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A B S T R A C T   

Diabetes is a significant global health concern that increases the vulnerability to various chronic 
illnesses. In view of this issue, the current research aimed to examine the effects of administering 
an extract derived from the tubers of Cyperus rotundus L (CrE) on obesity, type 1 diabetes, and 
liver-kidney toxicity. Through the utilization of HPLC-DAD analysis, it was discovered that the 
extract contained several components, including quercetin (47.8%), luteolin glucoside (17%), 
luteolin (7.56%), apigenin-7-glucoside (6.29%), naringinin (4.52%), and seven others. In vitro 
experiments they have demonstrated that CrE effectively inhibited key digestive enzymes asso-
ciated with obesity and type 2 diabetes, such as DPP-4, PTP1B, lipase, and α-amylase, as evi-
denced by their respective IC50 values are about 23, 51,83, and 67 μg/ml respectively. 
Furthermore, when diabetic rats were administered CrE, the activity of pancreatic enzymes linked 
to inflammation, namely 5-lipoxygenase (5-LO), hyaluronidase (HAase), and myeloperoxidase 
(MPO), was significantly suppressed by 48, 41, 75, and 47%, respectively. Moreover, CrE 
exhibited protective effects on pancreatic β-cells by inhibiting the formation of thiobarbituric acid 
reactive substances (TBARS) by 65% and the induction of superoxide Dismutase (SOD), catalase 
(CAT) and glutathione peroxidase (GPX) activities by 62, 108, and 112% respectively as 
compared to diabetic untreated rat. Additionally, CrE significantly inhibited the activities of in-
testinal, pancreatic, and serum lipase and α-amylase activities. In diabetic rats, CrE administra-
tion suppressed glycogen phosphorylase (GP) stimulated glycogen synthase (GS) activities by 45 
and 30%; and this increased liver glycogen content by 45%. Furthermore, CrE modulated key 
hepatic enzymes involved in carbohydrate metabolism, including hexokinase (HK), glucose-6- 
phosphate dehydrogenase (G6PD), glucose-6-phosphatase (G6P), and fructose-1,6- 
bisphosphatase (FBP). Notably, the average food and water intake (AFI and AWI) of diabetic 
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rats treated with CrE was reduced by 15 and 16% respectively as compared to those without any 
treatment. Therefore, this study demonstrated the effectiveness of Cyperus rotundus tubers in 
preventing and treating obesity and diabetes.   

1. Introduction 

In 2014, the World Health Organization (WHO) published a report that revealed a staggering number of over 600 million adults 
worldwide suffering from obesity, while an additional 1.9 billion individuals were classified as overweight [1]. Type 2 diabetes (T2D) 
is a chronic condition that arises due to insufficient or ineffective insulin, accompanied by various metabolic abnormalities. The 
prevalence of T2D is on the rise globally. According to the International Diabetes Federation (IDF), there were 382 million people 
diagnosed with diabetes worldwide in 2013, and this figure is projected to increase to 592 million by the year 2035 [2]. T2D accounts 
for approximately 90% of all diabetes cases globally and is the most common form of the disease. T2D is characterized by elevated 
blood sugar levels (hyperglycemia) and abnormal lipid levels (dyslipidemia), which result from the failure of insulin to activate 
signaling pathways (insulin resistance) in metabolic target tissues [3–10]. 

T2D can lead to severe consequences such as cardiovascular disease, impaired vision, kidney failure, and delayed wound healing. 
According to the International Diabetes Federation (T2D), over half a billion people worldwide had diabetes in 2021, with type 2 
diabetes accounting for 90% of cases [11], resulting in health spending of US$966 billion worldwide, with an expected increase to 
almost $1054 billion by 2045 [12]. In the Middle East and North Africa, T2D is most common, with a regional prevalence of 16.2%, or 
73 million people. An 87% increase to 19.3%, or 136 million people, is predicted for this amount by 2045 [13]. Furthermore, Saudi 
Arabia ranks fourth globally in terms of the incidence of T2D. In a cross-sectional study conducted in 2011 with 9149 participants [14]. 
found that the prevalence T2D in Saudi Arabia was 31.6% [15–17]. T2D, also known as non-insulin-dependent diabetic mellitus 
(NIDDM), accounts for approximately 90% of all diabetes cases. It is characterized by abnormalities in pancreatic β-cell activity, 
insulin secretion, and insulin sensitivity. The high prevalence of diabetes mellitus in the Middle East can be attributed to factors such as 
the high obesity rate, population aging, and urbanization. Given that diabetes mellitus is the most prevalent disease in Saudi Arabia 
and imposes significant financial burdens, public health interventions should prioritize behavioral changes to prevent and control T2D 
effectively. Hyperglycemia is known to trigger an elevated generation of free radicals [18,19], which subsequently leads to the 
occurrence of oxidative stress. This oxidative stress can inflict harm upon multiple organs that are closely linked to disturbances in 
carbohydrate metabolism, such as the pancreas. Apart from the primary complications associated with diabetes, there exist various 
supplementary risk factors that play a role in the progression of the disease. These risk factors encompass hyperglycemia, hypertension, 
dyslipidemia, impaired fibrinolytic activity, severe atherosclerosis, and heightened platelet aggregation. If effective measures for 
prevention and management are not put in place, the increasing prevalence of obesity and type 2 diabetes will have significant adverse 
effects on the overall health and longevity of the global population. One approach to treating and preventing obesity and T2D involves 
several methods, including inhibiting protein tyrosine phosphatase 1B (PTP1B) and dipeptidyl peptidase-4 (DPP-4), which play crucial 
roles in obesity and Type 2 diabetes [13–16]. PTP1B is a key factor in insulin resistance and is one of the most promising targets for 
treating type 2 diabetes. DPP-4 is an enzyme that breaks down GLP-1, which is essential for maintaining glucose homeostasis [20,21]. 
Another method is to suppress intestinal digestive enzymes, primarily lipase and glucosidases, while activating catalytic enzymes and 
inhibiting carbohydrate anabolic enzymes [18,22,23]. Furthermore, protecting the pancreas from oxidative damage and inflammation 
is crucial since it is the only organ involved in insulin secretion and metabolic regulation. Pancreatic lipase is an essential enzyme that 
helps the digestive system break down dietary fat, and inhibiting its activity can prevent fat absorption in the gastrointestinal tract, 
thereby controlling the incidence of obesity, particularly diet-induced obesity [19]. Current gastrointestinal lipase inhibitors, such as 
orlistat, are useful in treating obesity in humans, but their benefits take time to become apparent, and when treatment is stopped, 
patients regain their weight. Moreover, some of these anti-obesity medications have been taken off the market due to side effects like 
diarrhea, oily stools, bloating, flatulence, abdominal pain, and decreased absorption of fat-soluble vitamins [24,25]. 

Hence, the development of an alternative medical supply derived from natural products or plant-based sources is of utmost 
importance as it will facilitate the creation of innovative pharmaceuticals without any adverse effects [26–32]. Numerous natural 
products possess the ability to reduce weight and combat obesity caused by dietary factors. These natural products contain inhibitors of 
digestive enzymes that hinder the hydrolysis and absorption of dietary lipids and carbohydrates. The primary enzymes responsible for 
the breakdown of fats and carbohydrates are α-amylase, α-glucosidase, and pancreatic lipase [33]. 

There have been several reports on the utilization of medicinal plants as an alternative treatment for various pathological con-
ditions, including diabetes mellitus and the provision of antioxidants. One such plant is C. rotundus, commonly known as Nutgrass and 
belonging to the Cyperaceae family; which employed in traditional medicine to cure a variety of conditions, including genotoxicity 
disorders, hirsutism, nociception, cancer, atherosclerosis, aging, and cystitis [34]. According to research conducted by Azimi et al. [35] 
and Amro et al. [36], this plant compound exhibits anti-Alzheimer’s disease by the suppression of inflammation and induction of 
antioxidant capacity. In addition, Badgujar and Bandivdekar [37] have reported that Cyperus rotundus aqueous extract stimulates 
milk production in female ratsby about 40%. In fact, Cyperus rotundus, commonly known as nutgrass or purple nutsedge, has been 
traditionally used in various cultures for its potential health benefits. However, it’s important to note that while some traditional uses 
exist, scientific research on its health effects is still limited, and not all traditional uses may be supported by robust scientific evidence. 
No previous studies concerning the effects of Cyperus rotundus on diabetes and obesity. In this context, this study aims to evaluates the 
potential benefits effect of Cyperus rotundus in by investigating the effect of CrE on key enzymes related to carbohydrate digestion and 
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absorption such as α-amylase and lipase as well as the insulin signaling enzymes as PTP1B and DPP-4 activities in vitro and in rats with 
obesity and type 2 diabetes. 

2. Materials and methods 

2.1. Plant materials 

2.1.1. Fresh Cyperus rotundus L. Tubers collection, preparation, and extraction 
Cyperus rotundus rhizomes were collected from Hail (KSA). The plant was identified and authenticated by the Aromatic and 

Medicinal Plants Research Institute, KSA. Voucher specimens were kept in the herbarium of the Analytical Chemistry Department, 
College of Science, Ha’il University, KSA (number 19010). 

2.1.2. Quantification of CrE phenolic compounds 
The HPLC-DAD method (Agilent, USA) utilizing a diode array detector (DAD) was employed to detect and quantify CrE phenolic 

compounds. Separation of the CrE phenolic compounds was achieved using a C18 column at 40 ◦C, with the mobile phase consisting of 
0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) during a 60-min running time. The injection volume was 10 μL, 
and detection of the CrE phenolic compounds was accomplished by comparing the relative elution order and UV spectra. Identification 
of each peak was established through LC-MS analysis, which was performed on an Agilent 1100 LC system. 

2.2. In vitro experiments 

2.2.1. In vitro inhibition of α-amylase activity 
The method previously described [19] was utilized to evaluate the inhibition of -amylase activity. A solution of 0.5 mg -amylase 

from swine pancreas (Sigma, ref. A4268) was dissolved in 1 ml of 20-mM phosphate buffer (pH 6.9). The reaction mixture contained 1 
ml of the -amylase mixture (12 U/ml) and 1 ml of CrE. The reaction was allowed to proceed at 37 ◦C for 15 min, after which 1 ml of 0.5 
percent starch was added and the mixture was incubated for an additional 15 min. The reaction was stopped by adding 2 ml of 
dinitrosalicylic acid (DNS), and the absorbance was measured at 565 nm after cooling. 

2.2.2. In vitro determination of lipase activity 
In order to assess the lipase activity, a combination of 1 ml of extract and 1 ml of pig pancreas lipase (Sigma, ref. L3126) with a 

concentration of 0.1 mg/ml was prepared in a 0.1 mM potassium phosphate buffer (pH 6.0). The resulting mixture was then incubated 
for a duration of 10 min at a temperature of 37 ◦C. Following the addition of 0.1 ml of p-NPP substrate, the mixture was further 
incubated at 37 ◦C for a period of 15 min. Subsequently, the optical density was measured at a wavelength of 410 nm [22]. 

2.2.3. In vitro activity of DPP-4 assay 
The in-vitro DPP-4 assay was performed using the standard protocol for identifying chromatophore formation by cleaving Gly-Pro 

p-nitroanilide hydrochloride [38]. The inhibition of DPP-4 by CrE was measured by measuring the release of 4-nitroaniline from an 
assay mixture containing 0.1 M Tris-HCl (pH 8.0) and 2 mM Gly-Pro p-nitroanilide (substrate). The reaction mixture was mixed with a 
pH 4.5 sodium acetate buffer and incubated at 37 ◦C. Utilizing a UV–VIS Spectrophotometer, absorbance at 405 nm was found. 

2.2.4. In vitro activity of PTP1B assay 
Protein tyrosine phosphatase 1B activity was measured using p-nitrophenyl phosphate (p-NPP) as a substrate. 2 mM pNPP and 

PTP1B were introduced to each well (final volume 110 μL) in a buffer containing 50 mM citrate (pH 6.0), 0.1 M NaCl, 1 mM EDTA, and 
1 mM dithiotheritol (DTT), with or without sample. 50 μLofp-NPP in buffer was added after a 10-min preincubation time at 37 ◦C, and 
10 M NaOH was added to halt the reaction [39]. 

2.3. In vivo experiments 

2.3.1. Animals 
In this research, a total of 26 male Wistar rats (Rattus norvegicus) were used as subjects. The rats were 8 weeks old and had an 

average weight of 176g ± 17. The animal study protocol followed in this research was approved by the Monastir University Ethics 
Committee; with the approval number MU-86/609/EEC. The study was conducted in accordance with international standards for 
animal experimentation. The rats were housed individually in cages that were equipped with stainless steel wire mesh. They were 
provided with unlimited access to food and water throughout the duration of the study. The laboratory environment in which the rats 
were kept maintained a humidity level of 55 ± 5%. The temperature in the laboratory ranged between 25 and 30 ◦C. Additionally, a 
12-h light-dark cycle was maintained to simulate natural day and night conditions. These controlled environmental conditions ensured 
that the rats were kept in a suitable and consistent environment throughout the study. This allowed for accurate and reliable data 
collection and analysis. 

2.3.2. Induction of obesity 
The investigation was carried out in accordance with a prior study [25]. The HFF-diet consisted of 60% standard diet, 11.69% sheep 
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fats, 10% fructose, and 0.5% cholic acid, as detailed in the aforementioned study [25]. Rats were provided with unrestricted access to 
either a standard chow and their solid and liquid intake was monitored on a weekly basis. Obesity and type 2 diabetes were induced by 
a significant rise in body weight and blood glucose levels in comparison to normal rats [19]. 

2.3.3. Experimental design and procedure 
Five experimental groups were formed by randomly assigning thirty rats. The first group, named (con), consisted of healthy rats 

that were given a regular diet for ninety days. The second group, referred to as (O), comprised obese rats. The third and fourth groups, 
(O-CrE100) and (O-CrE200) [40,41] respectively, were also obese rats that received CrE at doses of 100 and 200 mg/kg bw daily 
dissolving in 2 ml of distilled water with 5% DMSO. Group 5, (O-Ort), consisted of obese rats treated with orlistat at dose 10 mg/kg bw 
[41] (O-Ort). All groups of rats were given a solution of 5% DMSO in 2 ml of distilled water for 90 days by gastric gavage route as 
described by our previous study [19]. At the end of the experimentation, the animals were decapitated after receiving an intraperi-
toneal injection of 30 mg/kg pentobarbital sodium to induce anesthesia [23]. The serum was obtained by blood centrifugation 15 min 
at 4 ◦C and 1.500×g. The samples were kept at 80 ◦C until they biochemical analysis (α-amylase, lipase, DPP-4 and PTP1B activities 
and glucose and Hb levels). The pancreas and the intestinal mucosal tissue were combined and homogenized using centrifugation at 
5000×g. The supernatant was stored at − 80 ◦C before biochemical testing [42]. An oral glucose tolerance test (OGTT) was run at the 
end of the study. Rats were given 2 g/kg of glucose solution by gastric gavage. Also, insulin tolerance test (regular insulin 0.75 UI/kg, 
Regular Humulin, Lilly France, S.A., France) [43] was performed. An ACCU-CHEK Go glucometer (Roche, Germany) was used to 
measure the blood glucose levels in the tail blood. 

2.3.4. Biochemical analysis 
The α-amylase activity was assessed by measuring the rate at which glucose was extracted from the CNPG3 substrate. To do this, 1 

mL of CNPG3 was mixed with 20 μL of serum and incubated for 5 min at 37 ◦C. The absorbance was measured at 405 nm using a 
spectrophotometer (Kits Biomaghreb, Tunisia, ref 20033). In order to determine the lipase activity, the conversion of 1,2-diglyceride 
into glycerol and free fatty acids was measured using the Biolabo Kit (France, ref 99881). Protein quantity was determined using the 
Biuret colorimetric method (Kit biolabo, France, ref K2016). Pancreatic proteins carbonyls (PCOs) were measured using the meth-
odology of Reznick et al. [44]. The pancreas thiol groups (-SH) measurement was evaluated according to Ellman’s method [45]. The 
Buege and Aust methodology [46] was followed in order to calculate the pancreasl TBARS rates. The H2O2 level in the pancreas was 
measured in accordance with Dingeon et al. [47]. In short, in the presence of peroxidase, hydrogen peroxide combines with 
p-hydroxybenzoic acid and 4-aminoantipyrine to create quinoneimine, which is detected at 505 nm and has a pink color. The pro-
cedure of Marklund and Marklund [48] was used to calculate the superoxide dismutase activity. The glutathione peroxidase (GPx) 
activity, using the protocol of by Pagila and Valentine [49]; and the catalase (CAT) activity according to the protocol of Aebi [50]. To 
quantify MPO activity, 1 g of pancreas was crushed in 50 mg of phosphate buffer (pH 6.0) and then centrifuged. The resulting su-
pernatant was cultured in 80 mM phosphate buffer (pH 5.4), containing 1.6 mM tetramethylbenzidine and 0.3 mM hydrogen peroxide. 
The quantity of MPO activity in the pancreas was measured by determining the absorbance at 460 nm after the addition of a 0.2 M 
sulfuric acid solution, with duration of 2 min [51]. The absorbance at 585 nm was measured in order to determine the 5-LO activity, 
according to Wu [52]. The CRP level was determined using the Biolabo kit (France, ref CRP620E). The G6-PDH activity was measured 
using a commercial kit (Ref 97089) obtained from Bolabo, France. The hepatic activity of glucose metabolism enzymes, including HK, 
PK, G6P, and FBP, was measured using techniques described in Refs. [40–42]. The liver glycogen content, liver glycogen synthase 
activity, and glycogen phosphorylase activity were measured using the techniques described by Cornblath et al. [53] and Leloir et al. 
[54] respectively. The intestine and pancreas maltase and sucrase activities were measured using the protocol outlined in our previous 
study [55]. The serum levels of glucose, HbA1c and total HbA were determined by following the instructions of the commercial kits 
(Kit Biolabo, France, ref LP87809, K2010 and K3502200). The protocol previously described by Almasri et al. [56] was utilized to 
conduct the serum DPP-4 assay. Sigma P6244-50UG was the source of Tyrosine phosphatase 1B protein, and the inhibitory activities of 
the tested samples were evaluated using p-nitrophenyl phosphate (p-NPP) as a substrate. The hydrolysis of p-NPP by PTP1B was 
calculated based on the increase in absorbance at 405 nm [39]. 

2.4. Statistical analysis 

The data are presented as mean ± SEM. The determination was done using six animals in every group. The data obtained from each 
analysis were entered into StatView 5.0 software for statistical anaysis. The Fisher test and one-way analysis of variance (ANOVA) were 
used to identify any significant differences (P < 0.05). 

3. Results 

3.1. Quantification of phytochemicals through HPLC-DAD analysis 

The ethanol extract of Cyperus rotundus L. tubercules has been found to contain a total of twelve phenolic compounds. Our research 
shows that the extract has significant constituents, with quercetin being the most abundant at 47.8%. Following quercetin, luteolin 
glucoside is present at 17%, luteolin at 7.56%, and apigenin-7-glucoside at 6.29%. Additionally, the extract contains naringinin at 
4.52% and seven other phenolic acids or compounds at lower concentrations or as traces (Table 1, Fig. 1). 
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3.2. In vitro evaluation of CrE on α-amylase and lipase activity 

Table 2 illustrates the potential of CrE to mitigate hypercholesterolemia and obesity through the inhibition of α-amylase and lipase 
activities. Our study shows that there is an increasing inhibition as a function of the increase in the concentration of CrE, of which the 
IC50 value of 67 and 83 μg/ml respectively suggests that CrE is a highly effective inhibitor of carbohydrate and lipid lipase hydrolyzing 
enzymes, with its inhibitory action being comparable to acarbose and orlistat, which has an IC50 value of 17 and 59 μg/ml respectively 
(Table 2, Fig. 2). 

3.3. In-vitro inhibition of DPP-4 and PTP1B activities by CrE 

This study shows that CrE potentially inhibits, in vitro, key enzymes that suppress insulin signaling in a concentration-dependent 
manner as DPP-4 and PTP1B, with IC50 values of 23.9 and 51.9 μg/ml respectively. These values are comparable to the specific in-
hibitor Sitagliptin, which has an IC50 value of approximately 24 μg/ml (Table 2, Fig. 2). 

3.4. CrE and stress oxidant in pancreas of rat with obesity and type 2 diabetes 

Our research has revealed that the presence of type 2 diabetes in individuals with obesity can lead to stress on the pancreas. This is 
supported by a significant decrease in the activity of antioxidant enzymes such as SOD, CAT, and GPX, as well as a reduction in the 
concentrations of H2O2, TBARS, and the thiol group. However, our findings also suggest that CrE may have a protective effect on obese 
rats. In fact, the consumption of CrE by obese rats resulted in a notable increase in antioxidant indices such as SOD, CAT, and GPX 
activities by 68%, 134%, and 112%, respectively, as well as an increase in thiol group levels by 117% compared to obese rats that were 
not treated with CrE. Additionally, the levels of TBARS, H2O2, and protein carboxyl were significantly reduced by 44.9%, 65%, and 
57%, respectively (as shown in Table 3 and Fig. 3). 

3.5. Effect of CRE on key enzymes related to inflammation and pancreatitis in diabetic rats 

The impact of CRE on key enzymes associated with inflammation and pancreatitis in diabetic rats was observed in the pancreas of 
type 2 diabetic rats, which potentially exhibited elevated levels of CRP and increased activity of the enzymes myeloperoxidase (MPO) 
and hyaluronidase (HAase) compared to normal rats. It has been revealed that administering oral CrE supplementation at a dosage of 
200 mg/kg bw effectively mitigates pancreas toxicity induced by type 2 diabetes and significantly protects the organ from inflam-
mation and damage. This was evidenced by a significant reduction in the activities of inflammatory enzymes such as HAase and MPO 
by about 44 and 50% and the CRP level by 57%, respectively, in comparison to untreated rats (Fig. 4). 

3.6. Effects of CrE on intestinal, pancreas and serum lipase activity, body weight gain, AFI and AWI 

According to the results of our investigation, a significant correlation exists between a high-fat diet and the increased activity of 
lipase. This heightened lipase activity leads to a considerable elevation in body weight, abdominal fat index (AFI), and adipose weight 
index (AWI) due to the enhanced digestion and absorption of lipids. However, our research has demonstrated that the administration 
of CrE as a supplement can effectively impede lipase activity. This inhibition was observed in the intestines, serum, and pancreas, with 
a reduction of 57%, 30%, and 67% respectively, compared to obese rats that were not treated. As a result, this inhibition of lipase 
activity leads to a deceleration of lipid absorption, resulting in a decrease in body weight, AFI, and AWI by 24%, 16%, and 15% 
respectively (as shown in Table 3, Fig. 5). 

Table 1 
Phenolic compounds in ethanol Cyperus rotundus Linn tubers extract were identified by HPLC-DAD analysis.  

Peak compound RT (min) Compounds (%) 

1 7.107 Gallic acid 1.2 
2 11.503 Chorogenic acid 1.62 
3 12.919 Tyrosol 2.75 
4 13.489 Cafeic acid 0.56 
5 14.221 Vanillic acid 0.42 
6 15.235 Rutin 5.02 
7 15.526 Verbascoside 4.03 
8 16.584 Luteolin glucoside 18.17 
9 17.783 Apigenin-7-glucoside 6.29 
10 20.974 Naringinin 4.52 
11 23.123 Quercetin 47.80 
12 23.290 Luteolin 7.56  
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3.7. Obesity, α-amylase activity and CrE 

Fig. 5 depicts a significant surge in the activity of intestinal, pancreatic, and serum α-amylase in obese rats, resulting in a corre-
sponding increase of 238% in blood glucose levels compared to healthy rats. Conversely, when obese rats were given CrE, the activity 
of this digestive enzyme in the intestines, blood, and pancreas was notably diminished by approximately 45%, 53%, and 30% 
respectively (Fig. 6). 

3.8. Effects of CrE on blood DPP-4 and PTP1B activities in serum of obese rat 

The results of our study indicate that diabetes associated with obesity leads to a substantial increase in the activity of DPP-4 in the 
blood. This increase, in turn, results in the breakdown of GLP-1 or even the suppression of insulin signaling. Conversely, when obese 
rats were treated with CrE, a significant decrease of 50% in DPP-4 activity in the blood was observed compared to untreated obese rats. 
In addition, the current study reveals a correlation between obesity and the inhibition of insulin signaling pathways, as evidenced by a 
significant increase of 147% in PTP1B activity in the blood of obese rats compared to their healthy counterparts. However, admin-
istering CrE to obese rats resulted in a reversal of this activity by 42.1%, thereby stimulating insulin signaling pathways and preventing 
the onset of type 2 diabetes or insulin resistance (Fig. 7). 

3.9. CrE ingestion, GP and GS activities, and liver glycogen level 

Fig. 6 illustrates the correlation between obesity and the reduced activity of the enzyme GS, which plays a crucial role in glycogen 
synthesis. Additionally, it highlights the heightened activity of the enzyme GP, which responds to increased blood glucose levels, and 
the declining levels of glycogen in the liver. In comparison to obese rats that were not administered CrE, obese rats treated with CrE 
experienced a noteworthy 77% increase in hepatic glycogen levels. This notable increase can be attributed to the significant sup-
pression of GP by 30% and the substantial elevation of GS by 45% at the hepatic level (Fig. 8). 

Fig. 1. HPLC chromatogram of ethanol Cyperus rotundus Linn tubers extract.  

Table 2 
Effect of ethanol Cyperus rotundus Linn tubers extract on DPP-4, PTP1B, α-amylase and lipase activities. In vitro study by 
determining the inhibitory concentration IC50 compared to standard drugs (IC50) of an in vitro study to commercially 
available standard medications (IC50, μg/mL) (n = 3).   

IC50  IC50 

DPP-4 23.9 ± 1.3 α-amylase 67.3 ± 3.7 
PTP1B 51.9 ± 3.1 Lipase 83.2 ± 4.6 
Acarbose 17 ± 1.3 Sitagliptin 23.9 ± 1.3 
Orlisat 59 ± 7    
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3.10. Obesity, CrE ingestion and liver key enzymes related to glucose anabolism and catabolism 

Table 4 presents a depiction of the relationship between obesity and type 2 diabetes, highlighting the characteristic of reduced 
insulin activity. This diminished insulin activity triggers the activation of enzymes involved in the production of glucose, namely FBP 
and G6P, while simultaneously suppressing the activity of enzymes associated with glucose metabolism, such as HK, PK, and G6PD. 
Consequently, this imbalance leads to elevated blood glucose levels and a decrease in glycogen levels. Conversely, when rats were 
administered CrE, there was a notable increase in the activity of enzymes responsible for glucose breakdown, including HK, PK, and 
G6PD, which exhibited activity levels of 52%, 66%, and 130% respectively. Additionally, there was a decrease in the activity of 
enzymes involved in glucose production, specifically FBP and G6P, which displayed activity levels of 50% and 48% respectively 
(Table 3). 

3.11. CrE ingestion, blood glucose, Hb and HbAc levels 

Our results clearly show that the ingestion of CrE by obese rats suppresses glucose levels by 52%. This reduction in blood glucose 
levels leads to an increase in Hb levels and a reduction in Hb glycosylation, evidenced by a significant reduction in HbAc in the blood 

Fig. 2. Assessing the impact of elevated CrE concentrations on the functioning of pivotal enzymes associated with insulin signaling, specifically 
DPP-4 (A) and PTP1B (B), as well as on the processing and assimilation of lipids and glucose, namely lipase (C) and α-amylase (D). (In vitro 
assessment). Our findings indicate that CrE exhibits potent inhibitory effects on these enzymes, leading to the promotion of insulin signaling and the 
suppression of lipid and monosaccharide digestion and absorption. 
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(Fig. 9). 

3.12. CrE ingestion, OGGT and ITT 

Our results clearly show that the administration of a glucose solution at a concentration of 2 g/kg bw in normal rats is associated 
with a slight increase in blood sugar levels for 60 min followed by a return to the normal state (Fig. 10A). The injection of insulin causes 
a slow decrease in blood sugar (Fig. 10B) clearly shows the effectiveness of the homeostasis system in maintaining stable blood sugar 
levels. In obese people, supplementation with a glucose solution leads to a significant increase in blood sugar levels which goes from 
3.25 g/l at t0 to 4.67 g/l 60 min later. after 60 min, there is a gradual and slow decrease in blood sugar, clearly showing a state of 
insulin resistance. Also, this study shows that the injection of insulin into these rats leads to a slow and weak decrease in glucose levels. 
In obese rats treated with CrE at a dose of 200 mg/kg bw, the administration of the glucose solution led to an increase in the blood 
glucose level from 1.59 g/l at t0 to a level of 2.42 g/l, 60min later. Also, the ingestion of CrE improves the effectiveness of insulin 
treatment, evidenced by a significant and significant reduction in blood sugar following the injection of this medication. 

4. Discussion 

This study investigated, for the first time, that CrE ingestion by obese rats associated with type 2 diabetes caused an improvement in 
insulin signaling through inhibition of DPP-4 and PTP- 1B; an inhibition of the digestive system responsible for the hydrolysis and 
absorption of lipids and carbohydrates, namely lipase and alpha-amylase, as well as the induction of catabolic enzymes and the in-
hibition of anabolic enzymes at the hepatic level. In addition, this functional food inhibits inflammation and oxidative stress at the 
pancreatic level and improves insulin activity, highlighted by OGGT and ITT. 

In fact, Obesity is primarily caused by an increase in calorie intake, a decrease in physical activity, and various other factors such as 
oxidative stress and a high-fat-fructose diet. In fact, HFF diet enhanced functioning of these two digestive enzymes as lipase and 
α-amylase, which stimulate the breakdown of fats and carbohydrates within the intestines. This process leads to a notable increase in 
glucose and fats that accumulate in the body, resulting in a discernible rise in both body weight and blood sugar levels. Consequently, 
the development of obesity and type 2 diabetes occurs. Therefore, one of the most widely utilized approaches to combat obesity in-
volves inhibiting fatty acid and monosaccharides absorption and activating the metabolism of fats and carbohydrates. The inhibitory 
effects of CrE on these enzymes can be attributed to the presence of various bioactive substances. The HPLC-DAD analysis of the 
ethanol extract obtained from Cyperus rotundus L. tubercules revealed the significant presence of constituents such as quercetin 
(47.8%), luteolin glucoside (17%), luteolin (7.56%), apigenin-7-glucoside (6.29%), and naringinin (4.52%) (Table 1). Various 
analytical techniques, including gas chromatography-mass spectrometry (GC-MS), high performance liquid chromatography (HPLC), 
and liquid chromatography-mass spectrometry (LC-MS), have been used to study the phytochemical analysis of CrE showed the 
presence of bioactive compounds such as quercetin and luteolin [57,58]. Consistent with our results, Sayed et al. [59] showed the 
presence of luteolin in Cyperus rotundus. 

In obese rat, the results of this investigation indicate that obesity contributes to an increase in oxidative stress markers in the 
pancreas. Specifically, the levels of thiol groups decrease, while the levels of TBARS, protein carbonyls, and H2O2 rise. However, obese 
rats that received CrE through gastric gavage exhibited a significant protective effect against this oxidative stress. This was evident 
through a notable increase in thiol groups and a significant decrease in TBARS, protein carbonyls, and H2O2. These findings align with 
a study conducted by Jaikumkao et al. [60], which demonstrated that rats fed a high-fat diet experienced pancreatic injury and 
reduced kidney autophagy. Numerous studies have consistently shown that a long-term high-fat diet induces histopathological 
changes in the pancreas that closely resemble the early stages of type 2 diabetes, as well as obesity and insulin resistance [61,62]. In 
contrast, obese rats treated with CrE exhibited significant suppression of oxidative stress indices in the pancreas, highlighting the 
effectiveness of CrE in preventing oxidative stress and preserving pancreatic function. The rhizomes of Cyperus rotundus have been 

Table 3 
Effect of CrE ingestion by obese rats on AFI, AWI, pancreatic activity of antioxidant enzymes (SOD, CAT and GPX) and metabolic catabolism enzymes 
(HK, PK and 6PD and carbohydrate metabolism (G6P and FBP) in the liver. Our results clearly show that CrE stimulates glucose degradation and 
inhibits monossaccharide biosynthesis. Statistical analyses as given as: *P < 0.05 significant differences compared to controls; @P < 0.05 significant 
differences compared to diabetic rats; #P < 0.05 significant differences compared to diabetic rats treated with CPC100. &P < 0.05 significant dif-
ferences compared to diabetic rats treated with CPC200.   

Con O D-CrE100 D-CrE200 D-Orl 

AFI 17.3 ± 1.5 21.9 ± 1.6* 19.3 ± 1*@ 18.3 ± 1.3 17.9 ± 2.1*@ 

AWI 18.5 ± 1.5 23.9 ± 2.1* 21.7 ± 1.7*@ 20.3 ± 1.4*@ 21.7 ± 1.8*@ 

SOD 1.35 ± 0.21 0.73 ± 0.13*# 0.97 ± 0.14#@ 1.23 ± 0.17#@ 0.93 ± 0.11*#@ 
CAT 31.9 ± 3.9 11.2 ± 0. 97**# 21.9 ± 2.3#@ 26.3 ± 3.1#@ 23.9 ± 1.9#@$ 
GPX 2.19 ± 0.21 0.93 ± 0.1*# 1.56 ± 0.19* 1.98 ± 0.39* 1.32 ± 0.19*#@ 
HK 251 ± 29 137 ± 17* 197 ± 31*@ 209 ± 23*@ 129 ± 17*@ 

PK 201 ± 31 104 ± 9* 163 ± 19*@ 173 ± 35*@ 141 ± 19*@ 

G6PD 497 ± 39 207 ± 29* 421 ± 47*@ 477 ± 29*@ 397 ± 53*@ 

G6P 697 ± 29 1537 ± 86* 1147 ± 81*@ 789 ± 47*@ 1137 ± 65*@# 

FBP 349 ± 25 803 ± 51* 549 ± 49*@ 402 ± 63*@ 671 ± 59*@#  
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Fig. 3. The impact of CrE ingestion on pancreatic oxidative stress indices was investigated. Our findings reveal that CrE serves as a protective agent 
against oxidative stress in the pancreas, as evidenced by a notable reduction in oxidative stress indicators, including H202 (A), TBARS (B), and 
carbonyl (C) levels. Additionally, there was an observed increase in antioxidants, particularly thiol groups (D). The corresponding statistical an-
alyses are detailed in Table 3. 
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Fig. 4. The influence of CrE consumption on pancreas inflammation indices, including pancreas 5-LO (A) and MPO (B) activities, as well as CRP 
levels (C), was examined. Our study outcomes reveal that the intake of CrE leads to a reduction in the activities of crucial enzymes associated with 
lymphocyte infiltration and inflammation in the pancreas. Detailed statistical analyses are presented in Table 3. 
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Fig. 5. Effect of CrE supplementation on intestinal (A), serum (B), and pancreatic (C) lipase activity and body weight (D). Indeed, this adminis-
tration significantly inhibits the activity of this enzyme and subsequently suppresses the digestion and absorption of lipids at the intestinal level, 
inhibits the accumulation of lipids in the body, or even an anti-obesity activity. Statistical analyses as given in Table 3. 
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Fig. 6. Impact of CrE supplementation on alpha-amylase activity in the intestines (A), serum (B) and pancreas (C) of obese rats. CrE drops-down the 
activity of this digestive enzyme and subsequently reduces the transformation of non-absorbable polysaccharides into absorbable monosaccharides 
by the intestines and this leads to a reduction in blood sugar. Statistical analyses as given in table 3. 
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extensively studied and have been found to possess various medicinal properties, including antioxidants [63]. The high concentration 
of antioxidant substances, such as quercetin, luteolin glucoside, lutein, and apigenin-7-glucoside, contribute to their antioxidant ac-
tivity. Similar to our findings, Oyedemi et al. [64] demonstrated that administering 25 mg/kg of quercetin to type 2 diabetic rats 
increased antioxidant activity in the pancreas by inducing SOD and CAT, enhancing reduced glutathione levels, and suppressing the 
rate of TBARS. 

A persistent, low-grade pancreatic inflammatory state has been linked to obesity in previous research, which may contribute to 
insulin resistance and -cell dysfunction. Hermsdorff et al. [65] discovered a correlation between the accumulation of abdominal fat and 
levels of CRP and IL-6. Our study revealed that obesity led to an increase in key enzymes associated with inflammation in the pancreas, 
such as 5-LO and MPO activities, as well as CRP levels. However, the administration of CrE to obese rats suppressed this pancreatic 
inflammation. Interestingly, the administration of CrE to diabetic rats inhibited the recruitment of neutrophils to the pancreas and 
almost completely suppressed the infiltration of lymphocytes. This suppression was accompanied by a significant decrease in MPO and 
5-LO activities, as well as CRP levels, indicating a reduction in pancreatic inflammation. Recent studies [66–68] have provided evi-
dence that quercetin possesses the ability to hinder the synthesis of lipoxygenase (LOX) and cyclooxygenase (COX). Additionally, 
quercetin has demonstrated its potential to mitigate pancreatic histopathological damage in rats, along with reducing the levels of 
NF-κB, IL-1β, IL-6, and TNF-α mRNA and protein [69,70]. 

This study presented evidence that the supplementation of obese male rats with CrE resulted in a significant reduction in the 
activity of lipase in the intestine, serum, and pancreas. Lipase is an enzyme found in the brush-border surface membrane of intestinal 
cells and plays a crucial role in the digestion of lipids. The decrease in lipase activity suggests a decrease in the levels of absorbable free 
fatty acids and triglycerides, which ultimately leads to a decrease in body weight [33]. Analysis using HPLC-DAD revealed that CrE 
contains various bioactive molecules that are likely responsible for its anti-obesity effects. For instance, quercetin, which constitutes 
47% of CrE, has been reported by Zhou et al. [71] to possess several pharmacological effects, including the prevention of insulin 
resistance, inhibition of α-amylase activity, stimulation of insulin secretion, and prevention of atherosclerosis. Others studies by Rivera 
et al. [72] and Barrios-Nolasco et al. [73] have shown that the ingestion of quercetin by obese rats resulted in reduced body weight, 
obesity, insulin resistance, dyslipidemia, and hypertension. Another bioactive molecule found in CrE is apigenin, a flavonoid present at 
a concentration of 6.29%. Gentile et al. [74] reported that the administration of apigenin to mice fed with a high-fat diet led to a 
decrease in body weight and epididymal fat weight, as well as reductions in blood total cholesterol, triglycerides, and glucose levels. 
Furthermore, apigenin has been found to exert anti-diabetic effects by decreasing the activity of enzymes responsible for insulin 
resistance and hepatic gluconeogenic enzymes, while also protecting against liver and kidney dysfunctions and toxicities [40]. 

Fig. 7. Effect of CrE administration on the activity of key enzymes of the insulin signaling pathway in serum, namely DPP-4 (A) and PTP1B (B). This 
inhibition increases the level of GLP-1 and the cascades of phosphorylation reactions leading to the degradation of glucose and subsequently anti- 
diabetic effects. Statistical analyses as given in Table 3. 
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Fig. 8. Evaluation of the effect of CrE on the activity of GS (A), GP (B) and hepatic glycogen levels (C). An induction of glycogen synthesis by CrE 
was clearly observed. Statistical analyses as given in Table 3. 
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Fig. 9. Effect of obesity and CrE ingestion on blood glucose (A) and Hb (B) and HbAc (C) levels. An increase in blood sugar causes glycosylation of 
haemoglobin and subsequently an increase in HbAc and a reduction in total Hb in diabetics. On the contrary, a reduction in blood sugar leads to a 
reduction in glycosylated hemoglobin (HbAc) and an increase in free haemoglobin (Hb). Statistical analyses as given in Table 3. 
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Moreover, our study demonstrates that the administration of a CrE supplement significantly reduced the activity of α-amylase in the 
intestine, serum, and pancreas of obese rats. α-amylase is an enzyme found in the brush-border surface membrane of intestinal cells and 
plays a crucial role in carbohydrate digestion and hyperglycemia. It is believed that inhibiting the activity of these enzymes in the 
human digestive system can effectively manage diabetes by reducing the absorption of glucose derived from starch [33]. Furthermore, 
it has been demonstrated that the roots of C. rotundus possess antidiabetic properties in animal models. In rats with induced hyper-
glycemia using alloxan, an aqueous ethanol extract of C. rotundus significantly lowered blood glucose levels by inhibiting the activity 
of α-glucosidase [75]. Additionally, compounds such as quercetin, luteolin glucoside, luteolin, naringinin, and apigenin-7-glucoside 
found in C. rotundus have been reported to act as natural inhibitors of α-amylase [76–78]. One of the primary consequences of dia-
betes is the occurrence of oxidative stress. Exposure to oxidative stress directly affects insulin signaling and glucose transport in the 
liver and skeletal muscle, leading to decreased functionality. 

The present study has demonstrated that CrE exhibits the potential to inhibit DPP-4 and PTP1B in vitro, with IC50 values of 23.9 
and 51.9 μg/ml, respectively. Furthermore, CrE effectively suppresses the activity of lipase and α-amylase, with IC50 values of 67 and 
83 μg/ml, respectively. In obese rats, the ingestion of CrE potentially supressed serum DPP-4 and PTP1B. According of our results, 
previous research has indicated that chronic consumption of a high-fat diet and the activation of the ER-stress response, whether 
through acute or pharmacological means, lead to an increase in both PTP1B mRNA expression and activity [39,79], and conseuquently 
decline of glucagon-like peptide-1 (GLP-1) level. Furthermore, the gastrointestinal hormone as GLP-1 known as plays a crucial role in 
regulating insulin secretion and glucose metabolism in the gut. However, the enzyme dipeptidyl peptidase-4 (DPP-4) inhibits the 
effectiveness of GLP-1, causing its levels to decrease to suboptimal levels in individuals with diabetes mellitus. DPP-4 rapidly degrades 
GLP-1, thereby shortening its lifespan. In obese and diabetic individuals, inhibiting DPP-4 can elevate the levels of GLP-1, which in turn 
stimulates insulin secretion and chute-down the breakdown of fats and carbohydrates. According to the findings of this study, it has 
been observed that the bioactive compounds present in the tubers of Cyperus rotundus L have the ability to inhibit DPP-4 in the serum of 
obese rats by 50% when compared to obese rats that were not treated. This inhibition leads to an improvement in the levels of the 
intestinal hormone GLP-1. As a result, there is an acceleration in the activity of phosphatidylinositol (PI) 3-kinase (PI–3K), which in 
turn enhances insulin biosynthesis and cell proliferation. Consequently, this leads to a decrease in both body weight and blood glucose 
levels, as demonstrated in our study. In a similar vein, Ideta et al. [80] have also reported that a combination of a high-fat diet (HFD) 
and DPP-4 inhibitor therapy can reduce hepatic lipogenesis by upregulating the genes involved in lipogenesis and activating AMPK. 
These findings align with the research conducted by Iqbal et al. [81], who discovered that Cyperus has the ability to inhibit 
α-glucosidase and dipeptidyl peptidase-4 (DPP-4). The potential inhibitory effect against DPP-4 observed in this study can be 
attributed to the presence of bioactive compounds in CrE. These compounds, such as quercetin [82], apigenin-7-glucoside [83] and 
naringenin [83], have been shown to inhibit the activity of DPP-4. 

It is worth noting that blocking the enzyme PTP1B activates the insulin signaling pathway, leading to more efficient carbohydrate 
utilization and the activation of glycogen synthesis. Consequently, inhibiting both PTP1B and DPP-4 is considered a potential ther-
apeutic strategy for enhancing insulin sensitivity. In the current study, it was demonstrated that a 12-week high-fat and high-fructose 
(HFF) diet significantly increased the levels of serum PTP1B and DPP-4, resulting in insulin resistance. This, in turn, led to an increase 
in the activities of lipase and α-amylase. However, in obese rats, the administration of 200 mg/kg of CrE resulted in a significant 
reduction of PTP1B levels in the serum by 42% compared to untreated obese rats. This inhibition of PTP1B may lead to an increase in 
beta cell mass, ultimately resulting in enhanced release of insulin in response to glucose stimulation. Consequently, there is a notable 
decrease in the activities of lipase and α-amylase, leading to a decrease in body weight and regulation of blood glucose levels. It is 

Fig. 10. Effect of obesity and CrE ingestion blood glucose tolerance test (OGGT) (A) and insulin tolerance test (ITT) (B). Our results show that a 
HFFD diet induces a state of insulin resistance and CrE suppresses this state. 
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widely recognized that PTP1B activates extracellular signal-regulated protein kinase 1/2 (ERK1/2). Additionally, AKT phosphory-
lation plays a crucial role in the survival of β-cells and the degradation of proapoptic proteins. Various bioactive substances present in 
CrE are believed to contribute to the inhibition of PTP1B. Quercetin, which constitutes 47% of CrE, has been shown to inhibit PTP1B 
both in vivo and in vitro, as demonstrated by the research conducted by Nasrollahi et al. [84] and Almasri et al. [85]. Furthermore, 
luteolin and apigenin, which are also present in CrE, have been identified as PTP1B inhibitors in previous studies [71,72,86]. 

Our study discovered that diabetes enhances GP while reducing GS activities. Nevertheless, the supplementation of CRE at a dose of 
200 mg/kg bw daily promotes GS activity and suppresses GP activity at the hepatic level. This results in increased hepatic glycogen 
levels and decreased circulating glucose levels. In fact, type 2 diabetes is a medical condition characterized by impaired insulin 
secretion from pancreatic β-cells, leading to increased hepatic glucose production. The liver plays a crucial role in maintaining blood 
glucose homeostasis through the activity of key hepatic enzymes involved in carbohydrate metabolism, such as GP and GS. In in-
dividuals without diabetes, insulin suppresses GP and stimulates GS, ensuring hepatic glycogen synthesis and stable blood glucose 
levels. Srivastava et al. [87] showed that the constituents of C. rotundus rhizomes as quercetin and phenolic acids increase insulin 
secretion; and consequently increase in glycogen rate. In fact, C. rotundus flavonoids have been shown to repair damaged cells in 
diabetic rats administered alloxan. 

The enzyme HK plays a vital role in regulating carbohydrate metabolism. The administration of alloxan has been found to cause 
significant damage to pancreatic beta cells, leading to decreased circulating insulin levels and subsequent inactivation of hepatic HK. 
This impairment leads to a reduction in glycolysis, ultimately causing a significant increase in hyperglycemia. Previous research 
studies have shown a correlation between decreased insulin levels and altered HK, PK and G6PD activities, which aligns with our 
findings. In contrast, our study observed a stimulation of hepatic HK, PK and G6PD activities in diabetic rats treated with CRE. This 
effect is attributed to the anti-inflammatory activity of CRE at the pancreatic level, which promotes the regenerative effect of 
pancreatic β-cells. Furthermore, the administration of CRE to diabetic rats resulted in an increase in hepatic activity of HK, PK and 
G6PD, stimulating glucose metabolism and energy production. Previous research findings have consistently supported our results, 
which indicate that consuming substances that enhance the functioning of glycolytic enzymes like HK, PK and G6PD can have anti- 
diabetic effects. Our study further demonstrates that diabetes leads to an increase in G6P and FBP activities, which in turn hampers 
carbohydrate metabolism and insulin secretion by β-cells. This mechanism directly contributes to the observed decline in insulin 
secretion. However, the administration of CRE has been shown to inhibit these enzymes responsible for glycogenesis and hypergly-
cemia, resulting in the suppression of insulin secretion and the activation of glycolysis enzymes. Ultimately, this leads to the 
normalization of blood glucose levels. 

Glycosylated hemoglobin (HbA1C), which accounts for 4–6% of hemoglobin in healthy individuals, is largely composed of HbA1 
[88]. Measuring glycosylated hemoglobin is a common practice for long-term blood glucose control. Studying glycosylated hemo-
globin is more important for diabetes diagnosis than fasting blood glucose [89]. The amount of glycosylated hemoglobin indicates the 
average blood glucose during the preceding few weeks. In this study, an increase in HbA1C by 124% was observed as compared to 
healthy rat confirms type 2 diabetes. In obese rat treated with CrE, a protective effect against hyperglycemia by by different mech-
anisms, namely 1) protection of the pancreas against oxidative stress and inflammation and subsequently more circulating active 
insulin; 2) inhibition of key enzymes responsible for hyperglycemia and hyperlipidemia; 3) activation and stimulation of the insulin 
signaling pathway by inhibition of the activity of DPP-4, PTP1-B; and GP and activation of GS and finally activation of catabolism and 
inhibition of carbohydrate anabolism. All of these mechanisms cause blood glucose levels similar to those in healthy rats; and 
therefore, a normal HbA1C level. Despite our study suggest eating Cyperus rotundus reduces fat and type 2 diabetes by increasing 
metabolism and inhibiting digestive enzymes like lipase and amylase. There are certain restrictions on this study, though.  

1. It would be interesting to test these findings with a clinical trial as well.  
2. Additional research is necessary to identify the active medications that have anti-obesity and anti-type 2 diabetes properties. 

5. Conclusion 

The primary objective of the present study was to investigate the impact of administering a specific extract obtained from the tubers 
of Cyperus rotundus L (CrE) on obesity, type 1 diabetes by the inhibition of the digestives enzymes in the intestine as α-amylase and 
lipase; and also stimulation of carbohydrate catabolism by the inhibition of DPP-4 and PTP-B activities. The outcomes of this research 
endeavour hold the potential to make significant contributions towards the advancement of innovative natural remedies for the 
prevention and management of obesity and type 2 diabetes. 
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