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Abstract: This in vivo study was conducted to investigate the antihyperglycemic potential
of the mace water extract from Myristica fragrans Houtt (ME). Oral starch and glucose
tolerance tests, measurements of fasting blood glucose, glycated hemoglobin (HbA1c),
body weight, water consumption, and relative weight of organs of experimental animals
were performed to evaluate the effect of ME on normal rats and hyperglycemic rats induced
by streptozotocin. Acutely, ME (1.84 mg total phenolics from ME/kg BW) was able to
inhibit the spike in blood glucose in the oral starch and glucose tolerance tests with a
lower area under the curve (AUC) value than the negative control. Streptozotocin-induced
hyperglycemic rats that received ME (1.84 mg total phenolics from ME/kg BW) for 28 days
also showed lower fasting blood glucose and HbA1c than negative controls, even when
compared with positive controls (10 mg acarbose/kg BW). This positive effect is also
supported by the results for estimated body weight, water consumption, and relative
weight of organs of experimental animals. The findings in this study indicate that ME has
antihyperglycemic potential in vivo and has the opportunity to be used as a functional
food ingredient.

Keywords: nutmeg; blood glucose; diabetes mellitus; HbA1c; hyperglycemic; myristica;
streptozotocin; functional foods; novel foods

1. Introduction
Diabetes mellitus (DM) is a chronic metabolic disease that can be recognized clinically

by the presence of one or more typical symptoms such as polyuria, polydipsia, polyphagia,
and weight loss that does not improve. Hyperglycemia, one of the abnormal glycemic
conditions that is closely related to DM, is mainly caused by endocrine pancreatic cell
deficiency and/or subsensitivity to insulin in target cells [1,2]. Blood glucose, glycated
hemoglobin (HbA1c), oral starch/glucose tolerance, and some other biochemical parame-
ters can be used to evaluate glycemic status [1,3]. Globally, DM is a disease that has a high
prevalence and is expected to increase from year to year [4]. Therefore, effective glycemic
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status management and monitoring strategies and efforts are of great importance for public
health [2].

Traditionally, parts of plants have long been used as a source of medicine and have
been widely studied regarding their effects on DM [1]. Their effects originate from the
phytochemical compounds they contain and can be an alternative choice when synthetic
antidiabetic agents cause undesirable side effects [5]. Nutmeg (Myristica fragrans Houtt) is
one of the plants that has been widely used in traditional medicine [6].

Mace is the part of the nutmeg fruit (Myristica fragrans Houtt) that covers the seed
shell and is generally red when the fruit is ripe. The biological activities of mace in-
clude antioxidant, anti-inflammatory, anticancer, anti-cariogenic, hepatoprotective, and
osteoblast proliferation-stimulating properties [7,8]. The phytochemical compounds con-
tained in mace include tannins, alkaloids, saponins, flavonoids, steroids/terpenoids, and
quinones [9,10]. Mace also contains some lignans and neolignans, which have many phar-
macological activities [11]. This group of phytochemical compounds is thought to provide
antidiabetic effects, as has been reported in several studies, especially through controlling
blood glucose levels [12–25].

A systematic review of the effects of nutmeg on the glycemic status of rats and mice
found that mace has the potential to reduce blood glucose levels by more than 50% [3].
Giving ethyl alcohol extract of Myristica fragrans mace (400 mg/kg BW) for 10 weeks to
obese Wistar rats led to the reduction of blood glucose levels by up to 60.76% [26]. Research
exploring the effects of mace on glycemic status is still limited. Only two articles were
found that used mace, each extracted with methanol and ethanol [26,27]. The use of organic
solvents (including methanol) in the production of food products is generally limited due
to safety considerations, while in vivo studies using water as a safer solvent for extracting
mace are not yet available. In fact, the mace water extract (ME) in previous in vitro studies
was proven to have antioxidant activity and act as an α-amylase inhibitor (IC50 DPPH RSA
2.79 ± 0.05 mg total phenolics from extract/L; FRAP 9.16 ± 0.86 g Trolox equivalent/100 g
total phenolics from extract; IC50 α-amylase inhibition 360.18 ± 6.83 mg total phenolics
from extract/L) [28]. Therefore, an in vivo study on the antihyperglycemic effect of mace
extract extracted using water needs to be carried out to confirm the possibility of applying
mace extract to safer food products. This in vivo study was conducted to investigate the
antihyperglycemic potential of ME. Oral starch and glucose tolerance tests, measurements
of fasting blood glucose, glycated hemoglobin (HbA1c), body weight, water consumption,
and relative weight of organs (pancreas, liver, and kidney) were carried out to evaluate the
effect of ME on normal and streptozotocin-induced hyperglycemic Sprague Dawley rats.

2. Materials and Methods
2.1. Sample and Extract Preparation

Sun-dried Myristica fragrans Houtt mace was obtained from Dorpedu Village, Ternate
City, North Maluku Province, Indonesia. Identification of plant species was performed by
Herbarium Bogoriense, Botany Research Center–Indonesian Institute of Sciences. Dried
mace was blended and sieved with a 30-mesh sieve until mace powder was obtained. Mace
powder was packed tightly in plastic packaging with silica gel and stored in the freezer
until used.

Extraction was carried out following the method from Hasbullah et al. [28]. Mace
powder (25 g) was extracted with 250 mL of distilled water (ratio 1:10) and sonicated for
30 min at 30 ◦C. Next, it was filtered with V60 filter paper (first filtration). The residue
was re-extracted in the same way. The results of the first filtration were then filtered with
Whatman No. 1 filter paper (second filtration). The filtrate obtained was concentrated
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using a rotary evaporator and then dried using a freeze-dryer until the dry mace water
extract (ME) was obtained.

2.2. Experimental Animals

Male Sprague Dawley rats (5 weeks old) were purchased from PT. BMTI, Bogor, In-
donesia, and maintained under a 12:12 h light and dark cycle at a temperature of 25 ± 2 ◦C.
Animals were given standard feed specifically for rodents and water (distilled water) ad
libitum. The standard feed used was from PT. INDO FEED with a composition of protein
(20%), fat (4%), fiber (4%), ash (4%), phosphorus (0.8%), arginine (1.25%), alanine (0.9%),
and water (12%) with a total energy of 2750 kcal. Animal termination in this study was
carried out by exsanguination under anesthesia. All experimental protocols in this study
were carried out in accordance with ethical and animal welfare principles in the use of
laboratory animals and have been approved by the Animal Ethics Committee, School of
Veterinary Medicine and Biomedicine, IPB University (065/KEH/SKE/VI/2023).

For calculating sample size, a resource equation approach was applied [29]. It provides
a range of the minimum and maximum number of animals recommended for a study. The
estimation results show that the number of animals recommended for this study is a
minimum of 3 and a maximum of 5. Considering the duration of the experiment, the
minimum number (n = 3) was used for acute testing (experiment duration 2 h), while the
maximum number (n = 5) was used for long-term testing (experiment duration 28 days) as
an effort to anticipate the occurrence of animal illness/death during the trial period.

2.3. Test of Acute Effects of Mace Water Extract
2.3.1. Oral Starch Tolerance Test

The oral starch tolerance test (OSTT) was carried out following Poovita and Parani [30].
Normal male Sprague Dawley rats (BW 191.27 ± 16.42 g) were fasted overnight and divided
into five groups (n = 3). Each group received distilled water orally (negative control), 10 mg
acarbose/kg BW (positive control), 37.5 mg ME/kg BW (dose A), 75 mg ME/kg BW (dose
B), and 150 mg ME/kg BW (dose C). Acarbose works by inhibiting the breakdown of
polysaccharides and oligosaccharides through the enzymes α-amylase and α-glucosidase.
Therefore, it is more relevant for use in the OSTT, as the substrate administered to the
experimental rats is starch (a polysaccharide), not glucose (a monosaccharide).

Ten minutes after drug/sample administration, blood glucose levels were measured
(minute 0), and then starch (3 g/kg BW) was given orally. Blood glucose levels were
measured at 30, 60, 90, and 120 min after starch administration. Peak blood glucose (PBG)
was determined by observing blood glucose levels during the test time interval. The area
under the curve (AUC) value was calculated using the formula:

AUC (mg/dL.hour) = (BG0 + BG30 × 0.5)/2 + (BG30 + BG60 × 0.5)/2 + (BG60 + BG90 × 0.5)/2 + (BG90 + BG120 × 0.5)/2

where BG0 is the blood glucose level before starch administration and BG30, BG60, BG90,
and BG120 are blood glucose levels 30, 60, 90, and 120 min after starch administration.
Dose B (75 mg ME/kg BW), which was the lowest dose with a lower AUC value than the
negative control in the oral starch tolerance test, was chosen for use in the oral glucose
tolerance test and antihyperglycemic test for 28 days.

The results of our previous research [28] showed that the total phenolic content of the
mace water extract used in this study was 24.53 ± 2.86 mg GAE/g ME, and thus 1 mg of
extract contains 0.02453 mg GAE. Therefore, the doses of 37.5 (dose A), 75 (dose B), and 150
(dose C) mg ME/kg BW correspond to 0.92 mg total phenolics from ME/kg BW (dose A),
1.84 mg total phenolics from ME/kg BW (dose B), and 3.68 mg total phenolics from ME/kg
BW (dose C), respectively (i.e., 75 mg ME×0.02453 mg GAE/mg ME = 1.84 mg GAE).
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2.3.2. Oral Glucose Tolerance Test

The oral glucose tolerance test (OGTT) was carried out following Ali et al. [31]. Normal
male Sprague Dawley rats (BW 244.44 ± 57.06 g) were fasted overnight and divided into
three groups (n = 3), had their blood glucose levels measured at 0 min, and were then given
distilled water (negative control), glibenclamide (5 mg/kg BW) as a positive control, or
ME (1.84 mg total phenolics from ME/kg BW) orally. Glibenclamide works by increasing
insulin secretion from the pancreas, either by interacting with sulfonylurea receptors on
beta cells or by affecting ATP-sensitive potassium channels, thereby enhancing insulin
release. It can also increase the sensitivity of existing insulin receptors.

Rats were given a glucose load of 2 g/kg BW orally 15 min after administering the
drug or sample. Blood glucose (BG) levels were measured at 30, 60, 90, and 120 min after
glucose administration. Peak blood glucose (PBG) and area under curve (AUC) values
were determined as in the oral starch tolerance test.

2.4. Hyperglycemic Induction

Hyperglycemia in rats was induced by intraperitoneal injection of a single dose
of 50 mg streptozotocin/kg BW (dissolved in 0.1 M citrate buffer, pH 4.5) after fasting
overnight. Rats with fasting blood glucose levels above 250 mg/dL on day 7 after strep-
tozotocin injection were categorized as hyperglycemic rats and used in the next stage of
the study.

2.5. Test of Long-Term Effects of Mace Water Extract

Healthy male Sprague Dawley rats (BW 271.84 ± 9.84 g) were randomly divided into
five groups (n = 5). The first group included normal rats without intervention, i.e., receiving
distilled water (normal control); the second group included hyperglycemic rats without
intervention, i.e., receiving distilled water (negative control); the third group included
hyperglycemic rats receiving 10 mg acarbose/kg BW (positive control); the fourth group
included hyperglycemic rats receiving 1.84 mg total phenolics from ME/kg BW; and the
fifth group included normal rats receiving 1.84 mg total phenolics from ME/kg BW.

Test samples were administered orally using a gastric probe once daily for 28 days.
Fasting blood glucose and body weight were measured on days 0, 7, 14, 21, and 28. Blood
glucose levels were measured using an Easy Touch blood glucose meter (Bioptik Technology
Inc., Jhunan, Taiwan). HbA1c levels were measured at the end of the study period (day 28)
using the HbA1c EZ 2.0 Glycohemoglobin Analyzer and test kit from BioHermes (Wuxi,
China). Fasting blood glucose and HbA1c were measured using blood samples taken from
a vein at the tip of the rat’s tail.

All rats were fasted overnight at the end of the experiment and were then sacrificed
under anesthesia. Rat organs (pancreas, liver, and kidney) were collected and weighed.

2.6. Estimation of Body Weight, Daily Water Consumption, and Relative Organ Weights

The clinical parameters of rats were measured by observing body weight, daily water
consumption, and organ weight. Organ weight was expressed in absolute weight (grams)
and relative weight (%). Absolute weight refers to the weight of an organ at autopsy.
Relative weight was calculated from the rat’s body weight at autopsy and the absolute
weight of organs [32] with the following formula:

Relative weight (%) = (absolute weight/body weight at autopsy) × 100%

2.7. Statistical Analysis

Statistical analysis was performed with SPSS version 26. Data are presented as mean
values with standard deviation (SD). Data were analyzed using one-way ANOVA, followed
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by Duncan’s test. The paired t-test was used to analyze the difference between fasting
blood glucose and body weight of rats before and after 28 days of treatment. Statistical
analysis with p < 0.05 was considered significant. Pearson’s correlation test was applied to
determine the correlation between glycemic, clinical, and organ parameters of rats, and its
interpretation followed Schober and Schwarte [33].

3. Results and Discussion
3.1. Oral Starch Tolerance Test

Plant extracts may contribute to the prevention of hyperglycemia by helping insulin
release by β cells in the pancreatic islets of Langerhans or by inhibiting certain enzymes
responsible for increasing blood glucose levels in rats [34]. The oral starch tolerance test in
this study was carried out to determine the response of normal rats that received mace water
extract from Myristica fragrans Houtt (ME) in various doses to the starch load administered.

The peak blood glucose (PBG) of the ME intervention groups (except dose A) was
lower than the negative control and higher than the positive control (acarbose) (Figure 1a).
Blood glucose levels in the groups that received the ME intervention fell after 30 min and
overall did not experience a significant spike in blood glucose. A spike in blood glucose
occurred in the negative control and only started to fall after the 60th minute.

The AUC value was used to evaluate the effects produced in the oral starch tolerance
test. The groups that received ME intervention (except dose A) had an AUC value lower
than the negative control and higher than the positive control (Figure 1b). The AUC values
of the positive control and ME-treated groups were found to be 16.32%, 12.56% (ME dose
B), and 4.55% (ME dose C), respectively—each lower than the negative control. The AUC
value obtained in this OSTT is considered representative of the population. This is based
on the results of the confidence interval analysis, which shows that the average AUC OSTT
value in all treatment groups is within the range of 95% and 99% confidence intervals.
Although not statistically different (p > 0.05), the results of this test showed a trend towards
a positive effect of ME on the glycemic response of rats given a starch load. A dose of
1.84 mg total phenolics from ME/kg BW (dose B) was chosen for use in the next stage of
the study (oral glucose tolerance test and antidiabetic test for 28 days).

3.2. Oral Glucose Tolerance Test

The oral glucose tolerance test in this study was carried out to determine the response
of normal rats that received ME to the glucose load administered. The groups that received
ME had PBG that was lower than the negative control and higher than the positive control
that was given glibenclamide (Figure 2a). In the group treated with ME and glibenclamide
(positive control), blood glucose levels fell after 30 min and continued to decline until the
end of the observation. Meanwhile, blood glucose levels in the negative control spiked and
only started to fall after the 90th minute.

The AUC value was used to evaluate the effects produced in the oral glucose tolerance
test. The group that received the ME intervention had an AUC value lower than the negative
control and higher than the positive control (Figure 2b). Compared with the negative
control, the AUC value of the group given mace extract and glibenclamide (positive control)
was 8.50% and 10.88% lower, respectively. Although not statistically different (p > 0.05), the
average AUC OGTT values of all treatment groups are considered representative of the
population well based on the analysis of 95% and 99% confidence intervals and indicates
a trend towards a positive effect of ME on the glycemic response of rats given a glucose
load. These results also indicate the possibility of other mechanisms played by ME in
maintaining glycemic normality besides the mechanism of inhibiting starch hydrolysis.
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Figure 1. Oral starch tolerance test in normal rats. (a) ∆-blood glucose during the observation time of
120 min; (b) AUC value.

3.3. Effect of Mace Water Extract on Blood Glucose and HbA1c

In addition to evaluating the acute effect of ME on the glycemic response of normal rats
through oral starch and glucose tolerance tests, this study also investigated the long-term
effects (28 days) of ME intervention on normal rats and hyperglycemic rats. Evaluation
was carried out by monitoring fasting blood glucose levels every week and HbA1c levels
at the end of the intervention period. The hyperglycemic rats had significantly (p < 0.05)
higher blood glucose levels than the normal rats, which remained in the normal range
(84.8–100.4 mg/dL) and showed relatively little change until the end of the observation
period (Figure 3).

At the end of the observation period, fasting blood glucose in the hyperglycemic rats
that received ME intervention was 392.27% higher than in the normal control but was still
14.29% lower than the negative control and even 8.29% lower than the positive control. The
positive effect of ME can also be seen in the weekly fasting blood glucose levels, which
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show a decreasing trend, while in the negative control and positive control groups, there
was an initial increase in the levels of fasting blood glucose.

Figure 2. Oral glucose tolerance test in normal rats. (a) ∆-blood glucose during the observation time
of 120 min; (b) AUC value.

A similar trend was also found in HbA1c levels (Figure 4). The hyperglycemic rats had
significantly (p < 0.05) higher HbA1c levels than the normal rats. The HbA1c level in the
hyperglycemic rats that received ME intervention was 104.69% higher than in the normal
control. Compared with the negative control and positive control, the HbA1c levels of the
hyperglycemic rats that received ME intervention was 11.51% and 3% lower, respectively.
Peungvicha et al. [35] reported that male Sprague-Dawley rats with type 2 DM who were
treated with 0.5 and 1 g/kg BW of M. fragrans herbal extract for 30 days resulted in a 3.49%
decrease in HbA1c compared to the positive control (5 mg glibenclamide/kg BW). Dry
flaxseed extract (0.5 g) given to Wistar rats for 60 days in a study by Draganescu et al. [25]
reduced HbA1c by 7.36% compared to the negative control. The results of this evaluation
show the positive effect of ME in improving the glycemic status of hyperglycemic rats.
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Figure 3. Fasting blood glucose of normal and hyperglycemic rats during the observation period
(28 days).

Figure 4. HbA1c levels of normal and hyperglycemic rats at the end of the observation period;
* indicates a significant difference (p < 0.05) from normal controls.
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3.4. Effect of Mace Water Extract on the Glycemic Parameters of Hyperglycemic Rats

Glycemic status can be evaluated using the parameters of oral starch tolerance, oral
glucose tolerance, fasting blood glucose, and HbA1c. Table 1 summarizes the effects of the
ME intervention on the rats’ glycemic parameters.

Table 1. Effect of ME (1.84 mg total phenolics from ME/kg BW) on glycemic parameters (oral starch
tolerance, oral glucose tolerance, fasting blood glucose, and HbA1c) in hyperglycemic rats.

Results % Difference Effect *

Acute effects
AUC-OSTT < negative control −12.56 +

AUC-OSTT > positive control (10 mg acarbose/kg BW) 4.50 0
AUC-OGTT < negative control −8.50 +

AUC-OGTT > positive control (5 mg glibenclamide/kg BW) 2.67 0
Long-term effects (28 days)

FBG > normal control 392.27 0
FBG < negative control −14.29 +

FBG < positive control (10 mg acarbose/kg BW) −8.29 +
FBG < initial FBG (week 0) −12.61 +

FBG > normal control + 1.84 mg total phenolics from ME/kg BW 385.84 0
HbA1c > normal control 104.75 0

HbA1c < negative control −11.50 +
HbA1c < positive control (10 mg acarbose/kg BW) −2.97 +

HbA1c > normal control + 1.84 mg total phenolics from ME/kg BW 97.25 0
AUC-OGTT, area under the curve in the oral glucose tolerance test; AUC-OSTT, area under the curve in the oral
starch tolerance test; BW, body weight; FBG, fasting blood glucose; ME mace water extract from Myristica fragrans
Houtt. * Effects were declared positive (+) if FBG/HbA1c/AUC-OGTT/AUC-OSTT ≤ positive control/normal
control/initial or <negative control; negative (−) if FBG/HbA1c/AUC-OGTT/AUC-OSTT ≥ negative control; no
effect (0) if FBG/HbA1c/AUC-OGTT/AUC-OSTT > positive control/normal control/initial or = negative control.

The effect of ME was determined based on the % difference between each glycemic
parameter of rats that received ME intervention and the comparison groups (normal control,
negative control, positive control, or initial condition). The ME intervention was declared to
have a positive effect (notation “+”) if the fasting blood glucose levels, HbA1c, and AUC of
the oral starch/glucose tolerance tests were lower than those of the normal control, negative
control, positive control, and their initial conditions, or the same as normal control and
positive control. On the other hand, it was considered to have a negative effect (notation
“−”) if the levels of fasting blood glucose, HbA1c, and AUC of the oral starch/glucose
tolerance test were higher than the negative control. ME interventions that resulted in
glycemic parameter values higher than those of the positive control, normal control, initial
condition, or the same as the negative control are considered to have no effect (notation “0”).
Based on the observed glycemic parameters, ME provided a positive effect when compared
with the negative control, even with the positive control (on fasting blood glucose and
HbA1c). This study is the first to investigate and report the effects of nutmeg water extract
on the glycemic status of rats.

3.5. Effect of Mace Water Extract on Body Weight and Water Consumption

The effect of ME on changes in body weight and relative water intake of experimental
rats was also observed. Severe weight loss is a common feature of DM due to the loss
or degeneration of structural proteins. In this study, rats from all hyperglycemic groups
experienced weight loss at various time intervals (Figure 5).
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Figure 5. Body weight of normal and hyperglycemic rats during the observation period (28 days).

Statistically, the body weight at week 4 of the normal and hyperglycemic rats (except
for negative controls) did not experience a significant change (p > 0.05) from their initial
body weight (week 0) (Figure 6). The normal rats without and with ME intervention at
week 4 experienced an increase in body weight of 4.75% and 1.59%, respectively. Loss of
body weight in the hyperglycemic rats, namely in the negative control, positive control
(acarbose), and those receiving ME at week 4, reached levels of 18.93% (significant, p < 0.05),
17.48%, and 18.88%, respectively. The decrease in body weight in the hyperglycemic rats
was associated with metabolic damage due to streptozotocin induction.

Loss of body weight in the negative control and positive control groups in the 1st week
reached 12.04% and 10.67%, respectively, while in the hyperglycemic rat group that received
ME intervention it reached only 5.44%. In the 2nd week, the body weight loss of the
negative control and positive control groups was 16.67% and 18.52%, respectively, while in
the hyperglycemic rat group that received ME intervention it was only 11.46%. The rate of
body weight loss in the hyperglycemic groups was confirmed by the slope values from a
linear equation created up to week 2 (Figure 5).

Slower body weight loss in the hyperglycemic rats that received ME intervention
(13.33 g/week) compared to the negative control (19.83 g/week) and positive control
(20.83 g/week) indicates a potential restorative effect of ME, which inhibits the devel-
opment of gluconeogenesis and glycogenolysis due to hyperglycemic conditions. This
trend is in accordance with the study of Draganescu et al. [25], who evaluated the ef-
fects of lignans and flaxseed polyphenols on streptozotocin-induced diabetic rats, and the
study of Florence et al. [36], who also evaluated the antidiabetic activity of Annona muricata
(Annonaceae) water extract in streptozotocin-induced diabetic rats.
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Figure 6. Body weight of normal and hyperglycemic rats at pre-streptozotocin induction, week 0,
and week 4; * significantly different (p < 0.05) from normal controls, ** significantly different (p < 0.05)
from week 0.

Figure 7 displays the average daily water consumption of rats from each treatment
group. In the normal rats without and with ME intervention, water consumption was no
more than 40 mL/day/rat (39.09 and 39.61 mL/day/rat, respectively). The average daily
water consumption of hyperglycemic rats that received ME during the experimental period
(28 days) was higher (~198.63%) compared to normal controls but lower than negative
controls and positive controls (~10.13% and ~10.20%, respectively). These results show a
reduction in polydipsia and confirm the positive effect of ME on hyperglycemic rats. A
similar trend was also found in a study by Draganescu et al. [25], which examined the
effects of lignans and flaxseed polyphenols on streptozotocin-induced diabetic rats. The
study found that water consumption in the negative control group (diabetics without
intervention) was higher compared to the normal group and the diabetic group who
received flaxseed sample intervention.

3.6. Effect of Mace Water Extract on the Relative Weight of the Pancreas, Kidney, and Liver

Organ weight is an important index of physiological and pathological status in animals.
The relative weight of an organ is fundamental for diagnosing whether the organ has been
injured or not [37]. The pancreas, liver, and kidneys are organs that are often observed in
research using hyperglycemic (experimental diabetic) animals. Several studies report that
the size of the pancreas is smaller in diabetics compared to healthy patients [38–40]. By
computed tomography or magnetic resonance imaging, the size of the pancreas is found
to be smaller in diabetic patients, and its borders are irregular. Increased levels of fat,
fibrosis, and inflammatory changes were also found in the pancreas of type 2 DM patients.
The size of the pancreas is important in understanding the pathophysiology of diabetes.
Pancreatic atrophy is found to be a consistent feature in type 1 DM patients, whereas in
type 2 DM patients, although still controversial, investigations show that the size and
contour of the pancreas are altered. Changes in pancreatic weight are also possible with
changes in its size. Thus, it seems that information on pancreatic volume and structure has
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the potential to be a valuable index for clinical management and prognosis prediction in
diabetic patients [41–43].

Figure 7. Average daily water consumption of normal and hyperglycemic rats during the experimen-
tal period (28 days).

The results of this study showed a clear trend that the relative weight of the pancreas
in hyperglycemic rats was significantly (p < 0.05) lower than in normal rats (Table 2).
The hyperglycemic rats that received ME intervention had a pancreatic weight that was
significantly higher than the positive control and negative control (p < 0.05). In addition,
pancreas weight was found to be inversely related to HbA1c and fasting blood glucose
levels at autopsy. In hyperglycemic rats given ME, the values for both glycemic parameters
were lower, followed by positive and negative controls. These results are in accordance
with Yagihashi’s [43] statement that in diabetes patients, the remaining total β-cell mass is
inversely correlated with glycated hemoglobin and hyperglycemic levels at autopsy. The
same trend was also reported by Hossain et al. [32], namely that the weight of the pancreas
of normal rats and diabetic rats given Annona muricata extract was significantly higher
than diabetic rats without treatment (negative control).

Changes in kidney weight may reflect renal toxicity, tubular hypertrophy, or chronic
progressive nephropathy. In this study, the relative kidney weight of the hyperglycemic rats
was significantly higher (p < 0.05) than that of the normal rats (Table 2). The hyperglycemic
rats that received ME intervention had a lower relative kidney weight than the negative
control and positive control. These results are in line with Alipin et al. [37], who reported
that the relative weight of the kidneys in the group induced with streptozotocin was
significantly higher than normal controls (p < 0.05) and the group treated with a combination
of ginger rhizome extract and belimbing wuluh fruit (Averrhoa bilimbi L.) (767.5 mg/kg BW)
resulted in a higher relative kidney weight compared to the negative control. Zafar et al. [44]
also reported that the relative kidney weight of rats induced by streptozotocin for 12 weeks
was significantly higher than that of rats that were not induced (normal). The study by
Alabi et al. [45] also reported that induction of diabetes using fructose and streptozotocin
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caused a significant increase in the relative weight of the kidneys in untreated diabetic
rats, and the intervention of Anchomanes difformis leaf extract was able to maintain the
relative weight of the kidneys significantly. According to Alipin et al. [37], the increase in
kidney weight and relative kidney weight is thought to originate from the toxic effects of
streptozotocin, which causes diabetes in rats.

Table 2. The relative weight of pancreas, kidney, and liver of normal and hyperglycemic rats at the
end of the experimental period (day 28).

Group
Relative Weight of Organs (%)

Pancreas Right Kidney Left Kidney Liver

Normal rats + aquadest
(normal control) 0.36 ± 0.07 ab 0.37 ± 0.02 a 0.37 ± 0.03 a 3.73 ± 0.29 a

Hyperglycemic rats + aquadest
(negative control) 0.29 ± 0.04 a 0.50 ± 0.03 b 0.49 ± 0.05 b 4.67 ± 0.56 b

Hyperglycemic rats + 10 mg
acarbose/kg BW (positive control) 0.31 ± 0.03 ab 0.50 ± 0.03 b 0.47 ± 0.04 b 4.73 ± 0.44 b

Hyperglycemic rats + 1.84 mg total
phenolics from ME/kg BW 0.35 ± 0.15 ab 0.46 ± 0.04 b 0.46 ± 0.03 b 4.49 ± 0.66 b

Normal rats + 1.84 mg total phenolics
from ME/kg BW 0.44 ± 0.07 b 0.38 ± 0.02 a 0.39 ± 0.02 a 3.33 ± 0.13 a

Different letters in the same column indicate a significant difference (p < 0.05).

Vallon and Thomson [46] stated that DM affects the kidneys gradually. The onset of
damage in diabetes sufferers is characterized by an increase in kidney size and glomerular
filtration rate (GFR), leading to the development of kidney failure in diabetes. A study
by Malini et al. [47] concluded that ethanol extract of jengkol fruit peel (Archidendron
pauciflorum) had no effect on the morphological structure of the kidneys but could reduce
the relative weight of the kidneys and improve the histological damage to the kidneys of
diabetic model rats with an optimum dose of 770 mg/kg BW. The significant increase in
the relative weight of the kidneys in diabetic rats is thought to be due to the presence of
substances such as water and fat contained in the cells, so that the cell volume increases.
The first change seen in the kidneys of diabetes sufferers is an increase in kidney size and
hyperfiltration, which causes filtration of protein, which generally does not occur in normal
conditions [47]. The higher relative weight of kidneys in diabetic rats without treatment
compared to those with ginger intervention (Z. officinale Roscoe) was also reported by
Elazu et al. [48]. Asuk et al. [49] also reported that the relative weight of the liver and
kidneys of diabetic rats was higher than that of normal rats and diabetic rats that were
intervened with Jatropha curcas leaf extract and fractions. Alabi et al. [45] reported that
the relative weight of kidneys in normal rats was lower than in diabetic rats, and the
intervention of Anchomanes difformis leaf extract was able to reduce the increase in the
relative weight of kidneys in diabetic rats, although it was not statistically significant.
Anchomanes difformis leaf extract intervention in diabetic rats was also able to significantly
maintain the relative weight of the kidneys compared to those without intervention. Zafar
and Naqvi [44] reported that streptozotocin-induced diabetes caused a significant reduction
in the body weight of diabetic animals, while the relative weight of the kidneys and
liver increased.

The relative weight of the liver of the hyperglycemic rats that received ME intervention
in this study was significantly higher (p < 0.05) than that of the normal rats but lower than
that of the negative control and positive control (Table 2). The higher relative weight of
the liver in the streptozotocin-induced rats compared to the normal rats was caused by
increased accumulation of triglycerides, which caused liver enlargement. This may be due
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to increased entry of fatty acids into the liver caused by hypoinsulinemia and low capacity
for lipoprotein excretion–secretion from the liver due to deficiency in apolipoprotein B
synthesis [44].

DM increases fatty acid oxidation due to reduced fuel requirements. However, the
liver will stop oxidizing fatty acids and use them instead to synthesize triglycerides, which
then accumulate abnormally in the liver. In type 1 DM, insulin deficiency upregulates
hormone-sensitive lipase in adipose tissue, which in turn causes increased lipolysis and
circulating free fatty acids, which then accumulate in the liver. This process increases
liver uptake of very low-density lipoproteins and triglyceride synthesis. Simultaneously,
increased glucagon levels inhibit liver triglyceride output. Therefore, fat accumulation in
the liver may be caused by an imbalance in the absorption, synthesis, export, and oxidation
of free fatty acids in the liver [50].

3.7. Correlation Between Clinical Parameters

A glycemic condition can be related to clinical or pathological conditions. In this
study, the relationship between parameters was analyzed using Pearson’s correlation test
(Table 3).

Table 3. Correlation coefficients between research parameters.
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FBG 1 0.948 −0.871 0.762 0.906 0.858 −0.461
HbA1c 1 −0.893 0.794 0.902 0.830 −0.427

BW 1 −0.815 −0.874 −0.838 0.329
RW of liver 1 0.725 0.687 −0.589

RW of right kidney 1 0.912 −0.241
RW of left kidney 1 −0.199
RW of pancreas 1

BW, body weight; FBG, fasting blood glucose; RW, relative weight. The interpretation of the correlation coefficient
follows Schober and Schwarte [32]; r = ±0.00–0.10: negligible correlation; r = ±0.10–0.39: weak; r = ±0.40–0.69:
moderate; r = ±0.70–0.89: strong; r = ±0.90–1.00: very strong.

Fasting blood glucose and HbA1c are very strongly positively correlated. Both of
these glycemic parameters were strongly positively correlated with the relative liver and
kidney weights. However, both were negatively correlated with relative pancreas weight
(moderately) and body weight (strongly). This means that an increase in these two glycemic
parameters will be followed by an increase in the relative weight of the liver and kidneys,
as well as a decrease in the relative weight of the pancreas and body weight. The relative
weight of the pancreas itself was negatively correlated with the liver and kidney, moderately
and weakly, respectively.

A systematic review of the effects of nutmeg on the glycemic status in rats and mice
found that significant reductions in fasting blood glucose also depended on dose factors
and duration of intervention [3]. Ethanolic extract of M. fragrans seeds (500 mg/kg BW)
given to male hyperglycemic rats for 6 days was able to reduce fasting blood glucose
levels dramatically by up to 94.52% [51]. Administration of nutmeg seed petroleum ether
extract (50 mg/kg BW) for 16 weeks reduced blood glucose in male diabetic Wistar rats
by 7.9%, and greater reductions were obtained with doses of 100 mg/kg BW (45.06%) and
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200 mg/kg BW (55.57%) [52]. Another study reported that fasting blood glucose in Wistar
DM type 2 rats given nutmeg petroleum ether extract was significantly reduced at a dose
of 200 mg/kg BW, but this effect was not significant at doses of 50 and 100 mg/kg [53]. The
HbA1c of male albino Wistar rats given the intervention with a spice mixture containing
M. fragrans seeds and mace at a higher dose (50 mg/kg BW) for 30 days was 48.86% lower
than the negative control [54]. HbA1c in male C57BL/6/J NAFLD mice was significantly
reduced after intervention with an ethanol extract of M. fragrans seeds (250 mg/kg BW)
for 30 days [55]. This HbA1c-lowering effect can be enhanced by increasing the dose of
nutmeg [35,54]. In addition to dose, the reduction in fasting blood glucose also depends
on the duration of the intervention. The blood glucose of Wistar DM type 2 rats that were
intervened with safrole-free M. fragrans Houtt seed extract (5.4 mg/200 g BW) for 2, 4, and
6 weeks was reduced by 20%, 30%, and 40%, respectively [56].

This study evaluated the antihyperglycemic effect of mace water extract from Myristica
fragrans Houtt (ME) using male Sprague Dawley rats as experimental animals. According
to Saputra et al. [57] and Munjiati et al. [58], rats that were induced by streptozotocin to
become hyperglycemic with fasting blood glucose > 400 mg/dL were categorized into a
severe hyperglycemic condition. In this study, damage to pancreatic beta cells caused by ad-
ministration of streptozotocin (50 mg/kg BW) in experimental rats was categorized as very
severe. This is proven by the FBG level of hyperglycemic rats, which reached > 400 mg/dL
on the 7th day after administration of streptozotocin. This hyperglycemic status is catego-
rized as severe diabetes. Apart from the limited dosage and duration of ME intervention,
the severe diabetic condition in hyperglycemic rats at the beginning of the experimental
period is also thought to be the reason why the mace extract intervention in this study
was unable to improve the glycemic status of hyperglycemic rats to the same or close to
the glycemic status of normal rats. Nevertheless, ME still had a positive effect on sev-
eral parameters observed in hyperglycemic rats when compared with negative controls
(Table 4).

This study used male Sprague Dawley rats as experimental animals. The selection of
male rats helped to avoid the confounding effects of the hormonal cycle that could interfere
with the effects of the studied intervention in the case of females. However, the inclusion
of female animals in future studies should be considered to allow for investigating the
effectiveness of the ME, taking into account sex-specific metabolic differences [59].

The effect of ME on glycemic parameters was evaluated based on the results of oral
starch and glucose tolerance tests, as well as measurements of fasting blood glucose and
HbA1c after 28 days of treatment. Compared with the negative control, ME intervention
(dose B) was able to reduce the AUC value in the oral starch tolerance test by up to
12.56%. These results may suggest the ability of ME to inhibit the hydrolysis of starch into
simpler molecules to glucose, which will then be absorbed into the circulatory system. The
suggested inhibition of starch hydrolysis is in line with findings of previous in vitro studies,
where ME showed an inhibitory effect on the α-amylase enzyme with an IC50 value of
360.18 ± 6.83 mg phenolics/L [28]. The phenolic compounds contained in ME are suggested
to play a role in inhibiting the α-amylase enzyme. The complex that occurs between
starch and polyphenols causes the side or part of starch that is normally hydrolyzed by
digestive enzymes to become unrecognizable. The more starch bonds with polyphenols,
the more sites cannot be recognized by digestive enzymes, so the ability of starch hydrolysis
decreases. As a result, starch digestibility becomes low, which can suppress blood glucose
spikes [16]. Afandi [21] also reported that inhibition of the α-amylase enzyme by phenolic
compounds was 4.5 times more effective in reducing IG than inhibition of the α-glucosidase
enzyme, through an uncompetitive type of inhibition.
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Table 4. Summary of the effects of mace water extract on glycemic parameters, body weight, water
consumption, and relative organ weight of hyperglycemic rats.

Experimental Parameters Hyperglycemic Rats + ME Hyperglycemic Rats
(Negative Control) Effects

Glycemic parameters
AUC-OSTT 330.83 378.33 ↓12.56%
AUC-OGTT 330.50 361.21 ↓8.50%

FBG (mg/dL) 446.00 520.33 ↓14.29%
HbA1c (%) 10.77 12.17 ↓11.50%

Body weight loss (g) 44.33 45.00 ↓0.26%
Daily water intake (mL) 116.73 129.88 ↓10.13%
Relative weight of organs

Pancreas (%) 0.35 0.29 ↑20.69%
Right kidney (%) 0.46 0.50 ↓8.00%
Left kidney (%) 0.46 0.49 ↓6.12%

Liver (%) 4.49 4.67 ↓3.85%
AUC-OGTT, area under the curve in the oral glucose tolerance test; AUC-OSTT, area under the curve in the oral
starch tolerance test; FBG, fasting blood glucose; ME, mace water extract from Myristica fragrans Houtt; ↓—drop,
and ↑—increase in the parameter following the ME intervention as compared to the negative control.

In addition, an oral glucose tolerance test was also conducted to see the effect of ME on
the glycemic status of rats. Compared with the negative control, ME intervention was able
to reduce the AUC value in the oral glucose tolerance test by 8.50%. These results suggest
the possibility of inhibiting glucose absorption in the intestine as another mechanism of
ME in inhibiting blood glucose spikes. In this case, ME is suggested to act as an inhibitor of
glucose transporters in the intestine.

Various glucose transfer pathways across the small intestinal epithelium and their
contribution to glucose absorption were studied in recent years. Most researchers agree that
glucose in the intestinal lumen is transferred across the apical membrane of enterocytes via
active transport mediated by the SGLT1 transporter, whereas its exit into the bloodstream
is carried out via facilitated diffusion mediated by the GLUT2 transporter localized on
the basolateral membrane [60–63]. Another hypothesis has been proposed that at high
carbohydrate loads, the GLUT2 transporter may be rapidly inserted into the brush border
membrane of enterocytes and participate in facilitated glucose diffusion across this mem-
brane [60,63]. Several studies have shown that glucose uptake, as well as the expression
and activity of the glucose transporters SGLT1 and GLUT2 in enterocytes, are increased in
diabetes [62] and suggest that this may contribute to hyperglycemia [63]. The use of SGLT1
inhibitors has recently been shown to reduce blood glucose levels and improve metabolic
parameters in DM patients [63,64].

Altogether, the above-described hypotheses on the mechanisms behind the antihyper-
glycemic effects of mace extract observed in this study, linked to the potential inhibitory
effects on glucose absorption or on glucose transporters, should be further confirmed. ME
intervention with a dose of 1.84 mg total phenolics ME/kg BW for 28 days was able to
reduce fasting blood glucose in hyperglycemic rats by up to 14.29%. This result is still better
compared to the water extract of Myristica fragrans seed (100 mg/kg BW) administered
to Wistar rats for 30 days, which only reduced fasting blood glucose levels by up to 3.9%
and 8.8% when combined with isoproterenol (85 mg/kg BW) [65]. Vangoori et al. [26]
reported that intervention of ethyl alcohol extract of Myristica fragrans seed (400 mg/kg
BW) for 10 weeks was able to reduce fasting blood glucose in obese Wistar Albino rats by
up to 60.76%.

The condition of diabetes causes significant weight loss. Diabetes is accompanied by
increased glycogenolysis, lipolysis, and gluconeogenesis; this biochemical activity causes
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muscle wasting and loss of tissue protein [66]. Compared to normal rats, diabetic rats
have a significantly lower body weight. ME in this study was able to reduce weight loss
in hyperglycemic rats by 0.26% compared to negative controls. Giving plant extracts
containing bioactive compounds can indeed maintain the body weight of diabetic rats. Oral
administration of Tinospora cordifolia root aqueous extract (2.5, 5, and 7.5 mg/kg) caused a
significant reduction in blood glucose and an increase in body weight in alloxanized diabetic
rats [67]. Eugenol intervention (10 mg/kg BW) in diabetic rats for 30 days, in addition to
significantly reducing food intake, water intake, and urine glucose, also increased body
weight compared to diabetic control rats [68]. Severe weight loss in DM may be caused by
the unavailability of carbohydrates for energy metabolism and excessive degradation of
structural proteins. Additionally, excessive protein catabolism in gluconeogenesis during
insulin deficiency results in muscle wasting and weight loss in untreated diabetic rats [1,68].

One of the characteristics of DM, besides polyuria and polyphagia, is polydipsia [63].
Impaired regulation of blood glucose levels, which causes hyperglycemia, is a major
problem in the pathophysiology of metabolic diseases such as obesity, metabolic syndrome,
and DM. The intervention of ME in hyperglycemic rats in this study was able to reduce
daily water consumption by 10.13%. These results confirm the hyperglycemic effect of
ME, which is indicated by the lower water consumption of hyperglycemic rats that were
given the ME intervention compared to the negative control. High fluid consumption
(polydipsia) is necessary to dilute high blood glucose concentrations and to compensate for
extra water loss (polyuria). High water consumption in hyperglycemic rats is a symptom
of DM (polydipsia and polyuria) [25].

Information about weight, volume, and organ structure has the potential to be a
valuable index for clinical management and the prediction of prognosis in diabetes pa-
tients [37,41–43]. The relative weight of the pancreas of hyperglycemic rats treated with
ME intervention in this study tended to be higher than that of the negative control, while
for the kidney and liver, the relative weight was lower than that of the negative control.

The study of Virostko et al. [40] reported that pancreatic volume decreases as the stage
of type 1 DM increases. This loss of pancreatic volume is accompanied by microstructural
changes. The study reported that individuals with type 1 DM had significantly (p < 0.001)
smaller pancreas than control participants. Pancreatic volume decreases in the first year
after an individual is diagnosed with type 1 DM. This decrease in pancreatic volume and
weight is caused by loss of cellular structural integrity. In this study, the relative weight of
the pancreas of hyperglycemic rats that received ME intervention was 20.69% higher than
the negative control. The antioxidant ability of ME is thought to play an important role
in inhibiting damage to pancreatic β cells due to the induction of radical streptozotocin
and a number of ROS compounds formed due to oxidative stress conditions. Inhibition of
oxidative damage to pancreatic β cells may help maintain pancreatic integrity.

The relative weight of the kidneys of hyperglycemic rats that received ME intervention
in this study was 6.12–8.00% lower than that of the negative control. These results are in
line with the study of Zafar and Naqvi [44] which found that diabetic rats induced with
streptozotocin had a higher relative kidney weight than normal rats. The report contains
several possible causes of kidney weight gain. One of the causes of kidney weight gain
is associated with changes in mesangial cells, namely, the cells found in the glomerulus.
Thomas and Versypt [69], in their review, stated that mesangial expansion is an important
feature in the development of diabetic nephropathy and is characterized by aberrant
mesangial cell proliferation and accumulation of matrix proteins in the central area of the
glomerulus, the kidney’s filtration unit. Mesangial expansion is often used in the clinical
diagnosis of diabetic nephropathy and as a marker in the discovery of antagonist agents,
in testing the efficacy of a drug, as well as in the process of discovering other markers.
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Therefore, quantification of mesangial matrix expansion via biopsy is the gold standard for
determining the progression of diabetic kidney damage. Mesangial expansion is one of the
major structural changes observed in the glomerulus after the onset of diabetes in humans.
Metabolic and hemodynamic changes such as hyperglycemia and hypertension generally
precede and occur concurrently with these structural changes. Mesangial expansion occurs
as a result of aberrant mesangial cell proliferation, accumulation of mesangial matrix, and
hypertrophy caused by the diabetic state. By reviewing many in vitro and in vivo studies
using diabetes models, Thomas and Versypt [69] concluded that hyperglycemia can cause
mesangial matrix accumulation and mesangial cell hypertrophy.

The relative weight of the livers of hyperglycemic rats treated with ME intervention in
this study was 3.85% lower than the negative control. Although not statistically significant,
this result is in line with the study of Zafar and Naqvi [44]. The study found an increase
in the relative weight of kidneys and liver in diabetic rats induced by streptozotocin. The
increase in liver weight is thought to be due to liver enlargement caused by increased
accumulation of triglycerides. This triglyceride accumulation is caused by increased entry
of fatty acids into the liver, caused by hypoinsulinemia and low excretion–secretion capacity
of lipoprotein from the liver due to deficiency in apolipoprotein B synthesis. Bhatt and
Smith [70] stated that excessive synthesis of triglycerides in the liver is driven by the
supply of fatty acids to the liver. The accumulation of excess liver fat is further exacerbated
by impaired liver fatty acid oxidation due to insulin resistance. Conditions of elevated
glucose levels in the context of pre-diabetes or diabetes will provide further substrates for
triglyceride synthesis. Liver abnormalities in type 1 DM are closely related to glycogen
hepatopathy. This condition can develop in adults or children with uncontrolled type 1
DM and is characterized by excess glycogen in hepatocytes, resulting in liver enlargement.

Although information about the weight and volume of organs, such as the pancreas,
liver, and kidneys, has the potential to contribute to clinical management and prognosis
in diabetes, a histological analysis of the investigated organs could undoubtedly provide
crucial insights into cellular damage or repair, strengthening the mechanistic claims and
hypotheses described hereto. Guasch-Ferré et al. [71] explained some relevant mechanisms
linking polyphenols and DM risk. The evaluation of the antidiabetic potential in this
study strongly indicates several mechanisms that can be played by nutmeg mace, namely,
reducing gluconeogenesis, which is characterized by inhibiting the rate of body weight
loss, improving β-cell integrity and preventing oxidative stress damage to the pancreas,
and inhibiting starch hydrolyzing enzymes (α-glucosidase and α-amylase) and glucose
transporters (SLGT1 and GLUT2) in the small intestine. Nutmeg mace may also work
through other mechanisms, but specialized studies are required to prove this.

To validate its relevance for functional food application, the translatability of the
ME doses used in experimental rats in this study to human equivalents (HED) should be
discussed. The main dose of ME used in this study was 75 mg ME/kg BW (15 mg ME/200 g
BW), equivalent to 1.84 mg of total ME phenolics/kg BW. Referring to Indonesian FDA
(BPOM) Regulation No. 20 of 2023 on “Guidelines for preclinical pharmacodynamic testing
of traditional medicine” (BPOM 20/2023), the conversion value from rat (normal BW, 200 g)
to humans (normal BW, 70 kg) is 56. Thus, the dose given to experimental rats in this study,
if converted to humans, would be equivalent to 840 mg ME/70 kg BW (obtained from
15 × 56 = 840) or 0.84 g ME/70 kg BW. In normal consumption of tea drinks, generally
2 g of dry tea powder is brewed with ±250 mL of hot water (the brewing conditions are
relatively the same as the extraction conditions in this study). The yield of mace water
extract obtained in this study was 6.31 ± 0.91% [28]. This means that 1 g of dry mace
powder, extracted with water (1:10 w/v) is equivalent to 0.0631 g ME. In the opposite
sense, 1 g ME is equivalent to 15.85 g of dry mace powder. Therefore, if the HED is 0.84 g
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ME/70 kg BW, then it will be equivalent to 13.31 g of dry mace powder/70 kg BW. This
dose is still 6.65 times higher than the normal consumption dose, which is 2 g/70 kg
BW (referring to the general dose of tea consumption). Thus, if this dose is reduced for
application as functional food, it still promises a positive effect, considering the nature of
functional food, which is more preventive than curative.

Although it did not restore the glycemic status of hyperglycemic rats to normal levels,
ME intervention (1.84 mg total phenolics ME/kg BW) for 28 days still showed a promising
trend in improving glycemic status. Therefore, in a preventive context, ME has the potential
to be developed as a functional food product, especially in the form of beverage products.
In addition, ME also has the potential to be developed into a nutraceutical product by
increasing the applied dose. In this way, ME is expected to contribute to the management
of DM, especially in preventive efforts, with its role as functional food and nutraceutical.

4. Conclusions
This study found that mace water extract from Myristica fragrans Houtt (ME) (1.84 mg

total phenolics from ME/kg BW) was able to inhibit blood glucose spikes in oral starch
and glucose tolerance tests with AUC values lower than the negative control (respectively,
12.56% and 8.50%). Fasting blood glucose and HbA1c in streptozotocin-induced hyper-
glycemic rats that received long-term intervention (28 days) of ME (1.84 mg total phenolics
from ME/kg BW) were lower than those of the negative controls (14.29% and 11.50%,
respectively), even when compared with the positive control (10 mg acarbose/kg BW). The
positive effect of the long-term intervention of ME was also observed in the parameters of
body weight, daily water consumption, and relative organ weight of hyperglycemic rats.
The findings of this study suggest that ME has antihyperglycemic potential in vivo.

The presented work addresses the timely need for safer, food-compatible plant-based
interventions for diabetes management. Its novelty lies particularly in the use of a water
extract instead of organic solvent extracts, highlighting a safer approach to functional
food development. However, the study has several limitations, including a relatively low
number of animals per group and a limited number of targeted biomarkers, not allowing
for a complex mechanistic exploration of the observed trends. Thus, future studies with
larger sample sizes, further mechanistic exploration of the observed trends, and, finally,
human trials would be of interest to strengthen the claims made. Such studies would benefit
further from the inclusion of biomarkers that would allow for more in-depth insights into
the cellular mechanisms underlying the observed findings.
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