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Abstract







The medicinal use and commercialisation of the plants Aloe ferox and Aloe greatheadii are primarily based on research done on
Aloe vera and Aloe arborescens. Consequently, in this study we investigated the possible antidiabetic effects of ethanol extracts
of A. ferox and A. greatheadii var. davyana leaf gel in a streptozotocin (STZ)-induced type 2 diabetes rat model. Fifty male
Wistar rats, weighing 200 g – 250 g, were randomly divided into five groups of n = 10: normal control rats, diabetic control rats,
diabetic rats receiving A. ferox leaf gel extract (300 mg/kg), diabetic rats receiving A. greatheadii leaf gel extract
(300 mg/kg), and diabetic rats receiving glibenclamide (600 μg/kg). Diabetes was induced by a single intraperitoneal injection of STZ (40 mg/kg).
Rats were sacrificed 5 weeks after injection, following a 12-hour fast, and blood and tissue samples were collected. Compared to the normal control
group, STZ significantly increased relative liver and kidney weights, end-point plasma glucose, fructosamine, oxidative stress, liver enzymes, total
cholesterol (TC), triglycerides, very low density lipoprotein-cholesterol and TC: high density lipoprotein-cholesterol (HDL-C) values and reduced
serum insulin levels. Treatment with A. greatheadii moderately increased serum insulin and HDL-C levels and moderately reduced end-point
plasma glucose and liver alkaline phosphatase (ALP) and significantly decreased TC:HDL-C ratios. A. ferox supplementation similarly resulted
in moderately increased serum insulin, accompanied by slight corrections in ALP and HDL-C, without any change to end-point plasma glucose values. A.
greatheadii and, to a lesser extent, A. ferox, resulted in a clinically relevant improved diabetic state (indicated by moderate to
high effect sizes), suggesting that these Aloe species may show promise for treating diabetes.



















Introduction





The increased number of individuals with type 2 diabetes, especially in developing countries, has resulted in an upsurge in interest in the
use of natural and traditional remedies for treating this disease.1 The world prevalence of diabetes amongst adults (aged 20 –
79 years) is approximately 6.4% of the total population, equating to 285 million adults, in 2010. As the population ages and becomes more obese,
this prevalence is predicted to increase to 7.7% (439 million adults) by 2030.2 The significant worldwide increase in the prevalence
of childhood obesity further amplifies the diabetes epidemic.3



Diabetes mellitus is a noncommunicable disease and is considered to be one of the five leading causes of death worldwide. Diabetes mellitus is
characterised by hyperglycaemia and hyperlipidaemia, as a result of altered glucose and lipid metabolism.4 Recently, the search for
suitable antidiabetic agents has focused on plants used in traditional medicine. Although diabetes is being managed and treated in many developed
countries exclusively by conventional medication, in many developing countries, diabetic patients have resorted to traditional medicinal herbs for
the treatment of this disease, largely because these are more accessible and less expensive for those living in poor socio-economic conditions.5



Of the many traditional treatments for diabetes, Aloe is the most well known by traditional healers. Beppu et al.6, Rajasekaran
et al.7 and others,4,5 have confirmed the antidiabetic effects of certain Aloe species (A. arborescens and
A. vera) in streptozotocin (STZ)-induced diabetic rats. However, these beneficial effects were not found by all researchers.8Aloe
ferox and Aloe greatheadii var. davyana, are indigenous to South Africa and, in addition to being widely used by traditional
healers, are sold for inclusion in a variety of commercial tonics internationally available for the treatment of a number of ailments, including
diabetes. However, the medicinal use and commercialisation of A. ferox and A. greatheadii is primarily based on anecdotal evidence
and/or research done on A. vera and A. arborescens. The phytochemical composition and antioxidant capacity of various extracts
of A. ferox and A. greatheadii have only recently been described.9,10 This characterisation indicated that the ethanol leaf
gel extract, in particular, showed a large variety of phenolic acids or polyphenols, phytosterols, fatty acids, indoles, alkanes, pyrimidines,
alkaloids, organic acids, aldehydes, dicarboxylic acids, ketones and alcohols. It was concluded in these studies that A. ferox and A.
greatheadii may have potential health benefits, especially for treating diabetes, as a result of their high total polyphenol and total flavonoid
contents, their high antioxidant capacities and the presence of a number of individual polyphenols and indoles.9,10



These previous reports subsequently motivated the current exploration to determine the in vivo antidiabetic effects of extracts of A. ferox
and A. greatheadii. The extracts were prepared by ethanol extraction, 9,10 administered at a similar high dosage
level as has been previously described by other groups using other Aloe species,7,11 and tested in a STZ-induced diabetic rat model.












Methods








Collection of plant materials






Whole, freshly cut, A. greatheadii var. davyana leaves (100 kg) were harvested from approximately 200 plants in the month of May
(2007) from a rural area in the Potchefstroom district of the North-West Province in South Africa (herbarium deposit site: AP Goossens Herbarium,
code PUC, Potchefstroom, South Africa; voucher number: PUC 7951). All leaves were collected from mature
plants with a circular diameter greater than 50 cm. Whole, freshly cut, A. ferox leaves (100 kg) were kindly supplied by the Aloe Ferox
Trust (herbarium deposit site: AP Goossens Herbarium, code PUC, Potchefstroom, South Africa; voucher number: PUC 9940). These leaves were harvested
in September 2007 from farms in the Albertinia region in the Western Cape of South Africa. Leaves were frozen at -20 °C, transported on dry ice and
processed immediately on arrival.










Preparation of Aloe extracts






The A. ferox and A. greatheadii var. davyana ethanol leaf gel extracts were prepared using the method previously
described11 with slight modifications as described by Botes et al.9 and Loots et al.10 The ethanol was
evaporated to dryness under reduced pressure in a rotary evaporator and the residue stored as aliquots in dry sterilised containers at -20 °C
until further use. These extracts were used within 1 month of their preparation.

















Animals, induction of diabetes and interventions






This study was approved by the Ethics Committee (Evaluation Sub-committee for Experimental Animals) of the North-West University (Potchefstroom,
South Africa) (Ref: 06D06) and the study was conducted in accordance with the principles of laboratory animal care (NIH Publication; Guide for
the care and use of laboratory animals, No. 85–23, revised 1985). Fifty male Wistar rats weighing 200 g – 250 g at the start of the
study, were randomly divided into five groups of ten rats each: normal control rats, STZ-induced diabetic control rats, STZ-induced diabetic rats
receiving 300 mg/kg A. greatheadii var. davyana leaf gel extract, STZ-induced diabetic rats receiving 300 mg/kg A. ferox leaf
gel extract and STZ-induced diabetic rats receiving 600 μg/kg glibenclamide as a positive control.7,11 Rats were housed in standard
laboratory rodent cages in a thermally controlled environment with 12-hourly day : night cycles, had free access to water and were fed a standard rodent diet.




Following a 12-h fast, the rats in the diabetic groups were intraperitoneally injected with a single dose of 40 mg/kg STZ (Sigma, St. Louis, MO., USA)
prepared in 0.1 M of sodium citrate buffer (pH 4.5). The rats in the normal control group received intraperitoneal injections of the same volume of citrate
buffer.7 After 1 week, diabetes was confirmed in the diabetic groups by a blood glucose value > 14 mmol/L.11 Blood was taken by
tail prick and blood glucose measured using an Accu-Check® glucometer (Roche diagnostics GMBH, Mannheim, Germany) and Onetouch Surestep glucose
strips (Lot No. 285366A, LifeScan Inc., Milpitas, CA., USA). STZ induces diabetes12 by destroying the β-cells of the pancreas by oxidative
stress, and thus can be used to develop a model for either type 1 or type 2 diabetes depending on the dosage used. At the dosage of STZ used in this study,
a partial destruction of β-cells resulted in a mild insulin-deficient, but non-insulin-dependent state, more closely resembling that of type 2 diabetes
than type 1 diabetes.13



Aqueous suspensions of the Aloe leaf gel extracts and glibenclamide, a conventional antidiabetic medication, were freshly prepared daily.
Predetermined amounts of the extracts and glibenclamide were dissolved in double-distilled sterile deionised water, to concentrations such that each
preselected rat received either 300 mg/kg of one of the two leaf gel extracts or 600 µg/kg glibenclamide (depending on their grouping) in a volume of
approximately 1 mL7,11 via intragastric tube once daily for 5 weeks. The rats in the normal control and diabetic control groups received
double-distilled water as a placebo via the same route. Rats were weighed weekly, immediately prior to receiving their respective interventions.
















Blood and tissue sampling





At the end of the 5-week intervention, rats were fasted for 12 h and then sacrificed by cervical decapitation and blood was collected as
described previously.7,11 Blood samples were prepared according to the requirements of the various analytical methods. The blood
was centrifuged at 4 °C for 15 min at 2000 g and plasma and serum were collected. Plasma was prepared in heparin tubes and serum in tubes
containing no anticoagulant. Samples were subsequently frozen at -84 °C until further analysis. The liver, kidney and pancreas of each rat were
dissected, rinsed with saline and weighed.














Biochemical analyses






Fructosamine was determined by a colourimetric end-point reaction (Cobas®, Roche diagnostics).



Serum insulin was measured using an Ultrasensitive Rat Insulin ELISA kit (Mercodia AB, Sylveniusgatan, Sweden). The assay was performed as
instructed by the supplier. Briefly, during incubation, insulin in the sample reacts with peroxidase-conjugated anti-insulin antibodies and
anti-insulin antibodies bound to the microtitration well. The conjugate then reacts with 3,3’,5,5’-tetramethylbenzidine in a
colourimetric end-point reaction. Results were obtained by measuring an increased absorbance at 450 nm. This analysis was performed on a Multiscan
Ascent spectrophotometer (Wiesbaden, Germany).




Serum triacylglycerol (TG), total cholesterol (TC), high-density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C) and
very low density lipoprotein-cholesterol (VLDL-C) were measured by Pathcare Laboratories (Potchefstroom, South Africa). TC was determined using a
polychromatic end-point technique employing horseradish peroxide, HDL-C using the accelerator selective detergent method and LDL-C and triglycerides
using a biochromatic end-point technique. Alanine transaminase (ALT), alkaline phosphatase (ALP) and venous blood glucose levels were measured using
a Vitros DT60 II Chemistry Analyser (Ortho-Clinical Diagnostics, Rochester, NY, USA), with Vitros reagents and controls.




Ferric-reducing antioxidant power (FRAP) in the serum samples was determined colourimetrically by the FRAP assay as previously described14
using a BioTek FL600 plate reader (Winooski, VT, USA) at a wavelength of 595 nm. The Diacron reactive metabolites (dROMs) test (Diacron International,
Grosseto, Italy) was used to measure the serum reactive oxygen metabolite pool. The assay was performed as instructed by the supplier. This colourimetric
assay was performed kinetically on a BioTek plate reader measuring change in 560 nm over a period of 15 min at 25 °C. Quantification was done using a
standard and expressed as Carratelli units (CARR U) where 1 CARR U corresponds to 0.08 mg/100 mL hydrogen peroxide.












Statistical analyses






Data is expressed as the mean and 95% confidence interval. Differences between the groups were determined using an analysis of variance
(ANOVA). Where significance between the groups was indicated, the Tukey honest significant difference test for unequal n was used
to determine where the differences occurred. Statistical significance tests are dependent on sample size and have a tendency to yield smaller
p-values as the size of the data set increases.15 Small sample sizes (as is often the case in animal studies) may therefore
lead to a failure to detect a true effect.15 In these cases, one can use effect size calculations, which are independent of sample
size, as an objective measure of the likelihood of a difference having clinical relevance.16 In order to determine whether the results
of this study had clinical relevance, effect sizes were calculated according to the following formula:
d = |x1-x2|/smax, where x1 is the mean of one
group and x2 the mean of the other group and smax the maximum standard deviation of the two
groups. The likelihood of clinical relevance is reported as an effect size (d) and can be interpreted as follows: d ≤
0.2 is a small likelihood, d = 0.5 is a medium likelihood and
d = 0.8 is a large likelihood for effect for parametric data.15 According to Rosenthal et al.16, a statistically
nonsignificant effect with a large effect size may indicate a ‘failure to detect the true effect’, necessitating a larger sample size.













Results






As can be seen in Table 1, five rats did not develop diabetes and/or recovered spontaneously and nine rats died during the study, resulting in unequally sized groups.




















Body weight






The normal control rats gained, on average, 72.8 g during the 5-week intervention period, whilst the diabetic control and glibenclamide groups
gained, on average, 5.63 g and 21.61 g, respectively. However, the A. greatheadii and A. ferox groups showed mean weight reductions
of 9.7 g and 10.9 g, respectively (Table 1).









Relative organ weight






Only small differences were observed in the mean pancreatic weights, expressed as a percentage of body weight, between the five groups
(Table 1). Whilst the mean pancreatic weight of the normal control group was not significantly higher than that of the diabetic control
group, the effect size calculation indicated that the difference in organ weight may have had a moderate clinical relevance. The glibenclamide
intervention group had a significantly lower pancreatic weight compared to the normal control group (0.25% versus 0.29%). The normal control
rats also had significantly lower mean liver and kidney weights compared to the diabetic control rats. All three interventions tested did little
to change this finding, with all three groups having significantly higher mean liver and kidney weights than those of the normal control group.











Diabetes markers






As described in Table 2, baseline glucose determinations done via tail prick revealed no significant differences between groups (p = 0.785),
indicating that all the rats were in the same state of normal glycaemia before injection of STZ. End-point plasma glucose values, after the diabetes
induction and the interventions that followed, showed significant differences between the groups (p = 0.0001) with the diabetic control group
having significantly higher blood glucose values than the normal control group, as would be expected. A. greatheadii did not significantly
decrease the diabetes-induced plasma hyperglycaemia, but, as indicated by the effect size calculation, the decrease may be clinically relevant. The
A. ferox intervention had a comparatively lower influence. The glibenclamide intervention, on the other hand, had a greater effect, lowering
plasma glucose to values that were no longer significantly different from those of the normal control group (p = 0.954). Fructosamine concentrations
were significantly elevated in the diabetic control group compared to the normal control group (p = 0.0001) (Table 2). The interventions, however,
had no effect on restoring these values. In fact, the fructosamine values in the glibenclamide group were not only increased compared to the normal control
group, but also when compared to the diabetic control group. However, this increase was not considered to be of clinical relevance (d < 0.2).
As expected, serum insulin levels in the diabetic control group were significantly lower than those of the normal control group (p = 0.001), with
effect size calculations also indicating a high clinical relevance (d = 1.49). Serum insulin levels in the A. greatheadii, A. ferox
and glibenclamide groups were not significantly different to those of the diabetic control rats, although values, especially in the glibenclamide group,
were higher, with effect sizes for all three interventions indicating that these values may have been clinically relevant. Furthermore, these changes in
serum insulin levels were inversely correlated to changes in end-point plasma glucose levels, as can be expected.























Liver enzymes






STZ-induced diabetes resulted in a significant increase in plasma ALP (p = 0.0001). The Aloe interventions both resulted in a reduction
in diabetes-induced ALP, with a significant reduction noted in the A. greatheadii intervention when compared to the diabetic control group (874.3
U/L versus 1145.0 U/L, p = 0.01). Glibenclamide significantly reduced the diabetes-induced ALP to levels no longer significantly different from
normal control levels (323.7 U/L versus 105.3 U/L, p = 0.077). Effect size calculations showed that these changes in all the intervention groups
were large enough to have clinical relevance (Table 2). STZ-induced diabetes resulted in a clinically relevant increase in ALT levels, although not
statistically significantly so. The Aloe interventions did not correct this increase and the glibenclamide significantly further increased plasma
ALT levels (131.2 U/L versus 74.6 U/L).
















Lipids






STZ-induced diabetes resulted in significantly increased levels of TC (p = 0.001), triglycerides (p = 0.015), VLDL-C
(p = 0.018) and TC:HDL-C (p = 0.0001) in the diabetic control group when compared to the normal control group. Additionally,
effect size calculations indicated a high clinical relevance for all these changes (Table 2). The increase in HDL-C in the diabetic control
group compared to the normal control group was unexpected. Even so, rats receiving either of the Aloe interventions showed an even
greater increase in HDL-C values, resulting in a modest improvement in the TC:HDL-C ratios, when compared to those of the diabetic control
group. The glibenclamide intervention was comparatively better at restoring the majority of these diabetic lipid markers to levels no longer
significantly different from those of the normal control group (TC: p = 0.060, triglycerides: p = 0.219, HDL-C: p = 0.992
and VLDL-C: p = 0.235), although they were also not significantly different from those of the diabetic control group, but had moderate
to large effect sizes.













Oxidative stress and antioxidant markers





STZ-induced diabetes had no effect on dROM values. However, FRAP values were significantly lower in the diabetic control group compared to
the normal control group. None of the three treatments significantly corrected this decrease in oxidative stress and antioxidant markers.












Discussion





This is the first intervention study investigating the possible antidiabetic properties of A. greatheadii and A. ferox. As previously
described, the phytochemical composition analyses of A. greatheadii and A. ferox leaf gel extracts determined the presence of a number
of possible antidiabetic phytochemicals, the majority of which included a variety of phenolic acids, polyphenols and indoles, with proven antioxidant
capacity (as assessed by oxygen radical absorbance capacity and FRAP).9,10 Hence, these extracts are thought to be of potential use in the
treatment of diabetes, possibly by alleviating hyperglycaemia-induced oxidative stress. These glucose lowering and β-cell protective effects, may
additionally lead to improved insulin secretion, thereby further correcting the hyperglycaemia and dyslipidaemia associated with diabetes.5,7,17



Intervention dosages of 300 mg/kg ethanol leaf gel extracts of A. greatheadii and A. ferox (an upper dosage level comparative to other
studies and identical to the dosage used for successfully testing ethanol leaf gel extracts of A. vera),7,11 were administered to
STZ-induced diabetic rats over a period of 5 weeks. Chronic hyperglycaemia was induced 7 days after an intraperitoneal injection of 40 mg/kg STZ. STZ
selectively destroys the pancreatic β-cells, resulting in insulin deficiency, which in turn results in hyperglycaemia.18 Furthermore,
because of the uncontrolled diabetic state demonstrated by the chronic and end-point hyperglycaemia in the diabetic control group compared to the normal
control group, an expected increase in fructosamine was observed in the diabetic control group as compared to the normal control group (Table 2).8
This chronic hyperglycaemia may have additionally resulted in a hyperglycaemia-induced oxidative stress,19 explaining the slightly increased dROM
and significantly reduced FRAP values seen in this STZ-induced diabetes model. Furthermore, STZ-induced diabetes resulted in increased fasting levels of
TC, TG, HDL-C, VLDL-C and TC:HDL-C, a finding characteristic of these models,18 as well as increased levels of ALT and ALP in the bloodstream.20
In addition to these biochemical changes, animals of this model of diabetes showed considerable reductions in weight gain, increased liver mass, increased
kidney mass and decreased pancreatic mass compared to the control rats, which is consistent with previous findings.21,22,23,24,25



The fact that glibenclamide, a conventional type 2 diabetes medication, almost entirely normalised the induced diabetic state, shows that this STZ-induced
diabetes model is satisfactory for investigating non-insulin-dependent diabetes. It has been shown that excessive glucose production, rather than insulin
resistance, accounts for hyperglycaemia in recent-onset STZ-induced diabetic rats. Hence, the calculation for determining insulin resistance using standard
methods, such as the homeostasis model of assessment, may not be appropriate for this particular model. A review by Islam and Loots18 further
supports this assumption: they concluded that a STZ-induced diabetes model is not the most appropriate for monitoring changes in insulin resistance and that
other models should be considered for more accurate investigations of this variable (e.g. a high fat diet diabetes model). For this reason, insulin resistance
was not evaluated in this study.




The A. greatheadii leaf gel extract intervention resulted in a decreased hyperglycaemic state and increased insulin levels compared to the diabetic
control group. Although not statistically significant, the moderate to large effect sizes does indicate that these changes may be clinically relevant. The
A. ferox intervention resulted in a similar effect on insulin secretion but did not change the hyperglycaemia. Similarly, the fructosamine concentrations
(an indicator of blood glucose control over a 21-day period26) of both Aloe intervention groups remained unchanged. These results suggest that
A. greatheadii (and to a lesser extent A. ferox) may show some effect in ameliorating the diabetes-induced hyperglycaemia by increasing insulin
secretion from the pancreatic β-cells. However, the unchanged fructosamine levels may be indicative that longer interventions with these extracts may be
necessary, or that higher dosages may be required. Furthermore, A. greatheadii had a greater effect, although not significantly so, on correcting the
abnormal dROM and FRAP values, when compared to the A. ferox intervention. A possible reason for these nonsignificant changes in oxidative stress markers
in the intervention groups is that, for the purpose of measuring the other diabetic markers, the blood was collected after an overnight fast, approximately 24 h
after the last Aloe dose was ingested. Hence, the blood sample would not have reflected the direct antioxidant capacity of the blood, from the direct
presence of the polyphenols present in the extracts ingested, because these would have already been metabolised by the time the blood was taken. Additionally,
effects of the interventions on the increased insulin levels and reduced hyperglycaemia may not have been large enough to have significantly influenced the
diabetic rat’s general antioxidant status over the 5-week period.




The glibenclamide intervention increased insulin secretion with large clinical relevance, which subsequently totally ameliorated the hyperglycaemic state
(p = 0.0001). The fructosamine levels, on the other hand, were unexpectedly significantly increased relative to the diabetic control group. Fructosamine
is a marker of long-term glucose control, and the fact that the weekly glucose determinations indicated that the glucose concentrations only returned to normal
during the last week of the intervention (data not shown), may explain the lack of improvement in the fructosamine levels. Interestingly, despite glibenclamide
restoring the diabetes-induced hyperglycaemia, it had little effect on normalising the oxidative stress markers (dROM and FRAP). Therefore, as is the case with
the Aloe interventions, a longer duration of stable blood glucose levels by glibenclamide may be required before these markers return to normal.




Regarding the abnormal lipid profiles induced by the STZ-induced diabetic state, the A. ferox and A. greatheadii interventions resulted in a
nonsignificant general increase in the lipid markers analysed, with moderate clinical relevance established for the A. greatheadii intervention
(except with respect to TC). This generalised hyperlipidemia seen in these groups may be attributed to an increase in fat absorption via the gut as a result
of abnormally increased levels of small intestinal acyl-CoA : cholesterol acyltransferase activity,27 which is known to be elevated when insulin is
deficient.28 Unfortunately, the exact effect of insulin on acyl-CoA : cholesterol acyltransferase ratios is still unclear. Another possible
explanation could be an increased activation of hormone-sensitive lipase.28 In contrast, the glibenclamide intervention resulted in a general
nonsignificant reduction in the elevated hyperlipidemia, with moderate to large effect sizes. Considering the mechanism by which these lipids are elevated
during the diabetic state, the reduction in hyperglycaemia as a result of the glibenclamide-induced increased insulin secretion, could have resulted in an
inhibition of lipase in the adipose tissue, thereby lowering the amount of free fatty acids released into the bloodstream and the subsequent cascade, leading
to the abnormal diabetic lipid profile.29



From these results it is evident that, although most of the changes that occurred in the diabetic state as a result of the two Aloe interventions
were not statistically significant, A. ferox and A. greatheadii may (given the effect size calculations) show some potential for restoring
hyperglycaemia through increased insulin secretion. There is therefore a possibility that a higher dosage of these or alternative extracts of the same
Aloe species, given over a longer period and investigated using larger experimental groups, may result in more significant changes to the variables
investigated.
















Conclusions




Although not consistently so, many previous studies conducted in the same manner, using identically prepared extracts of other Aloe species, at
similar dosages, have reported significant antidiabetic effects over shorter intervention periods. In our pilot study, improvements were observed in
end-point glucose, serum insulin, HDL-C and TC:HDL-C, using A. greatheadii leaf gel extracts, in a STZ-induced diabetic rodent model. The A.
ferox intervention also showed similar positive effects, however, to a lesser extent. Although the majority of these effects were statistically
nonsignificant (likely because of the small sample sizes), they were clinically relevant. We therefore suggest that further in vivo investigations
into the use of these Aloe species, using alternative Aloe extracts, longer treatment durations, larger dosages and/or larger sample sizes are
needed before conclusive claims can be made regarding the use of these Aloe species for treating diabetes.
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