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Abstract: Diabetes mellitus (DM) is a major global health concern characterized by high blood glucose
levels. This study investigates the effects of Opuntia ficus-indica (cactus) juice and empagliflozin, both
alone and in combination, on glycated hemoglobin (HbA1c) levels in healthy and streptozotocin-
induced diabetic rats. Eighty Wistar albino male rats were divided into eight groups, with four
groups being diabetic. Treatment options included cactus juice, empagliflozin, or both. HbA1c levels
were measured at baseline and 100 days later using ELISA. In diabetic and non-diabetic rats treated
with cactus juice or empagliflozin, HbA1c levels were significantly reduced, but diabetic rats had
significantly lower HbA1c values than non-diabetic rats. The combined treatment provided no addi-
tional benefits over individual therapies. These findings indicate that cactus juice and empagliflozin
effectively lower HbA1c levels, making their use a promising complementary approach to diabetes
management. However, the combined treatment of Opuntia ficus-indica juice and empagliflozin
did not yield additional reductions in HbA1c levels compared to individual treatments, with no
significant synergistic effects observed throughout the study period. More research is needed to
better understand the clinical applications and mechanisms in humans.

Keywords: Opuntia ficus-indica; diabetes mellitus; HbA1c; empagliflozin; streptozotocin-induced
diabetes; glycemic control

1. Introduction

Diabetes mellitus (DM) is a group of physiological disabilities characterized by hy-
perglycemia resulting from insulin resistance, insufficient insulin excretion, or elevated
glucagon excretion [1–3].

Approximately 537 million (10.5%) people (aged 20 to 79) globally manage the con-
dition [4,5]. In Jordan, DM causes about 10% of the annual deaths caused by non-
communicable diseases (NCDs). It is estimated that diabetes has a significant impact
on health-related economic costs, with approximately 12% (USD 727 billion) of the world-
wide medical expenditure being estimated to be caused by diabetes [6].
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The management of DM usually pertains to lifestyle changes, including dietary
changes, changes in physical activity, and the use of hypoglycemic agents [7,8]. Sodium–
glucose co-transporter-2 (SGLT2) antagonists are a novel class of oral anti-diabetic drugs
(OADs) [9] that work by lowering glycated hemoglobin levels by raising urinary glucose
excretion. Due to their limited ability to reduce blood glucose concentration (BGC), they
are typically used in conjunction with metformin and other antihyperglycemic agents,
such as insulin, and this treatment comes with the advantages of limited side effects of
hypoglycemia and moderate decreases in blood pressure and body weight [10]. In addition,
this group of treatments has been shown to lower glycated hemoglobin levels in patients
with type 2 diabetes and in those with stage 2 or 3a progressive kidney failure when used
as a monotherapy or as an add-on adjunction [11].

The cactus (Opuntia ficus-India) is a member of the Cactaceae family, also known as
the prickly pear. It is a cactus species with a complex taxonomic history. It features
ovate-oblong segments, spines, and glochids. It is widely cultivated and typified, with a
Linnaean herbarium specimen designated as its neotype. However, its classification has
been controversial [12]. This plant is endemic to Mexico and is found across the Mexican
and North American regions, Africa, and the Mediterranean basin. It has been used in
traditional medicine to treat various diseases and ailments, including diabetes [13]. The
extract of Opuntia ficus-indica cladodes has been found to have hypoglycemic effects in
rabbits, reducing glucose levels by 21.67%. The extract contains polyphenols that regulate
glycemia, possibly due to its anti-diabetic activity. The active molecules responsible for the
hypoglycemic effect are extracted in water and have polar groupings [14]. Opuntia ficus-
indica var. saboten (OFS) exhibits anti-diabetic effects through enhanced peripheral glucose
uptake, activating the AMPK/p38 MAPK pathway [15]. On the other hand, Opuntia
Milpa Alta extract has also shown significant anti-diabetic effects, particularly through
its petroleum ether extract. Further research is needed to understand its mechanism of
action and potential long-term effects [16]. Opuntia ficus-indica is a long-domesticated
cactus crop essential in agricultural economies worldwide, particularly in desert and semi-
arid regions. This species’ biogeographic and evolutionary origins have been hidden by
ancient and widespread cultivation and naturalization [17]. Opuntia ficus-indica is used
in numerous ways. In modern times, first and foremost, O. ficus-indica is grown for its
large, sweet fruits (often called “tunas”), which are available in local and commercial
markets worldwide [18,19]. Opuntia ficus-indica is a perennial shrub with a rich bioactive
composition, including phenolic acids, flavonoids, carotenoids, amino acids, vitamins, and
fibers. It is used in food products, cosmetics, pharmaceuticals, and wastewater treatment.
The plant has strong antioxidant activity, antimicrobial resistance, and health benefits. It
has potential in nutraceutical development and has commercial value in various industries.
Its properties underscore its significance as a food source and a medicinal plant [20].

Additionally, the young cladodes (stem segments) of O. ficus-indica are harvested as
a vegetable crop (often called nopalitos). Although this crop is less valuable worldwide
than the fruit crop, vegetable products of O. ficus-indica are available in many local and
commercial markets. The medicinal properties of O. ficus-indica have been documented as
early as 1552 [21].

The authors of the present paper reviewed the literature on using Opuntia ficus-indica
in the treatment of diabetes mellitus. They investigated the effect of a combination of em-
pagliflozin and cactus on glycated hemoglobin HbA1c levels in healthy and streptozotocin-
induced diabetic rats, which had not been previously reported.

2. Materials and Methods
2.1. Preparation of Cactus Juice

Opuntia ficus-indica leaves were obtained from a local farm located in Ajloun, in the
north of Jordan, and the juice was prepared traditionally by removing the spines, washing
the leaves in a pan, juicing the pads using a hummer, tenderizing the pads, and filtering
the juice through a wire mesh strainer.
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2.2. Extraction and UV-HPLC Analysis

Avila-Nava et al. (2014) reported on how to extract flavonoids from cactus leaves using
a 70% methanol solution [22]. The mixture was vortexed, sonicated at 37 ◦C for 10 min,
and then kept at room temperature for 50 min with intermittent vortexing. Following
centrifugation, a portion of the supernatant was mixed with HCl, rinsed with nitrogen, and
incubated in a water bath at 90 ◦C for 2 h. After acid hydrolysis, the solution was diluted
with methanol and centrifuged at 11,000× g to perform HPLC-MS analysis.

The ZORBAX Eclipse XDB-C18 reversed-phase column (Agilent Technologies, Santa
Clara, CA, USA, 5 µm, 150 mm × 4.6 mm) was used for the analysis. The mobile phase
included 0.05% aqueous acetic acid (phase A) and a combination of 0.05% acetic acid in 80%
acetonitrile and 20% methanol (phase B), with a flow rate of 0.8 mL per minute. Detection
was performed at 280 nm using a DAD detector. Electrospray ionization in negative mode
was carried out under the following conditions: nebulizer pressure of 50 psi, dry gas flow
rate of 10 L/min, drying temperature of 350 ◦C, and capillary voltage of 4000 V. The
mass spectrum was scanned over the m/z range of 100–550. The Huang et al. (2009)
approach identified and quantified flavonoid peaks, with quercetin acting as an external
standard [23]. ChemStation software was used to collect and analyze data (Version B.01.03,
Agilent Technologies, Palo Alto, CA, USA). The injection volume was 5.0 µL, and the flow
rate was 0.3 mL/min.

2.3. Animal Handling

Eighty healthy Wistar albino male rats were randomly divided into eight groups
(n = 10 rats/group). The rats, each weighing around 250 g and aged around eight weeks,
were delivered to the animal house at Applied Science University. They were placed in a
ventilated room with a photoperiod cycle and a temperature of around 20 ◦C. The eighty
rats were divided into eight groups, each with ten rats, as follows (Scheme 1 and Table 1):
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Table 1. Rat grouping and the assigned treatments.

Group #1 No drug
In this control group of healthy rats, no medication was given, and the food
given was basic and regular daily food. This group remained in this study for
about 12 weeks under the same environmental conditions.

Group #2 Cactus Healthy rats were given 5 mL of cactus juice every 8 h daily for 12 weeks, and
no medication was given.

Group #3 Empagliflozin Healthy rats were given 0.107 mg of empagliflozin once daily for 12 weeks
using suitable oral gavage and given a normal basal diet with water.

Group #4 Cactus+ empagliflozin Healthy rats were given 5 mL of cactus juice every 8 h and 0.107 mg of
empagliflozin using suitable oral gavage.

Group #5 No drug Diabetic rats were given a normal basal diet with water.

Group #6 Cactus Diabetic rats were given 5 mL of cactus juice every 8 h daily for 12 weeks, and
no medication was given.

Group #7 Empagliflozin Diabetic rats were given 0.107 mg of empagliflozin once daily for 12 weeks
using suitable oral gavage and given a normal basal diet with water.

Group #8 Cactus+ empagliflozin Diabetic rats were given 5 mL of cactus juice every 8 h and 0.107 mg of
empagliflozin using suitable oral gavage.

2.4. Animals and Experimental Procedure

Eighty healthy Wistar albino male rats, each aged around eight weeks and weighing
around 250 g, were delivered to the animal house at the Applied Science University
(Amman, Jordan), were placed in a ventilated temperature- and light-controlled room
(temperature around 20 ◦C, photoperiod cycle), and were randomly divided into eight
groups (n = 10 rats/group). Four groups were injected with streptozocin to induce diabetes
mellitus (75% α-anomer, Millipore-Sigma (Darmstadt, Germany), 3.75 mg/mL sodium
acetate buffer) [24], while the other four groups were left intact and were normal. All
the rats received a standard diet (including powdered yellow corn, soybean food, DL-
methionine, choline chloride, mineral mix, vitamin mix, and corn oil) throughout the
experimental period of 100 days and were kept in a room with a 12 h light/dark cycle. For
comparison purposes, one group was the negative control group, which was not injected
with streptozocin and did not receive any other treatment. Another group served as the
positive control group, which was intraperitoneally injected with streptozocin and did not
receive any treatment. The remaining three intact groups, as well as the diabetic groups,
received the following three different treatments: 5 mL cactus juice orally every 12 h
daily; oral gavage with 0.098 mg of empagliflozin (JARDIANCE® tablets (dissolved in
water), 0.098 mg/rat [25]) once daily; and 5 mL of cactus juice every 8 h and 0.098 mg of
empagliflozin daily by oral gavage. Figure 1 shows the experimental procedure and the
experimental groups. Petra and Applied Science Private University institutional guidelines
on animal use were followed in the rat handling procedure, which adopted the Federation
of European Laboratory Animal Science Association (FELASA) guidelines.

2.5. Blood Sample Collection and Analysis

Blood samples were collected from the optical vein of each rat by a capillary tube after
12 h of fasting, at baseline and after 100 days of intervention. Blood samples were kept in a
tube collector (EDTA, heparin, and NaF), and the blood samples were incubated for 12 min
and analyzed for HbA1c by the Enzyme-Linked Immunosorbent Assay (ELISA) [26].
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Figure 1. Analysis of the constituents of cactus juice: (A) UV-HPLC chromatogram flavonoids
(254 nm) of O. ficus indica. The identified flavonoids: quercetin (1), kaempferol (2), and isorhamnetin
(3). (B) MS of ion spectra for quercetin (A: mass spectrum, B: MS/MS fragments). (C) MS of ion spectra
for kaempferol (A: mass spectrum, B: MS/MS fragments). (D) MS of ion spectra for isorhamnetin
(A: mass spectrum, B: MS/MS fragments).
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2.6. Statistical Analysis

An unpaired sample t-test was used to compare the HbA1C values of diabetic and
non-diabetic rats with different treatments. In addition, the mixed effects of time and
diabetes, and time and treatment (cactus, empagliflozin, and their combination), were
analyzed by a two-way mixed analysis of variance (ANOVA). These were used to compare
HbA1c levels, revealing significant differences between treated and control groups over
time, affirming the treatments’ efficacy.

3. Results and Discussion

This study sought to determine the effects of Opuntia ficus-indica juice and empagliflozin
on glycemic control in diabetic rats. The study found that both diabetic and non-diabetic
rats treated with cactus juice or empagliflozin had significant reductions in HbA1c levels.
However, the combination of both did not provide any additional benefits.

3.1. Chromatographic Analysis of Cactus Flavonoids

Figure 1 depicts a UV-HPLC chromatogram of flavonoids (254 nm) from Opuntia ficus-
indica. The identified flavonoids were quercetin (1), kaempferol (2), and isorhamnetin (3).
The chromatographic analysis confirms the presence of bioactive compounds in cactus juice
that may play a role in glycemic control and are known for their antioxidant properties.

3.2. Glycemic Control in Diabetic and Non-Diabetic Rats

This study utilized a robust experimental design, dividing rats into various treatment
groups to isolate the effects of cactus juice and empagliflozin. Table 2 shows that dia-
betic rats consistently exhibited higher HbA1c levels than their non-diabetic counterparts,
underscoring the challenge of managing glycemic levels in diabetic conditions. Table 2
shows the results of the unpaired sample t-test for the effect of diabetes on HbA1C values
throughout the experimental period. At baseline, no significant differences (p < 0.5) were
observed between diabetic and non-diabetic rats in HbA1C values across all treatment
groups, except for in the case of the combined treatment of cactus and empagliflozin. In
this case, non-diabetic rats exhibited significantly lower HbA1C values than the combined
treatment diabetic groups (HbA1C values = 5.11 ± 0.37 vs. 5.74 ± 0.35, p = 0.001). This
indicates that, except for in groups 4 and 8, the allocation of rats into the treatment groups
was performed randomly. After that and throughout the experimental period, diabetic rats
(regardless of the treatment) exhibited significantly higher (p < 0.05) HbA1C values than
those of their counter-controls (Table 2). These findings indicate strong anti-diabetic control
in Opuntia ficus-indica juice and empagliflozin therapies, as both Opuntia ficus-indica juice
and empagliflozin lowered HbA1c levels in both diabetic and non-diabetic rats, suggesting
strong hypoglycemic effects for both treatments. These findings are consistent with the
results of other studies [27,28].

Table 2. Bivariate analysis of HbA1c levels in diabetic and non-diabetic rats. The analysis was
conducted at baseline and after 10, 30, 60, and 100 days of treatment with cactus juice, empagliflozin,
and their combinations. Unpaired samples t-test (n = 10).

Treatment Type Group# Animal Disease
State

Baseline At 10 Days At 30 Days At 60 Days At 100 Days

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

No Treatment
1 Healthy 5.20 (0.35) 5.24 (0.41) 5.21 (0.34) 5.18 (0.35) 5.09 (0.31)
5 Induced Diabetes 5.16 (0.42) 6.29 (0.65) 8.23 (0.35) 8.16 (0.56) 7.92 (0.50)

p-Value p = 0.820 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Cactus Only 2 Healthy 4.97 (0.31) 5.00 (0.43) 5.13 (0.55) 5.39 (0.33) 5.08 (0.35)
6 Induced Diabetes 4.87 (0.47) 6.10 (0.64) 8.08 (0.26) 7.88 (0.48) 7.69 (0.47)

p-Value p = 0.568 p < 0.001 p < 0.001 p < 0.001 p < 0.001
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Table 2. Cont.

Treatment Type Group# Animal Disease
State

Baseline At 10 Days At 30 Days At 60 Days At 100 Days

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Empagliflozin
Only

3 Healthy 5.13 (0.35) 5.11 (0.39) 4.97 (0.31) 4.92 (0.37) 4.89 (0.35)
7 Induced Diabetes 4.98 (0.39) 6.09 (0.76) 7.88 (0.44) 7.88 (0.58) 7.54 (0.46)

p-Value p = 0.367 p = 0.002 p < 0.001 p < 0.001 p < 0.001

Combined
Empagliflozin
and Cactus

4 Healthy 5.11 (0.37) 4.91 (0.40) 4.60 (0.40) 4.64 (0.42) 4.60 (0.32)
8 Induced Diabetes 5.74 (0.35) 6.58 (0.78) 6.62 (0.54) 6.31 (0.68) 6.26 (1.02)

p-Value 0.001 <0.001 <0.001 0.001 0.001

Treatment with cactus juice alone showed a significant reduction in HbA1c values
as early as ten days into the treatment, suggesting its potential as a natural anti-diabetic
agent. This reduction could be attributed to the flavonoids’ action on glucose metabolism
pathways. Similarly, empagliflozin, an SGLT2 inhibitor, demonstrated significant hypo-
glycemic effects, particularly noticeable by the 30th day of treatment. These findings align
with the existing literature on the efficacy of SGLT2 inhibitors in lowering HbA1c levels by
increasing urinary glucose excretion [29].

3.3. Combined Treatment

Figures 2 and 3 show the overall change in HbA1C values between the groups in
which diabetic rats exhibited higher HbA1C values than non-diabetic rats. Diabetic rats
consistently exhibited higher HbA1c levels compared to non-diabetic controls across all
treatment conditions, emphasizing the challenge of maintaining glycemic control in diabetic
states. Within the same context, Table 2 shows the mixed effect of time, diabetes, and
treatments on the HbA1C values of the study groups. This analysis shows that with
time, for rats that did not receive any treatment, there were no significant differences in
HbA1C values between diabetic rats and non-diabetic counter-controls. Control rats, rats
that received cactus, and those that received empagliflozin exhibited substantial changes
in HbA1C ten days into the experimental period, while those that were treated with
cactus and empagliflozin showed significant differences from the commencement of the
experimental treatment. With time, cactus, empagliflozin, and the combined treatment
caused a significant reduction in HbA1C values in both diabetics and their counter-controls.

Interestingly, combining cactus juice and empagliflozin did not result in a synergistic
effect. The lack of additional benefits suggests that while both treatments are effective
individually, their mechanisms may not complement each other when combined. This
finding highlights the importance of understanding drug interactions and the potential for
using natural products alongside pharmaceutical agents.

In reference to the animal groups that received cactus treatment only, Figures 2 and 3
show that the treatment reduces HbA1C values significantly (p < 0.001) in the treated rats
as early as ten days into treatment. Nonetheless, on day 30 of treatment, rats exhibited
an increase followed by a decrease in HbA1C values. On the other hand, treatment with
empagliflozin alone caused a significant (p < 0.001) reduction in HbA1C values on the
30th day of administration (Figure 4). The combined therapy of cactus and empagliflozin
showed no significant (p = 0.111) change in HbA1C values with time in diabetic and non-
diabetic rats. Notably, the analysis showed a significant (p < 0.001) increase in HbA1C
values among diabetic rats who received all treatments compared to non-diabetic rats
(Table 2). These results validate the conventional application of Opuntia ficus-indica in
diabetes management and highlight the effectiveness of empagliflozin as an SGLT2 inhibitor.
However, the combined treatment of cactus juice and empagliflozin did not offer additional
benefits compared to individual treatments. This indicates no synergistic effect between
the two therapies.
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Figure 4. Change in HbA1C values for experimental animals treated with cactus and empagliflozin
with time.

4. Conclusions

This study highlights the effectiveness of Opuntia ficus-indica juice and empagliflozin
as complementary diabetes treatments. It suggests incorporating Opuntia ficus-indica into
standard treatment regimens and flavonoids from cactus juice into standard treatments to
control HbA1c levels. However, further research is needed to understand these treatments’
underlying mechanisms and clinical applications in human diabetes management. Their
combination’s lack of additive benefits underscores the need for further investigation.
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