +12.72%°
ALT (U/L) 24.50+2.36° 91.43+6.88% 53.17 +3.26% 53.62+4.27%®
ALP (U/L) 105.52 +24.59° 590.55+46.63" 140.60 +£43.01% 100.13+3.54°
U (mg/dL) 29.50+1.87¢ 106.17 £7.14* 80.50+1.87% 67.17+1.47%
CRE (mg/dL) 0.90+0.03¢ 1.61+0.14 1.3140.02% 1.07 +0.07%
UA (mg/dL) 7.58+0.07%° 9.27+0.11° 7.48+0.14° 7.47+0.15°
eGFR (uL/min) 800.93 +29.29¢ 173.98 +23.52¢ 326.22+78.84% 394.97 +39.53%

Values are presented as means =+ SD. All measurements were taken at the end of the experimental period
(day 28). Data were tested by Kruskal-Wallis, followed by Dunn’s post hoc comparison test for signifi-
cance. Values with different superscript letters (a, b, c, d) are significantly different at P <0.05
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HDL-C participates in the efflux of excess cholesterol
from peripheral cells as well as in reverse cholesterol trans-
port from these cells to the liver [49]. HDL-C also protects
against atherosclerosis by inhibiting cytokine-induced
expression of endothelial cell adhesion molecules. Dur-
ing DM, altered HDL composition results in diminished
ability to promote reverse cholesterol transport. Impaired
cholesterol efflux from peripheral cells is mainly related to
increase TG and decreased cholesterol content in HDL [50].
The results revealed that CSE treatment increased the level
of HDL-C in the treated rats, which suggests that CSE may
play pivotal roles in regulating reverse cholesterol transport
via enhanced insulin secretion.

Glycosylation-induced elevation of LDL-C exhibits
the capacity to generate lipid peroxides, which have been
specifically implicated in the development of atherosclerosis
in individuals with DM [51]. Hypercholesterolemia
observed in STZ-induced diabetic rats is attributed to
increased intestinal absorption and synthesis of cholesterol.
Lipoproteins from diabetic rats are oxidized and demonstrate
cytotoxicity, a feature which can be prevented by insulin
or antioxidant treatment [52]. Oral administration of CSE
normalized LDL-C levels, possibly by controlling the
hydrolysis of certain lipoproteins and their selective uptake
and metabolism via enhanced insulin secretion.

Several studies associated the beneficial effects of
coffee to its bioactive compounds, which are also present
in CS, and different mechanisms have been proposed
by which they regulate lipid metabolism, including
modulation of cell signaling, inhibition of pancreatic
lipase, regulation of hepatic lipid metabolism related
enzymes, reduction in hepatic fat accumulation in the rat
model and suppressing genes involved in adipogenesis
in visceral adipose tissue [53-55]. The lyporegulatory
character of CSE could be explained through pancreatic
lipase inhibition, a key enzyme for fat digestion [44].
In fact, using an adipocyte cell line, Rebollo-Hernanz
et al. [56] demonstrated that CSE was able to inhibit cell
differentiation, increase adipocyte lipid metabolism and
induce lipolysis through the regulation of lipases. These
effects seem to occur mainly through inactivation of
ERK, JNK, and NF-kB signaling pathways. Furthermore,
a CSE-based beverage has showed the ability to reduce
fat accumulation through physiologically active doses of
bioactive compounds [39]. The outcomes of this study
provide support for these in vitro results on the animal
model.

Hepato-Renal Function Effects of CSE
As regards the kidney and liver function biomarkers,

CRE, U, UA, AST, ALT, and ALP of the DC group were
significantly higher than NC. GFR was significantly lower

@ Springer

in DC group compared to NC. Treated groups (LD and
HD) showed considerably lowered hepatorenal function
parameters as well as restored GFR (Table 3).

The liver and kidney are the crucial organs in the
body involved in almost all biochemical pathways such
as regulating homeostasis. DM has increasingly been
associated with hepato-renal malfunction [57]. The liver
plays a pivotal role in numerous metabolic processes
within the body, encompassing lipid and carbohydrate
metabolism. Additionally, it serves as a key regulator
of glucose homeostasis and insulin clearance. Increased
concentrations of liver function enzymes including AST,
ALT, and ALP are benchmarks of hepatic injury and
strongly correlate with the development of hepatic insulin
resistance [58, 59]. ALT and AST have also been linked
with the reaction of amino acids to keto acids, which results
in diabetic ketoacidosis, a serious complication of diabetes
[60, 61]. As shown, the enhanced levels of AST, ALT and
ALP in the DC group were related to hepatic dysfunction,
such as cell necrosis of many tissues, and may be due the
leakage of these enzymes and loss of functional integrity
of cell membrane in liver [57]. The results from this study
indicated that CSE treatment considerably reduced the
liver function enzymes levels towards normal levels. This
is in accordance with preceding investigation [62]. The
significant decrease in the level of the liver parameters may
be an indication that CSE is a safe extract [16, 17] and
could be used to exert a protective effect to thwart the liver
damage caused by DM.

CRE and U are nitrogenous end products of metabolism
which reflect GFR [38]. UA is a metabolite of purine
metabolism, and a marker of kidney deterioration [60]. A
significant increase in the mean values of U, CRE and UA
concentrations in DC when compared to the NC group was
found in the current study, suggesting renal dysfunction
and metabolic disturbance induced by STZ diabetes. This
increase could be related to the reduced GFR induced by the
impact of hypertension on renal function. This reduction in
renal blood flow arises from an escalation in renal vascular
resistance. Consequently, the diminished renal blood flow
leads to a decline in GFR, resulting in a decrease in the
rate of distal tubular flow. Subsequently, this decrease in
flow rate may contribute to an elevation in U reabsorption
while reducing its secretion, thus explaining the elevated
levels of U in the bloodstream. Additionally, the increase
in CRE concentration may be linked to a decrease in its
clearance owing to the decline in GFR [40]. Administration
of CSE significantly reduced these three metabolite
levels and promoted GFR, suggesting that the bioactive
compounds contained in the extract possess antioxidant
nephroprotective activities with deliberating protection
against deterioration due to DM. Previous research also
expressed these results [63].
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Most of the complications of DM are associated with
AGE. In this sense, the search for natural sources of
inhibitors of the formation of AGE represents a scientific
challenge [13]. A study by Fernandez-Gomez et al. [18]
showed that CSE can be considered as a natural source
of various inhibitors of in vitro formation of AGE acting
by different pathways thus, preventing DM complications
including diabetic nephropathy.

Effects of CSE on Redox Status

Table 4 shows serum and pancreatic oxidative stress
markers in experimental rats. Serum peroxynitrite levels
were significantly increased in the DC group compared to
NC. The PONI1 activity were remarkably reduced in DC as
compared to the NC group. Following CSE treatment in
LD and HD groups, a significant decrease in peroxynitrite
levels was observed. The PON1 activity was substantially
induced.

Pancreatic CAT levels were reduced in the DC group
compared to NC whereas MDA were increased. Both CSE
doses increased CAT activity of treated groups to normal
range and restored MDA levels.

The impairment of pancreatic 3-cells is one of the primary
pathophysiological processes involved in the onset and
progression of diabetes. Persistent and chronic hyperglycemia
results in an unending urge for insulin release. This promotes
and instigates the activation of several oxidative stress
signaling pathways that causes the over-production of ROS.
Increased levels of free radicals along with the failure of the
endogenous antioxidant systems generally cause cellular
dysfunction and death [4, 43, 64]. STZ usually targets
pancreatic p-cells, causing oxidative damage, which results
in low insulin secretion [41]. Degeneration of pancreatic islets
as a result of oxidative stress, negatively affects circulating
insulin level and results in persistent hyperglycemia. To
examine the effect of CSE on oxidant/antioxidant status in the
pancreas, the activity of CAT, an antioxidant enzyme along
with MDA, an oxidative stress indicator were assessed. Serum
peroxynitrite levels, a biomarker of oxidative stress, and
PONI activity, an antioxidant enzyme, were also measured

in order to evaluate the systemic redox status under diabetic
and treated conditions.

The elevated levels of peroxynitrite in the DC group
and the decreased activity of PON1 indicate a high level of
oxidative stress as well as a decrease in enzymatic antioxidant
defense under diabetic conditions. Conversely, CSE
restored oxidant status by reducing peroxynitrite levels and
enhanced antioxidant defense system by modulation PON1
activity. These results are in line with previous findings [65,
66]. Phytochemicals from coffee by-products are strongly
associated with biomarkers of inflammation, oxidative stress,
adipogenesis, and insulin resistance. An in vitro study [67]
reported that chlorogenic acid and caffeine present in coffee
by-products extracts effectively reduced inflammatory markers
and ROS production.

Pancreatic MDA levels were increased, while CAT
activity was significantly reduced in DC group compared to
NC. CSE ameliorated the oxidant/antioxidant status of the
treated rats by reducing pro-oxidant markers and increasing
antioxidant defense. Consistent with our findings, a previous
study [41] reported improved pancreatic antioxidant
status, decreased inflammation and apoptosis, and -cells
protection.

The outcome of this investigation on pancreatic oxidative
stress indices suggests that CSE displayed significant and
robust antioxidant effects, by upregulating the activities of
enzymatic defense systems of the treated diabetic rats while
simultaneously reducing ROS production. These results
corroborated well with the results on the DPPH and FRAP
scavenging assays obtained earlier.

The antioxidant capacity of CS is related to the presence
of natural constituents like chlorogenic acid and caffeine,
and compounds formed during coffee roasting (melanoidins)
[68, 69]. CSE showed enhanced antioxidant defense in
B-cells against oxidative damage [44] causing reduction of
oxidative stress and protein damage in diabetic pancreas
[19] and protecting against oxidative DNA damage [14].
Moreover, an in vitro study showed that extracts from
coffee by-products modulated the phosphorylation of
insulin receptor signaling pathway and stimulated GLUT-4
translocation, increasing glucose uptake [56].

Table 4. Effects of CSE on NC DC LD HD

Systemic and Pancreatic

Oxidative Stress Markers Peroxynitrite (umol/L) 4.02+0.52° 12.56+0.38* 5.02+0.2% 478+0.18"
PON1 (U/L) 910+80° 450+ 50° 750 + 140% 960 +50°
MDA (nmol/g) 1.87+0.31° 6.38+1.87° 2.14+0.82° 2.03+0.67°
CAT (U/min/mL) 27.02+1.93° 18.87+3.14° 26.03+4.102 25.54+3.52

Values are presented as means =+ SD. All measurements were taken at the end of the experimental period
(day 28). Data were tested by Kruskal-Wallis, followed by Dunn’s post hoc comparison test for signifi-
cance. Values with different superscript letters (a, b, c, d) are significantly different at P <0.05
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Effects of CSE on Liver and Kidney Histopathology

Histological study of the liver tissues of NC group reveals
a normal appearance of the hepatic parenchyma without
any particular findings. In contrast, the DC group displays
a significant perturbation in the structural arrangement of
hepatocytic trabeculae, accompanied by an enlargement
of hepatic sinusoidal spaces surrounding the centrilobular
vein. Additionally, the presence of binucleated hepatocytes
is noted within this group. Conversely, in the experimen-
tal groups (LD and HD), the hepatic tissues demonstrate a
pronounced restoration of normal hepatic sinusoidal dimen-
sions, accompanied by the absence of trabecular architecture
disarray within hepatocytes (Fig. 6).

The histology of the kidney of NC group showed a
normal appearance of renal parenchyma, including normal
glomeruli and tubules. Conversely, in the DC group, a
conspicuous enlargement of the capsular spaces (Bowman’s
capsule) was evident, signifying a notable departure from
the normal state. Upon CSE administration, a modest
expansion of capsular spaces (Bowman’s capsule) was
observed in specific regions, while the overall density and
count of capsules remained intact (Fig. 7).

In the present study, liver histopathological alterations
of DC group showed a marked disorganization of the
trabecular architecture of hepatocytes with dilatation of

sinusoidal spaces. In contrast, CSE treatment significantly
improved the degenerative changes of hepatocytes to near
normal. CSE showed better preservation of hepatocytes
by diminishing dilatation of sinusoidal spaces without
disorganization of the trabecular architecture of hepatocytes.
In DM, deterioration of liver glycogen and gluconeogenesis
are increased, whereas glucose utilization is reduced [70].
The pathophysiological changes of diabetic liver are due to
glycosylation of proteins leading to abnormalities in hepatic
histoarchitecture [71].

Diabetic nephropathy is the accelerating and lethal
impact of DM, characterized primarily by the development
of microalbuminuria leading to albuminuria and ultimately
resulting in renal failure [72]. In the kidneys of DC rats, we
illustrated pronounced swelling of Bowman's capsules and
glomeruli, accompanied by prominent damage to nephritic
cells. CSE treatment in diabetic rats showed a noticeable
restoration of kidney histoarchitecture. Previous studies
reported that STZ induces nitric oxide liberation, which
causes alkylation and fragmentation of DNA, leading
to apoptosis [73]. These histological assessments are in
agreement with previous studies [74, 75].

The significant improvement toward normal
histoarchitecture of the liver and the kidney after CSE
treatment is due most probably to its phytoconstituents
such as polyphenols and flavonoids. It is well known

Fig. 6 Histopathological findings of the effects of CSE on liver tissues of studied groups. 28 days after the experiment, liver tissues samples

were evaluated using (H&E) (original magnification X 40)

~

Fig. 7 Histopathological findings of the effects of CSE on kidney tissues of studied groups. 28 days after the experiment, kidney tissues samples

were evaluated using (H&E) (original magnification X 40)
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that polyphenols have a profound effect on the
regulation of oxidative stress, reducing inflammation,
enhancing p-fatty acid oxidation, inhibiting lipogenesis,
and preventing liver fibrosis. Furthermore, flavonoids
such as quercetin, have hepatoprotective activity
[75]. Phytoconstituents from CSE might also restored
the renal physiology through different molecular
mechanisms such as stimulating glucose metabolism,
regulating blood glycemic status, reduction of the
secretion of pro-inflammatory cytokines and AGE [18,
76].

Conclusion

The present study provides evidence supporting the
antidiabetic properties of CSE. Additionally, CSE
demonstrated improvements in diabetic-related parameters,
including lipid abnormalities, hepatorenal function, and
insulin secretion. These beneficial effects were attributed to
the reduction of oxidative damage and the enhancement of
enzymatic antioxidant activities. The bioactive compounds
present in CSE, particularly polyphenolic compounds,
played a significant role in mediating these effects mainly
through their antioxidant properties. Collectively, these
findings suggest that CSE has the potential to be valorized as
a health-promoting ingredient with antidiabetic properties.
Furthermore, the utilization of CS as a food waste with
potential health applications contributes to the sustainability
of coffee processing.
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