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Highlights

e A novel antidiabetic formulation was optimized using a Mixture design approch.

e Combination of three molecules (Catechin, Epicatechin and Rutin) have been used.

e The optimal predicted mixture for the antidiabetic formulation was a binary
combination of Rutin and Epicatechin (25% and 75% respectively).

e The optimum was selected according to three parameters : 1. Their hyperglycemic
effect. 2. their hypoglycemic effect. 3. their Fasting Blood Glucose Area Under Curve
(AUC).

Graphical abstract
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Abstract
Nowadays, synthetic chemical antidiabetic drugs, besides their therapeutic effects, present adverse
effects that could be hard to handle over time. In the last decade, studies reported new alternative

molecules with more health benefits and less adverse effects.

The goal of this study is to optimize a new antidiabetic formulation using plant flavonoids: Catechin,
Epicatechin, and Rutin. They are also a powerful antioxidant and anti-inflammatory molecules. A

mixture design experiment will optimize their combination to obtain a new, safe multi targets
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antidiabetic formulation making it a powerful combination for the management of diabetes and its

complications.

To study the variation of blood glucose level (BGL) in response to the treatment over the time we
performed an Oral Glucose Tolerance Test (OGTT). The BGL variations recorded as responses for the

mixture design experiment. We used the molecules at a dose of 10 mg/kg.

According to the software analysis, the prediction profiler showed us the optimum combination, and
the result was a binary combination between Rutin and Epicatechin (25% and 75% respectively). This
combination prevented hyperglycemia and hypoglycemia, along with the best area under the curve
(AUC), and after that, we validated it through a repeated oral administration on alloxan-induced

diabetic mice for 28 days.

Rutin, Catechin, Epicatechin exhibit a potent antihyperglycemic activity, their synergistic combination

validates a new formulation that could be a real candidate to conventional drugs.

Keywords

Diabetes, mixture design experiment, Simplex-centroid design, Catechin, Epicatechin, Rutin

Abbreviations: CA: Catechin; EP: Epicatechin; Ru: Rutin; AUC: Area under the curve; OGTT: Oral

Glucose Tolerance Test; GV: Glycemic Variation;

1. Introduction

Diabetes mellitus is a chronic and complex metabolic disorder with differing underlying causes
leading to hyperglycemia, which is the characteristic of the disease. Autoimmune-mediated
destruction of pancreatic beta cells is the principal cause of type 1 diabetes (5% of all diabetes types)
affecting the normal production of insulin, the key hormone regulating blood glucose. Specific forms
of diabetes may occur by a resistance action to insulin or insulin deficiency (90% type 2 diabetes, and

5% other subtypes) [1]. The prevalence of diabetes, according to The International Diabetes
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Federation, has incredibly increased from 425 million people in 2017 worldwide to over 700 million

expected by 2045 [2].

Diabetes comes with different serious complications such as cardiovascular diseases and amputation,
renal failure, blindness, cancer, retinopathy, neuropathy, delayed wound healing, and many others [3].
One of the main major challenges for the body to face with diabetes is oxidative stress, which is
triggered under diabetic conditions through the production of free radicals via the polyol pathway,
protein glycosylation and glucose auto-oxidation [4]. The reduction in the number of antioxidant levels
in the body leads to cellular damage, apoptosis, and the activation and enhancement of inflammation

leading to serious health complications [5].

Synthetic chemical antidiabetic drugs were developed during the years to help restore all types of
dysfunctions managing the diabetic state and preventing the complications. However, the adverse
effect of their prolonged administration (such as obesity, pancreatitis, gastrointestinal disorders,
hypoglycemia, and hepatopathy) has changed the attention of many researchers to seek new, safer
alternatives [6,7]. Recent research is now interested in flavonoids, a chemical family found in plants
which presents many molecules with powerful pharmacological activities [8]. Flavonoids such as
Catechin, Epicatechin, and Rutin are studied for their antidiabetic (Catechin [9,10], Epicatechin
[11,12], Rutin [13]), antioxidant (Catechin [14,15], Epicatechin[16,17], Rutin [18,19]) and anti-

inflammatory activities (Catechin [20,21], Epicatechin[22,23],Rutin [24,25]).

Diabetes, as a combination of muitiple disorders, require adequate therapy, which makes a mixture of
molecules with different molecular targets a better choice [26]. To properly study mixture and
optimize the best combinations instead of the trial-and-error method and to generate the most effective
ratio of each component, we need a mixture design, which is a class of response surface experiments

[27].

By this modest work, we will set up a novel mixture design to study the combination of the three

flavonoids to optimize the best ratio with the best beneficial effect.

3
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2. Materials and Methods

2.1. Chemicals

Rutin hydrate (CAS Number: 207671-50-9; MW: 610,52 g/mol), (+)-Catechin hydrate (CAS
Number: 225937-10-0; MW: 290.27 g/mol), (-)-Epicatechin (CAS Number: 490-46-0; MW: 290.27
g/mol), D-(+)-Glucose (CAS Number: 50-99-7), and Alloxan monohydrate (CAS Number: 2244-11-3)

were purchased from Sigma-Aldrich (St. Louis, MO, USA).
2.2. Animals

Swiss albino mice of either sex weighing 20—25 g were used in this study. They were obtained from
the animal facility of the Biology department (Faculty of Sciences Dhar El Mahraz Fez, Morocco). The
animals were housed in appropriate cages and had free access to water and laboratory rodent chow.
Experiment procedures were carried out under the international guidelines for the care and use of
laboratory animals [28], and the protocol was approved by the institutional animal ethical committee

(10/2019/LBEAS).
2.3. Experiment design

The single and combined effect of the three molecules was assessed using the Oral Glucose
Tolerance Test (OGTT), and the ratios were determined by a Mixture design experiment based on a

simplex-centroid design matrix. The results are expressed as glycemic variation (GV).
2.3.1 Mixture design

Simplex-centroid design was used to study the ternary effect of the flavonoids, represented by an
equilateral triangle to illustrate the distribution and repartition of the component mixtures, which

varies from 1 (100% of that component) to 0 (0% of that component) (Figure 1).
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Each key point of the triangle is represented as a point. 1,2,3 are at the vertices of the equilateral
triangle representing 1st-degree centroids, and each of them contains only pure products. The 5,6,7
points are the binary mixtures and are represented by the sides of the triangle, and they are 2nd-
degree centroids. Point 4 is a 3rd-degree centroid where all three components have the same value,

and point 8 is an augmented point added to the triangle as a checkpoint.

Subsequently, data were fitted to a special cubic polynomial model using the least square regression

for estimating unknown coefficients in the equation.
Y=b1X1+b2X2+b3X3+b12X1X2+b13X1X3+b23X2X3+b123X1X2X3

Considering Y is the response, bi is the magnitude of the effect of each component. Xi, bij are the
magnitude of the interactive effect of two components, and bijk is the magnitude of the interactive
effect of the three components on the response. Xi indicates the proportions of the component (i) of

the mixture.
This analysis was performed using the JMP © Pro software version 13.0.0 for windows.
2.3.2. Oral Glucose Tolerance Test

The goal of this test is to induce a hyperglycemic state and to evaluate the ability of the treatments
to regulate glucose metabolism and to determine how quickly it is cleared from the blood during the
test time. The dose of 10 mg/kg was selected because it was the lower/most effective dose among

the tested doses (10, 25, 50 mg/kg).
The experimental design, as shown in table 1, consisted of 10 different groups of 5 normal mice each:

Group 1: Normal control treated orally with 0.2 ml saline

Group 2: Positive control treated orally with Glibenclamide at 1 mg/kg
Group 3: Treated orally with a single combination of RU at 10 mg/kg
Group 4: Treated orally with a single combination of CA 10 mg/kg

Group 5: Treated orally with a single combination of EP 10 mg/kg
5
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Group 6: Treated orally with a binary combination of RU/CA (1/2:1/2) at 10 mg/kg

Group 7: Treated orally with a binary combination of RU/EP (1/2:1/2) 10 mg/kg

Group 8: Treated orally with a binary combination of CA/EP (1/2:1/2) 10 mg/kg

Group 9: Treated orally with a ternary combination of RU/CA/EP (1/3:1/3:1/3) at 10 mg/kg
Group 10: Treated orally with a ternary combination of RU/CA/EP (2/3:1/6:1/6) at 10 mg/kg

As described in figure 2, mice were fasted overnight before starting the experiment. The animals
were loaded orally with a solution of D-glucose (5 g/kg) after an hour of treatments administration.
Serum glucose levels were estimated post to drug administration at time 0 of the test where D-
glucose was also administered and after 30, 60, and 120 min by tail vein puncture. Blood glucose
level (BGL) was determined at these time intervals using the Accu-Chek blood glucose monitoring

system and compatible blood glucose test strips.
2.3.3. Responses, Responses goal, and optimum formulation

Responses to be studied were set up based on the OGTT test result (Table 1). Three responses have
been set. Response 1 is the "Antihyperglycemic response" based on the glycemic variation at T30 (30
min after glucose loading), where we have the high picks of glycemia. This response measures the
effect of the treatment preventing hyperglycemia. Response 2 is the "hypoglycemic response,"
retrieved from the glycemic variation after 120 min of glucose loading where we have the lowest
picks of glycemia and measures the effect of the treatment preventing hypoglycemia. Response 3 is
the "Area under curve (AUC) response," the AUC of all formulations was calculated and added as a

third response.

Response goal was set for the three responses, for the response 1 "Antihyperglycemic response" was
set between 100 and 120 mg/dl, the minimum glycemia was the target. For response 2
"hypoglycemic response" was set between 50 and 70 mg/dl, a limit was defined to not fall into

hypoglycemia. For response 3, "AUC response" was set between 90 and 100 mg/dl based on the

6
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result obtained. The preferences between responses were 50% for "Antihyperglycemic response,"

30% for "hypoglycemic response," and 20% for "AUC response."

The optimum formulation was calculated and deducted by the mixture design software taking into

consideration the three response values and the different parameters.
2.3.4. Optimum formulation validation

A four weeks antidiabetic test was performed to study the effect of the predicted formulation

obtained by the software.

Experimental diabetes (Mellitus) was induced with alloxan monohydrates. It was freshly prepared at
the dose of 180 mg/kg and injected intraperitoneally for a 12 hour fasted animals. A solution of 0,2 mi
glucose solution (4 g/L) was orally administered after the induction to prevent a hypoglycemic shock.
First blood glucose measurements were taken four days after the injection, and the animals with blood
glucose levels above 450 mg/dl were selected for the study. The selected mice were divided into four

groups, five mice each.

Group A: Normal mice treated with 0.2 ml/day of saline
Group B: Mice with induced diabetes treated with 0.2 ml/day of saline
Group C: Mice with induced diabetes treated with 1 mg/kg/day of Glibenclamide

Group D: Mice with induced diabetes treated with 10 mg/kg/day of the optimum formulation.

During the 28 days of the study, the treatments were administered daily by intra-gastric gavage, and
on the 1st, 7th, 14th, 21st, and 28th day, the fasting blood glucose (FBG) level was measured after 12h
fast. Blood was collected from the tail vein, and the FBG was estimated using a glucometer (Accu-

chek), whose principle is based on the glucose oxidase method.
Weekly weight measurements were taken.

2.4, Statistical analysis
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Statistical analysis was performed using Graph Pad Prism version 8.0 for Windows. The difference
between groups was assessed by one-way analysis of variance (ANOVA) followed by Tukey's post hoc
test, and values of P less than 0.05 were considered statistically significant. All values are expressed

as meanzSD.
3. Results and Discussion

3.1. Oral Glucose Tolerance Test of the formulation

Table 1 displays the OGTT test results. The blood glucose level in all groups showed a high peak
value at 30 min after glucose load and continued to drop until the end of the test. All treatments were
significantly (p<0.001) better than normal control. The different combinations showed excellent

management of the blood glucose level during the test.

For the first response "hyperglycemic response” noted at T30 (30 min after glucose load), the best
result was for EP alone (100%) with a blood glucose level of 98 mg/dl followed by the combination of
EP and CA (50:50) with a blood glucose level of 109 mg/dl and then the CA alone (100%) with a
blood glucose level of 111 mg/dl. Those results, when compared to normal control (495 mg/dl), show

how powerful the antihyperglycemic activity of those two molecules.

As for the second response, "hypoglycemic response” noted at the end of the OGTT test (T120), all
groups blood glucose level were back to normal with some hypoglycemic values ( under 50 mg/dI

[29,30]) observed for EP alone (100%) and CA alone (100%) which is considered a side effect.

The AUC of the blood glucose level (Figure 3) in the group treated with Glibenclamide was
significantly reduced by 62% in comparison with the normal control group. For the single treatments,
we noted the best reduction by EP (79%) followed by CA (76%) then RU ( 62%). For the binary
result, the combination of EP and CA gives us the best reduction, with 76% followed by the

combination between EP and RU (72%), CA, and RU (69%).
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For the ternary combination with equal proportion (1/3/1/3/1/3), the reduction was 67%, and for the
augmented point ( 2/3,1/6,1/6), it was 61%. Those results demonstrate the effectiveness and synergic
effect of all combinations compared to normal and also positive control. The different activities of
those molecules can explain this. Catechin decreases hemoglobin Alc level [9] and improves obesity
and blood glucose control [10]. Epicatechin elevates insulin sensitivity and decreases insulin
resistance [11,12]. For Rutin, it reduces carbohydrates absorption, improves glucose uptake by tissues,
activates insulin secretion from B-cells, and also protects the islets of Langerhans from degenerative

changes and the activation of hepatic hexokinase[13].
3.2. Summary of fit for the response prediction models

The coefficient of determination (R2) values indicated that the selected models provided an excellent
fit to the data (Table 2). The analysis of variance (ANOVA) showed the statistical significance of the

regression models.
3.2. Effect of mixtures and validation of their interactions
3.2.1. Compounds effects and the fitted model

The model coefficients were statistically significant since their p-value is lower than 0.05, except the
coefficient that corresponds to binary terms B;,, Bis, Bos(Table 3). Therefore, we eliminated those
coefficients from the postulated model. The most significant terms are those who represent the effects

of the pure components (B, B,, Bs) and the ternary component (B1,3).
For each response a mathematical equation has been set:
"Antihyperglycemic response":
Y = 161.77X; + 115.31X, + 96.97X5 + 2585.11X, X, X3

"Hypoglycemic response":



Journal Pre-proof

Y = 63.68X; — 49.46X, + —39.12X;5 + 702.45X,X,X;
"AUC response":
Y = 140.37X; + 95.78X, + 78.43X3 + 1598X,X,X;
3.2.2. Ternary plot and mixture profiler

Ternary plots in figure 4 display the distribution and variability of three-part compositional data. It is
a triangle with sides scaled from 0 to 1, and each side represents one of the three components. To
plot a point, a line is drawn perpendicularly from the point to each leg of the triangle intersect at the
component values of the point. Furthermore, the mixture Profiler visualizes and optimize the
response surfaces of the experiment and shows response contours of mixture experiment models on

a ternary plot.
3.2.3. Optimal formulation prediction

The objective of this optimization was to have a combination that fills the goal set of each response.
For response 1, "Antihyperglycemic response," the goal was to reach a value between 100 and 120
mg/dl, and the minimum was the target. For response 2, "Hypoglycemic response,"” the goal was
between 50 and 70 mg/dl, and the maximum was the target, and for response 3 "AUC response," the

goal was between 90 and 100.

According to the software analysis, the prediction profiler (Figure 5) showed us the optimum
combination, and the result was a binary combination between RU and EC, 25% and 75%
respectively, the CA portion was discarded from the mixture as it will affect the goal set for the

responses.

For this binary combination, the predicted value for response 1 "Antihyperglycemic response™ was:
107 mg/dl, and for response 2, "Hypoglycemic response™ was: 50 mg/dl, and for response 3 "AUC

response” was: 92. We got those results with the desirability of 89%.

10
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3.2.4. optimal formulation validation

Figure 6 shows the effect of repeated oral administration of the optimum formulation on fasting blood

glucose levels of Alloxan induced diabetic mice.

After seven days, the reduction reached 68% for the RU/EC (25:75) combination against 36% for
Glibenclamide compared to the diabetic control group (p<0.001). Afterward, the treatments continued
successfully to manage the diabetic status and suppression of hyperglycemia with a significant
reduction (p<0.001) (Day 14: 71,44%; Day 21: 73,63%; Day 28: 77,73% For the optimum formulation

and Glibenclamide respectively) compared to the diabetic control.

Table 4 represents the Bodyweight development of different experimental mice groups. The diabetic
groups treated with the optimum formulation for four weeks showed a very significant improvement in
body weight compared to the diabetic control group, which marked a gradual drop in body weight.
The reduction in body weight is as observed related to hyperglycemia. Glucose builds up in the
bloodstream in a lack of insulin. High blood glucose makes the kidneys work to get rid of unused
sugar through the urine, causing weight loss due to dehydration and loss of calories from the sugar

unused as energy [31].

Four weeks treatment with the predicted formulation resulted in spectacular management of fasting
blood glucose level even better of the positive control (Glibenclamide) confirming by so the analyze
done by the mixture design software, the formulation also improved the bodyweight and the overall

health status of the treated mice with no toxicity sign observed during the study time.

The mixture design was a crucial part of finding the best formulation that will satisfy the goals of the
study instead of an infinity of combinations that we could try. Defining and adjusting the parameters

carefully will help the predicted optimized combination to be more precise and accurate.

11
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4. Conclusions

This work studied the different responses of three flavonoids (Catechin, Epicatechin, Rutin) during the
Oral Glucose Tolerance Test. The three molecules exhibit a potent antihyperglycemic activity as a
single, binary, and ternary combinations against positive and normal control, but the factor in
determining the optimum combination was the preset goal for each response. Epicatechin had the best
values preventing hyperglycemia and also the best AUC but falls into hypoglycemia at the end of the

test, which we consider as a side effect.

The mixture design experiment helped to optimize the best formulation that responds to the desired
effect. The predicted formulation consisted of a binary combination of Rutin and Epicatechin (25:75).
This combination was tested on alloxan-induced diabetic mice for 28 days and exhibited a spectacular

result with no toxicity sign observed.

With their approved antidiabetic, antioxidant, and anti-inflammatory activities and multiple modes of

actions, this formulation could be a safe, multi-target antidiabetic drug alternative.
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Fig 1. Distribution of experimental points for the augmented Simplex-centroid design.
RU: Rutin, CA: Catechin, EP: Epicatechin

Fig 2. Oral Glucose Tolerance Test (OGTT) design and determination of the responses

Fig 3. Effect of different treatments on the total area under the curve (AUC) of blood glucose level
during the OGTT test.
RU: Rutin; CA: Catechin; EP: Epicatechin ; Gli: Glibenclamide.
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The results were analyzed using one-way ANOVA followed by Tukey's post hoc test, and the data are expressed
as the means £ SD (n= 5 mice). ***P<0.001, compared to normal control

Fig 4. Ternary plot and mixture profiler of the different combinations of studied molecules. A: Ternary
plot for "Antihyperglycemic response,” the values express the variation of the glycemia (mg/dl) at T30
(30 min of the OGTT test). B: ternary plot for "Hypoglycemic response,"” the values express the
variation of the glycemia (mg/dl) at T120 (120 min of the OGTT test). C: ternary plot for "AUC
response” values express the area under the curve of the variation of glycemia during the OGTT test.
D: Mixture profiler and X represent the optimum formulation point

Fig 5. Prediction profiler showing the best formulation with a precise proportion of the three studied
molecules to get the goal of each response.
Response 1: Antihyperglycemic; Response 2: Hypoglycemic; Response 3: AUC

Fig 6. Effect of the predicted formulation on fasting blood glucose in Alloxan-induced diabetic mice
during the experimental period of 28 days
Diab: Diabetic; Glib: Glibenclamide; Ru: Rutin; EP: Epicatechin
The results were analyzed using one-way ANOVA followed by Tukey's post hoc test, and the data are expressed
as the means + SD (n=5 mice). *** P<0.001 compared to diabetic control

Table 1. Glycemic variation after administration of different treatments during the OGTT ftest

——| Comment [AUQ2]: CE: PLease check table fro

input.
Time To T30 T60 T9 T120
Treatment

Normal control 91,248,04 495,4+24,35 372,2+18,13 293242163  140%12,7
Glibenclamide 1 mg/kg 57£0,43%%  186+12,38%+  148,6+16,74w 9244504+ 56246 34r
RU 10 mg/kg 96 + 16,26 167 £33,42++  1332£268 058+ 16,4~ 67,6+ 17 4w
CA 10 mg/kg 73+7,07 1114 + 1560+ 784+ 1220+ 598+ 7,12+ A48+ 11,68
EP 10 mg/kg 64,6+12,3% 0841234~ 6541879  56,6+808~ 464125
RUICA (1/2 :1/2) 10 mg/kg 84,8+7,25 132,2419,72+  101,2418,63~+ 8441133+ 62,26, 76x
RU/EP (1/2 :1/2) 10 mg/kg 67,845,80% 12124113+  058+8,05% 781533 58,24, 44
CAJEP (1/2 :1/2) 10 mg/kg 66,6£8,26%  10029,72%+ 788,97~ 63,245,58%+ 504 47w
RU/CA/EP (1/3 :1/3 :1/3) 10 mg/kg 77642517 207243384~  136,6£17,85+ 106+17,41w  80,6+10,45+
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RU/CAJ/EP (2/3 :1/6 :1/6) 10 mg/kg 85,2+7,15 182,8+22,21=+  128,6£15,37~+  99,8+13,14~+  75,6+7,98*+

RU: Rutin; CA: Catechin; EP: Epicatechin

The results were analyzed using one-way ANOVA followed by Tukey's post hoc test, and the data are expressed
as the means £ SD (n= 5 mice). ***P<0.001, **P<0.01, *P<0.1, compared to normal control

Table 2. Summary of fit of the three responses

RMSE: root mean square
error; Rsq: Responses RMSE Rsq P-value R-squared
*. “Antihyperglycemic” 13,923 0,90 <.0001* Statistically
significant “Hypoglycemic 6,264 0,84 <.0001* at P<0.001
probability

“AUC” 8,134 0,93 <.0001*

Table 3. Coefficients of each model fitted and their level of significance determined by P-value

Responses "Antihyperglycemic" "Hypoglycemic" "AUC"
Nom Coef. Signif. Coef. Signif. Coef Signif.
b1 (Ru) 161,77 <0.001 * 63.68 <0.001 * 140.37 <0.001 *
b2 (CA) 115,31 <0.001 * 49.46 <0.001* 95.78 <0.001 *
b3 (EP) 96,97 <0.001 * 39.12 <0.001 * 78.43 <0.001 *
b12 (RU/CA) 58,91 0.11 11.14 0.50 -32.63 0,13
b13 (RU/EP) -32,49 0.34 25.92 0.1 -9,31 0,64
b23 (CA/EP) 11,31 0.74 23.43 0.13 22.40 0.26
b123 (RU/CA/EP) 2585,11 <0.001* 702.45 <0.001 * 1598 <0.001 *

RU: Rutin; CA: Catechin; EP: Epicatechin

*: Statistically significant at P<0.001 probability

Table 4. Changes in the bodyweight of normal and diabetic mice during the experimental period of
28 days

Treatment weight )]
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Day 1 Day 7 Day 14 Day 21 Day 28

Normal control 23.4+1.8 24.7£1.5 25.2+1.4* 26.9+£1.3*** 27.241.5%**
Diab. control 23.8+1.6 21.7+2.2 20.1+2.7 19.2425 17.7+2.4
Diab. Glib 1 mg/kg 24.1+1.6 23.3£1.5 23.3+1.6* 23.8£1.8** 24.1£1.7%**

Diab. RU/EP (25/75) 10mg/kg 23.8+1.4 24.3+1.2 24.9+1.4* 25.4%1. 7% 26.0£1.7%**

Glib: Glibenclamide; Ru: Rutin; EP: Epicatechin

The results were analyzed using one-way ANOVA followed by Tukey's post hoc test, and the data are
expressed as the means + SD (n=5 mice). * P<0.05, ** P<0.01, *** P<0.001 compared to diabetic

control
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