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Introduction
Innate immunity activation and chronic subclini-
cal inflammation are some of the predisposing risk 
factors that precede the onset of diabetes in indi-
viduals that have been previously diagnosed with 
pre-diabetes.1 According to the World Health 
Organisation, pre-diabetes is a long-lasting state 

of plasma glucose levels above normal but not 
high enough for the diagnosis of type 2 diabetes 
mellitus (T2DM). Sedentary lifestyles, genetic 
predisposition and chronic consumption of high 
caloric diets are among the causes of the develop-
ment of pre-diabetes.2 Obesity has also strongly 
correlated with the incidence of pre-diabetes and 
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Aims: Sub-clinical inflammation during pre-diabetes is one of the predisposing factors that 
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studies show that it is one of the risk factors for 
pre-diabetes.3 Obesity is associated with meta-
bolic complications including insulin resistance, 
hyperlipidaemia, hypercholesterolaemia and 
moderate hyperglycaemia that are implicated in 
innate immunity activation and low-grade inflam-
mation.4 The elevation of circulating lipid metab-
olites including triglycerides, free fatty acids, 
cholesterol and lipoprotein-cholesterols is impli-
cated in innate immune system activation.5 In 
addition, obesity and insulin resistance are also 
associated with the leakage of lipopolysaccharides 
(LPS) from the intestine into the circulation.6 
LPS is implicated in the activation of innate 
immunity through activation of pattern recogni-
tion receptors (PRR) such as Toll-like receptor 4 
(TLR4) on the membrane surface of immune 
cells such as neutrophils and macrophages.7 The 
binding of LPS to immune cells leads to their 
activation and secretion from these cells of pro-
inflammatory cytokines such as interleukin-1β 
(IL-1β) and tumour necrosis factor-alpha (TNF-
α).8 Moreover, low-density lipoprotein (LDL) 
can also bind to the TLRs on the surface of resi-
dent macrophages resulting in the secretion of 
pro-inflammatory cytokines and lipid accumula-
tion. Oxidised LDL can bind to CD36 on the 
platelet surface leading to platelet activation.9 
The activation of platelets has been reported to 
result in the formation of platelets–leukocytes 
aggregation with neutrophils and monocytes, as 
well as releasing cluster differentiation 40 ligand 
(CD40-L), which is another inflammatory medi-
ator.10 Moreover, Mzimela et al. reported that a 
diet-induced pre-diabetic rat model presents 
immuno-metabolic derangements including ele-
vation of fibrinogen and lymphocytes, which 
worsen the progression from pre-diabetes to overt 
diabetes.11 The pharmacological management of 
pre-diabetes includes the use of insulin-sensitis-
ing agents, e.g., biguanides such as metformin 
(MET).12 These agents are associated with sup-
pression of inflammation through the inhibition 
of oxidative stress but are said to be therapeutic 
only when used in conjunction with lifestyle mod-
ifications.13 However, lifestyle modifications such 
as caloric restriction and increased physical activ-
ity are often neglected by patients.14 Therefore, 
this calls for more research to establish strategies 
for preventing the development of low-grade 
inflammation while sensitising cells for insulin 
and subsequently preventing the progression of 
pre-diabetes to overt diabetes.15 Plant-derived 
bioactive compounds, including triterpenes and 

flavonoids, have been shown to possess the anti-
diabetic properties.16 In our laboratory, oleanolic 
acid (OA), a plant-derived triterpene, has been 
reported to ameliorate the predisposing risk fac-
tors of the progression of pre-diabetes to diabetes, 
including impaired insulin transduction and 
hyperlipidaemia.17 Furthermore, OA has been 
also found to ameliorate markers of cardiovascu-
lar disease and non-alcoholic fatty liver disease in 
a diet-induced pre-diabetes rat model.17,18 
However, innate immunity activation, as well as 
chronic subclinical inflammation, is also associ-
ated with the progression of pre-diabetes to dia-
betes. Hence, this study sought to evaluate 
whether OA, with and without dietary interven-
tion, can reduce the markers of innate immunity 
activation and chronic subclinical inflammation 
in a diet-induced pre-diabetic rat model.

Methods and materials

Drugs and chemicals
High-fat high-carbohydrate (HFHC) diet [AVI 
Products (Pty) Ltd., Waterfall, South Africa]; 
dimethyl sulphoxide (10% DMSO), phosphate-
buffered saline (PBS), MET (Sigma-Aldrich, St 
Louis, MO, USA); ethanol, isofor, liquid nitro-
gen [Safeline Pharmaceuticals (Pty) Ltd., 
Roodeport, South Africa]; concentrated bioti-
nylated detection antibody, biotinylated detec-
tion antibody detection diluent substrate reagent, 
stop solution, concentrate wash buffer, standards 
micro enzyme-linked immunosorbent assay 
(ELISA) plate, reference standard, concentrated 
avadin-horseradish peroxide (HRP), HRP dilu-
ent (Elabscience product purchased from Biocom 
Africa, Centurion, South Africa). All chemicals 
and reagents were sourced from standard phar-
maceutical suppliers and were of analytical grade.

Extraction method
OA was extracted from Syzygium aromaticum 
[(Linnaeus) Merrill & Perry] [Myrcene] (cloves) 
using an established protocol from Khathi et al.19

Animal studies
Male Sprague-Dawley rats (130–160 g) used in 
this study were bred and housed in the Biomedical 
Research Unit of the University of KwaZulu-
Natal. The animals were maintained under stand-
ard laboratory conditions of constant temperature 
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(22 ± 2°C), CO2 content (<5000 p.m.), relative 
humidity (55 ± 5%) and illumination (12 h light/
dark cycle, lights on at 0700 hours). The noise 
level was maintained at less than 65 decibels. The 
animals were allowed access to food and fluids ad 
libitum. The Animal Research Ethics Committee 
approved all animal procedures and housing con-
ditions of the University of KwaZulu-Natal (ethics 
no. AREC/035/016M). The animals acclimatised 
to their new environment for 1 week while con-
suming standard rat chow and tap water before 
exposure to a well-established experimental 
HFHC diet.18

Experimental design
Experimental pre-diabetes was induced in male 
Sprague-Dawley rats (n = 36) using a previously 
described protocol. The pre-diabetic animals 
were further sub-divided into six groups, each 
group having six rats (n = 6). The groups were as 
follows: pre-diabetic control group (PC) were the 
pre-diabetic animals that continued with the 
experimental diet throughout the study period; 
metformin group (MET) were the pre-diabetic 
animals that continued with the experimental diet 
but received MET during treatment period; MET 
and dietary intervention group (MET+DI) were 
the pre-diabetic animals that changed to a stand-
ard diet and received MET during treatment 
period; oleanolic acid group (OA) were the pre-
diabetic animals that continued with experimen-
tal diet but received OA during the treatment 
period as well as OA and dietary intervention 
group (OA+DI) were the pre-diabetic animals 
that changed to a standard diet and received OA 
during experimental period. Animals that served 

as non-pre-diabetic controls (NPC) were those 
that were fed standard rat diet and diagnosed as 
without pre-diabetes. The dietary intervention 
refers to changing animals from the HFHC diet 
to a standard diet that is provided by the UKZN 
animal unit. Figure 1 shows an illustration of ani-
mal groupings according to the treatments.

Treatment of pre-diabetic animals
The treatment period lasted for 12 weeks. The 
animals were treated every third day where the 
MET and MET+DI groups received MET 
(500 mg/kg p.o., with oral gavage) while the OA 
and OA+DI groups were given OA (80 mg/kg 
p.o., with oral gavage ) dissolved in DMSO and 
water (10% DMSO). Parameters, including total 
cholesterol and triglyceride concentrations, were 
measured every fourth week in all groups for the 
duration of the treatment period.

Blood collection and tissue harvesting
At the end of the 12-week treatment period, the 
animals were euthanised. For blood collection, all 
animals were anaesthetised with Isofor (100 mg/
kg) [Safeline Pharmaceuticals (Pty) Ltd, 
Roodeport, South Africa] via a gas anaesthetic 
chamber (Biomedical Resource Unit, UKZN, 
Durban, South Africa) for 3 min. Blood was col-
lected by cardiac puncture and injected into the 
pre-cooled heparinised containers. The blood was 
then centrifuged (Eppendorf centrifuge 5403, 
Eppendorf, Germany) at 4°C, 2000 × g for 15 min. 
The adipose tissue was also harvested for the anal-
ysis of cytokines. Plasma was collected and stored 
at –80°C in a Bio Ultra freezer (Snijers Scientific, 

Figure 1. Animal groupings according to treatment
HFHC, high-fat high-carbohydrate; MET, metformin group; MET+DI, metformin and dietary intervention group; NPC, non-
pre-diabetic controls; OA, oleanolic acid group; OA+DI, OA and dietary intervention group; PC, pre-diabetic control group.
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Tilburg, the Netherlands) until ready for bio-
chemical analysis.

Differential white blood cell count analysis
For analysis of differential white blood cell count, 
such as monocytes, neutrophils, eosinophils, 
basophils, total lymphocytes and platelets as well 
as mean platelet volume, blood was obtained 
using a tail prick method, where about 100 µl 
blood was transferred into tubes containing anti-
coagulant, thereafter white blood cell count and 
mean platelet volume (MPV) were determined 
using a Coulter AcT diff Tainer haemocytometer 
(Beckman Coulter, Inc., Indianapolis, IN, USA).

Biochemical analysis
Oxidative stress was determined using a well-
established malondialdehyde (MDA) assay proto-
col, whereas antioxidant enzymes, including 
superoxide dismutase (SOD) and glutathione per-
oxidase (GPx), were measured using Elabscience 
ELISA kits (Biocom Africa). Plasma IL-1β, CRP, 
TNF-α, fibrinogen and CD40L were also ana-
lysed using their respective rat ELISA kits 
(Elabscience, purchased from Biocom Africa) 
according to the manufacturer’s instructions.

Statistical analysis
The data was expressed as mean ± standard 
error of the mean (SEM). Statistical comparisons 
were performed with GraphPadInStat Software 

(version 5.00, Graph Pad Software, Inc., San 
Diego, CA, USA) using one-way analysis of vari-
ance (ANOVA) followed by Bonferroni post hoc 
comparison test. A value of p < 0.05 was consid-
ered statistically significant.

Results

Platelets and mean platelet volume
At the end of the treatment period (week 12), 
whole blood was collected from all the groups for 
full blood count using a haemocytometer. The 
results showed that PC had a significantly higher 
platelet count and MPV when compared with 
NPC (p < 0.05). However, OA treatment with or 
without dietary intervention showed a significant 
decrease in both platelets and MPV (Figure 2A,B; 
p < 0.005). Treatment with both MET and 
MET+DI followed the same trend as OA treat-
ments in platelets count as well as MPV.

Plasma lipoproteins
The terminal plasma lipids were analysed in all 
experimental groups. The results showed that 
PC had a significantly higher low-density lipo-
protein cholesterol (LDL-C) and high-density 
lipoprotein cholesterol (HDL-C) when com-
pared with NPC (p < 0.05). The OA with dietary 
intervention treatment resulted in a significant 
decrease in HDL-C and LDL-C when compared 
with PC (Figure 3A, B; p < 0.05). MET had no 
significant difference in HDL-C in comparison 

Figure 2. Bar graph showing the effects of OA and MET, with and without DI, on platelet count (A) and MPV (B). 
Values are presented as mean ± SEM (n = 6).  = p < 0.05 denotes comparison with NPC; α = p < 0.05 denotes 
comparison with PC.
DI, dietary intervention; MET, metformin; MPV, mean platelet volume; NPC, non-pre-diabetic controls; OA, oleanolic acid; 
PC, pre-diabetic control; SEM, standard error of the mean.
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with PC. However, MET+DI showed a signifi-
cance decrease in HDL-C in comparison with 
PC (Figure 3A; p < 0.05).

Monocytes, neutrophil, lymphocytes and 
eosinophil count
Whole blood at the end of the treatment period 
(week 12) was collected and used to measure 
immune cells, that is, neutrophils, monocytes and 
lymphocytes counted using a haemocytometer. 
The monocyte count from PC showed a signifi-
cant increase when compared with NPC. 
However, treatment with both MET and OA in 
the presence and absence of dietary intervention 
resulted in a significant decrease in comparison 
with PC (Figure 4A; p < 0.05). The neutrophil 
count from PC exhibited a significant decrease 
when compared with NPC. However, treatment 
with OA in the presence of dietary intervention 
restored plasma neutrophils, which also resem-
bled MET and MET+DI (Figure 4B). The lym-
phocyte count from PC exhibited a significant 

Figure 3. Bar graph showing the effects of OA, and Met with and without DI on plasma HDL-C (A) and LDL-C 
(B) concentration. Values are presented as mean ± SEM (n = 6). * = p < 0.05 denotes comparison with NPC; 
α = p < 0.05 denotes comparison with PC.
DI, dietary intervention; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MET, 
metformin; NPC, non-pre-diabetic controls; OA, oleanolic acid; PC, pre-diabetic control; SEM, standard error of the mean.

Figure 4. >Bar graph showing the effects of OA, and 
Met with and without DI on plasma HDL-C (A) and 
LDL-C (B) concentration. Values are presented as 
mean ± SEM (n = 6). = p < 0.05 denotes comparison 
with NPC; α = p < 0.05 denotes comparison with PC.
DI, dietary intervention; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; 
MET, metformin; NPC, non-pre-diabetic controls; OA, 
oleanolic acid; PC, pre-diabetic control; SEM, standard error 
of the mean.
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increase in plasma lymphocytes in comparison 
with NPC; p < 0.05. However, OA and MET 
treatments both showed a significant decrease in 
lymphocyte count in comparison with PC (Figure 
4C; p < 0.05). There were no significance differ-
ences between NPC and PC and OA, both in the 
presence and absence of dietary intervention, and 
no significant difference in comparison with PC 
and NPC (Figure 4D; p < 0.005).

Proinflammatory cytokines
At the end of the treatment period (week 12), 
plasma IL-1β and TNF-α concentrations were 
measured in plasma samples from all experimen-
tal groups. The results show that PC had high 
circulating IL-1β concentrations when compared 
with NPC; (p < 0.05). However, OA with and 
without dietary intervention treatment resulted in 
reduced plasma IL-1β in comparison with PC 
(p < 0.05). Plasma TNF-α concentrations in PC 
were significantly higher than in NPC (p < 0.05). 
In all groups where OA was administered (OA 
and OA+DI), there was a significant (p < 0.05) 
decrease in plasma and TNF-α concentration 
when compared with PC. The OA-treated group 
had no significant difference when compared with 
PC (p < 0.05). However, OA+DI showed a sig-
nificant decrease in plasma TNF-α concentration 
when compared with PC (p < 0.05; Table 1). 
MET and MET+DI showed no statistical signifi-
cance in IL-1β concentrations when compared 

with PC. However, both showed a significance 
decrease in TNF-α concentration in comparison 
with PC (p < 0.05; Table 1).

Plasma CD40L
Plasma CD40-L concentration was measured in 
all the experimental groups at the end of the treat-
ment period (week 12). The results showed that 
plasma CD40-L concentration of PC was sig-
nificantly higher than of NPC (p < 0.05). In all 
groups where OA was administered (OA and 
OA+DI), there was a significant decrease in 
CD40-L concentration when compared with PC 
(p < 0.05; Figure 5). MET and MET+DI also 
followed the same trend as OA and OA+DI 
(p < 0.05; Figure 5).

CRP and fibrinogen
Plasma CRP and fibrinogen concentrations were 
determined in all experimental groups at the end 
of the treatment period (week 12). The results 
showed that both CRP and fibrinogen concentra-
tion of PC was significantly higher than that of 
NPC (p < 0.05). OA treatment resulted in a sig-
nificant decrease in both CRP and fibrinogen 
when compared with PC (p < 0.05; Figure 5). In 
CRP and fibrinogen concentrations both MET 
and MET+DI had no statistical significance in 
comparison with PC (p < 0.05; Figure 5A,B).

Discussion
Previous studies in our laboratory have alluded to 
the fact that plant-derived OA, in the presence 
and absence of dietary intervention, ameliorates 
markers associated with cardiovascular complica-
tions such as dyslipidaemia, production of pro-
inflammatory cytokines, mean-arterial pressure 
and cardiac hypertrophy.17 In addition, another 
study from our laboratory showed that OA also 
ameliorates markers of non-alcoholic fatty liver 
disease, including intrahepatic fat accumulation 
and hepatic inflammation.18 The pathogenesis of 
the aforementioned diseases is linked closely to 
chronic sub-clinical inflammation and activated 
innate immunity. This is evidenced by the pres-
ence of chronic inflammation in diseases such as 
atherosclerosis and hepatosteatosis.20 Hence, 
these previous findings led to the investigation of 
the effects of OA on pre-diabetes-induced innate 
immunity activation and the resulting sub-clinical 
chronic inflammation.

Table 1. Effects of OA and MET with and without dietary intervention on 
adipose tissue IL-1β and TNF-α concentration.

Experimental 
groupings

IL-1β
(ng/ml)

TNF-α
(ng/ml)

NPC 879.20 ± 21.26 152.00 ± 10.93

PC 1149.00 ± 8.21* 219.60 ± 6.40*

MET 1184.00 ± 37.99* 215.60 ± 4.73*

MET+DI 1058.00 ± 14.81* 137.80 ± 1.72α

OA 819.10 ± 59.65α 199.20 ± 2.59*

OA+DI 703.10 ± 36.07α 153.50 ± 2.83α

DI, dietary intervention; IL, interleukin; Met+DI, metformin-treated with the DI; NC, 
non-pre-diabetic control; PC, pre-diabetes control; OA+DI, oleanolic acid-treated 
with the DI; TNF, tumour necrosis factor.
Values are presented as mean ± SEM, (n = 6) *= p < 0.05 denotes comparison with 
NPC; α = p < 0.05 denotes comparison with PC.
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Activation of innate immunity and the inflamma-
tory pathway during pre-diabetes is one of the 
contributing factors that facilitate the progression 
of pre-diabetes to overt T2DM.21 Previous studies 
have reported that high energy diets and a seden-
tary lifestyle correlate with the prevalence of meta-
bolic abnormalities with immune activation.22 
Diets that are rich in fats are implicated in the 
pathogenesis of complications such as subclinical 
inflammation, cardiovascular diseases and 
T2DM.23 The pathogenesis of diet-induced sub-
clinical inflammation may be attributed to the 
elevation of LDL and reduced HDL in circula-
tion. In addition, increased intestinal permeability 
to microbiota, which leads to increased endotoxin 
such as LPS.24 LPS in the circulation interacts 
directly with the PRR that are found on the sur-
face of immune cells, resulting in their activation 
and release of pro-inflammatory cytokines.7 
Augmented pro-inflammatory cytokines exacer-
bate and sustain the systemic inflammation that 
results from hyperglycaemic-induced oxidative 
stress during pre-diabetes and T2DM.25 Targeting 
inflammation in diabetes has the potential to pro-
vide an effective strategy in the management of 
diabetes.26 Conventional treatments for T2DM, 
including MET, regulate glucose metabolism. 
However, patients continue to develop inflamma-
tory-related complications such as steatohepatitis 
and atherosclerosis.27 Therefore, there is a need 
for treatment that offers both glycaemic control 
and anti-inflammatory effect to prevent the pro-
gression to T2DM.28 Previous studies in our 
 laboratory have shown that the diet-induced pre-
diabetes rat model is characterised with metabolic 

and cardiovascular complications including obe-
sity, dyslipidaemia, oxidative stress, insulin resist-
ance, impaired glucose tolerance and 
hypertension.17 In these studies, OA treatment 
was shown to ameliorate metabolic derange-
ments.17 Hence, this study further investigated the 
effects of OA on selected markers of innate immu-
nity activation and chronic low-grade inflamma-
tion, which also play a role in the progression of 
pre-diabetes to overt diabetes.

High-calorie diets such as high fat or high carbo-
hydrate diets have both primary and secondary 
implications in the development of inflammatory 
diseases.29 The primary implications may include 
the elevation of lipid metabolites such as LDL in 
the circulation, which may bind to circulating 
immune cells and lead to the production of pro-
inflammatory cytokines.30 Moreover, the level of 
circulating endotoxins such as LPS may arise sec-
ondarily to the over-indulgence of a high caloric 
diet, and HDL prevents the binding of LPS from 
binding to TLRs on the surface of immune cells, 
and, subsequently, the formation of inflammas-
ome.30 The current study found that diet-induced 
pre-diabetic animals had elevated plasma LDL-C 
and plasma HDL-C. However, treatment with 
OA combined with dietary intervention resulted 
in the reduction of HDL-C and LDL-C. These 
findings correlate with results from previous stud-
ies that reported that OA possesses anti-lipidae-
mia properties.31 This is attributed to the 
downregulation of genes such as peroxisome pro-
liferator activator receptor gamma (PPARγ) and 
adiponectin receptor-1 (ADPOR1), which are 

Figure 5. Bar graph showing the effects of OA and Met with and without DI on plasma CD40-L. Values are 
presented as mean ± SEM (n = 6). =p < 0.05 denotes comparison with NPC; α = p < 0.05 denotes comparison 
with PC.
CD40-L, cluster differentiation 40 ligand; DI, dietary intervention; MET, metformin; NPC, non-pre-diabetic controls; OA, 
oleanolic acid; PC, pre-diabetic control; SEM, standard error of the mean.
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involved in the utilisation of fatty acids for energy 
production.31

Diet-induced pre-diabetes has been previously 
reported to contribute to the activation of innate 
immunity cells including monocytes, neutrophils, 
eosinophils and lymphocytes.32 This may be 
attributed to mechanisms such as insulin resist-
ance induced glucotoxicity, lipotoxicity and oxi-
dative stress.11 Moreover, an increase in 
endotoxins such as LPS due to intestine permea-
bility is also associated with increased innate 
immune cell count.33 The present study found 
that untreated pre-diabetic animals had increased 
circulating monocytes, eosinophils and lympho-
cytes and decreased neutrophils. The decrease in 
circulating neutrophils correlated with findings 
from previous studies that reported a reduction in 
neutrophil count during pre-diabetes and early 
diabetes.34 This may be accredited to intestine 
permeability and leakage of LPS from the gut as a 
result of over-indulgence in a HFHC diet and 
divergence of glucose to the polyol pathway.33 
However, the administration of OA with dietary 
intervention led to a reduction in these cells. This 
may be attributed to improved lipid and glucose 
metabolism following improved insulin sensitivity 
or decrease in calorie intake.35 Furthermore, OA 
has been reported to reduce eosinophilic inflam-
mation and suppress the signal transducer and 
activator of transcription 3 (STAT3) that sustains 
the activation of immune cells.36 However, the 
switch from a high-fat diet to a standard diet may 
have lowered circulating endotoxins by reducing 
intestine permeability.33 During pre-diabetes, 
monocytes infiltrate inflamed tissues such as adi-
pose tissue where they differentiate to mac-
rophages.37 The accumulated neutrophils and 
macrophages in the inflamed tissues such as adi-
pose tissues advance the inflammation by secret-
ing proinflammatory cytokines.38 Pre-diabetes is 
also associated with increased circulating proin-
flammatory mediators, including interleukin 
1beta (IL-1β), interleukin-1 receptor agonist 
(IL-1RA), interleukin-6 (IL-6), interleukin-8 
(IL-8) and monocyte chemotactic protein-1 
(MCP-1).39

Insulin resistance is further associated with adi-
pose tissue hypertrophy, which is also implicated 
in the production of proinflammatory cytokines 
during pre-diabetes.40 In this study, we observed 
that pre-diabetic animals had elevated pro-
inflammatory cytokines including TNF-α, IL-6 

and IL-1β. This could also be due to hypertrophy 
of adipose tissue due to the consumption of a 
HFHC diet, resulting in the secretion of inflam-
matory mediators from the adipocytes inflamma-
tion.41 This could have led to adipose macrophage 
infiltration and activation of nuclear factor-kappa 
B (NF kB), as well as secretion of proinflamma-
tory cytokines, hence low-grade inflammation.41 
The activation of NF-kB is linked directly with 
the activation of PRR on the surface of immune 
cells that release pro-inflammatory cytokine.42 
Elevation of pro-inflammatory cytokines is also 
associated with insulin resistance, and it precedes 
the onset of overt T2DM in pre-diabetic individ-
uals.43 Treatment with OA with and without die-
tary intervention resulted in a reduction of these 
pro-inflammatory cytokines. This may be attrib-
uted to activation of transforming growth factor-
beta (TGF-β), which downregulates PRRs such 
as TLR4 and CD14, thus attenuating innate 
immune response that leads to the release of pro-
inflammatory cytokines.44 However, in vivo stud-
ies have also shown that dietary interventions 
such as low-fat diet ameliorate chronic inflamma-
tion.45 Chronic inflammation is also driven by 
inflammatory mediators such as CRP.46 CRP is 
one of the principal downstream inflammatory 
mediators that is synthesised by hepatocytes in 
response to IL-6.47 Untreated pre-diabetic ani-
mals were found to have elevated levels of CRP. 
This may be attributed to the observed elevated 
plasma IL-6 concentrations. However, an increase 
in plasma lipids may also stimulate the secretion 
of CRP in cells, including adipocytes and hepato-
cytes.48 The high levels of CRP are associated 
with elevated secretion of proinflammatory 
cytokines such as IL-6 which sustain inflamma-
tion.48 Similarly, administration of OA with and 
without dietary intervention resulted in reduced 
levels of CRP. This suggests that IL-6 may be a 
causative factor in the elevated CRP concentra-
tions.49 However, these findings may also be 
attributed to the anti-adiposity activity of OA 
through the inactivation of hunger centres and 
reduced release of ghrelin hormone.35 Increased 
circulating fibrinogen is one of the markers of a 
proinflammatory state.50 Hyperglycaemic-induced 
platelet reactivity is associated with elevated 
hepatic fibrinogen production.51 Moreover, insu-
lin resistance-induced oxidative stress is associ-
ated with increased circulating thrombin, which 
stimulates hepatic fibrinogen production.52 The 
role of fibrinogen in sustaining inflammation 
includes binding and activation of several immune 
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cells such as neutrophil and monocytes that 
release pro-inflammatory chemokines as well as 
cytokines.53 In the current study, administration 
of OA with and without dietary intervention 
reduced circulating fibrinogen. This may be 
attributed to the previously reported anti-hyper-
glycaemic and anti-oxidant effects of OA.35 In 
addition, these findings may also be due to anti-
hyperlipidaemic activities of OA and suppression 
of innate immune cell response.54

Increased platelet counts and MPV are associated 
with glucose homeostasis dysregulation and 
immune activation.55 The current study found 
that untreated pre-diabetic animals had increased 
platelet count and MPV, which is associated with 
the pathogenesis of cardiovascular diseases such 
as atherosclerosis and thrombosis. Augmented 
platelet count and platelet activation may be 
attributed to intraplatelet hyperglycaemia due to 
systemic insulin resistance.56 Systemic insulin 
resistance affects insulin-dependent tissues such 
as skeletal muscle and adipose tissue.57 This resist-
ance leads to increased circulating glucose and 
glucose influx to cells that do not depend on insu-
lin for glucose uptake.58 Cells such as those found 
in the liver and kidney as well as platelets, use 
facilitated diffusion through glucose transporter 1 
(GLUT 1) and glucose transporter 2 (GLUT2).59 
Interestingly, treatment with OA with and without 
dietary intervention reduced both platelet count 
and activation. This may be attributed to the anti-
hyperglycaemic effects of OA through improved 
sensitivity of skeletal muscles to insulin and 
increased translocation of GLUT4, thus promot-
ing glucose uptake.60 However, the synergistic 
effects of dietary intervention may also contribute 
to the reduction of circulating glucose through the 
reduction of carbohydrate intake.61 Moreover, 
these findings correlated with previous studies 
such as that of Osunsanmi et  al., who reported 
that triterpenes have anti-platelet aggregation 
properties through modifying hydroxyl moiety at 
the carbon-3 position with the acetyl group, and 
prevent platelet activation.62 The decrease in 
platelet activation may prevent the pathogenesis of 
cardiovascular complications in pre-diabetes, 
which is reported mostly in people with diabetes 
and metabolic syndrome. In addition, treatment 
with MET both in the presence and in the absence 
of dietary intervention yielded similar results, as 
expected. MET has been reported previously to 
have anti-thrombin properties by preventing 

platelet aggregation.63 The present study also 
observed that pre-diabetes animals had elevated 
plasma CD40L concentrations, which may be 
attributed to platelet and monocyte activation due 
to hyperglycaemia.64 CD40L is an inflammatory 
mediator that belongs to the TNF superfamily 
that is expressed by immune cells including mono-
cytes, T-cells and activated platelets.65 Interaction 
of the CD40L with mucosa T cells induces the 
production of chemokines that advance inflam-
mation by promoting the production of inflamma-
tory cytokines.66 However, administration of OA 
with and without dietary intervention led to a 
reduction in plasma CD40L concentrations. 
Although the mechanism by which OA may lower 
plasma CD40L is not yet established, the suppres-
sion of platelet activation may result in the reduc-
tion of CD40L in circulation.67

This study used MET as a positive control drug. 
The use of MET is recommended to be com-
bined with dietary intervention. As expected, 
MET treatment in the presence of dietary inter-
vention also ameliorated the proinflammatory 
cytokines and immune cell activation, which cor-
related with findings from previous studies report-
ing that MET reduces the production of 
autoantibodies and infiltration of inflammatory 
cells such as monocytes, neutrophils and lympho-
cytes into tissues.63 Moreover, MET can inhibit 
CD40L, thereby suppressing platelet-activation-
mediated inflammation.63 However, in parame-
ters such as plasma LDL-C, fibrinogen and CRP, 
OA was seen to be more potent than MET. This 
requires more studies comparing MET and OA 
in the pre-diabetes state.

Conclusion
The findings of this study suggest that adminis-
tration of OA with and without dietary interven-
tion has anti-inflammatory properties in 
pre-diabetes through attenuating innate immu-
nity cell response and suppressing pro-inflamma-
tory cytokine production. These findings may 
serve as a basis for further investigations of OA as 
a drug that can prevent the progression of pro-
gression of pre-diabetes to T2DM. However, 
more studies need to be done in order to eluci-
date the mechanism by which this treatment ame-
liorates inflammation during pre-diabetes, and 
the effects of OA in the permeability of the gastro-
intestinal tract.

https://journals.sagepub.com/home/tae


Therapeutic Advances in Endocrinology and Metabolism 11

10 journals.sagepub.com/home/tae

Acknowledgements
The authors are grateful to the Biomedical 
Resource Unit, the University of KwaZulu-Natal 
for the supply of animals, and to Dennis 
Makhubela for his technical expertise.

Author contribution(s)
Mlindeli Gamede: Conceptualization; Data cura-
tion; Formal analysis; Investigation; Methodology; 
Project administration; Visualization; Writing-
original draft; Writing-review & editing.

Lindokuhle Mabuza: Conceptualization; Data 
curation; Formal analysis; Investigation; 
Methodology; Project administration; Writing-
review & editing.

Phikelelelani Ngubane: Conceptualization; 
Formal analysis; Funding acquisition; Project 
administration; Resources; Supervision; Validation; 
Visualization; Writing-review & editing.

Andile Khathi: Conceptualization; Formal anal-
ysis; Funding acquisition; Methodology; 
Resources; Supervision; Validation; Visualization; 
Writing-review & editing.

Conflict of interest statement
The authors declare that there is no conflict of 
interest.

Funding
The authors disclosed receipt of the following 
financial support for the research, authorship, 
and/or publication of this article: National 
Research Foundation (South Africa) for financial 
support (grant number 106041)

Novelty statement
The ingestion of high caloric diets results in sub-
clinical inflammation that worsens the progres-
sion of pre-diabetes to overt type 2 diabetes 
(T2DM). Oleanolic acid (OA) has been found to 
have anti-hyperglycaemic properties. This study 
found that OA prevents the progression of pre-
diabetes toward T2DM by reducing systemic 
inflammation in a pre-diabetic rat model. These 
results encourage further investigations into 
whether OA can be used to provide an alternative 
treatment for preventing the progression of pre-
diabetes to T2DM.

ORCID iD
Mlindeli Gamede  https://orcid.org/0000-0001- 
5512-1545

References
 1. Wang A, Luan HH and Medzhitov R. An 

evolutionary perspective on immunometabolism. 
Science 2019; 363: eaar3932.

 2. Diabetes Canada Clinical Practice Guidelines 
Expert Committee, Punthakee Z, Goldenberg R, 
et al. Definition, classification and diagnosis of 
diabetes, prediabetes and metabolic syndrome. 
Can J Diabetes 2018; 42(Suppl. 1): S10–S15.

 3. Choi H-C, Kim S-J, Son K-Y, et al. Metabolic 
effects of aloe vera gel complex in obese 
prediabetes and early non-treated diabetic 
patients: randomized controlled trial. Nutrition 
2013; 29: 1110–1114.

 4. Hansen HH, Hansen G, Secher T, et al. 
Animal models of type 2 diabetes, obesity 
and nonalcoholic steatohepatitis–clinical 
translatability and applicability in preclinical 
drug development. In: Krentz A, Weyer C and 
Hompesch M (eds) Translational research methods 
in diabetes, obesity, and nonalcoholic fatty liver 
disease. Cham: Springer, 2019, pp. 369–403.

 5. Siegel-Axel D, Daub K, Seizer P, et al. 
Platelet lipoprotein interplay: trigger of foam 
cell formation and driver of atherosclerosis. 
Cardiovasc Res 2008; 78: 8–17.

 6. Glaros TG, Chang S, Gilliam EA, et al. Causes 
and consequences of low grade endotoxemia and 
inflammatory diseases. Front Biosci (Schol Ed) 
2013; 5: 754–765.

 7. Chang Y-Y, Lin T-Y, Kao M-C, et al. 
Magnesium sulfate inhibits binding of 
lipopolysaccharide to thp-1 cells by reducing 
expression of cluster of differentiation 14. 
Inflammopharmacology 2019; 27: 249–260.

 8. Tramullas M, Finger BC, Dinan TG, et al. 
Obesity takes its toll on visceral pain: high-fat diet 
induces toll-like receptor 4-dependent visceral 
hypersensitivity. PLoS One 2016; 11: e0155367.

 9. Chen K, Febbraio M, Li W, et al. A specific 
cd36-dependent signaling pathway is required 
for platelet activation by oxidized low-density 
lipoprotein. Circ Res. 2008; 102: 1512–1519.

 10. Koupenova M, Clancy L, Corkrey HA, et al. 
Circulating platelets as mediators of immunity, 
inflammation, and thrombosis. Circ Res 2018; 
122: 337–351.

 11. Mzimela NC, Ngubane PS and Khathi A. The 
changes in immune cell concentration during the 
progression of pre-diabetes to type 2 diabetes 
in a high-fat high-carbohydrate diet-induced 
pre-diabetic rat model. Autoimmunity 2019; 52: 
27–36.

https://journals.sagepub.com/home/tae
https://orcid.org/0000-0001-5512-1545
https://orcid.org/0000-0001-5512-1545


M Gamede, L Mabuza et al.

journals.sagepub.com/home/tae 11

 12. Pollak M. The effects of metformin on gut 
microbiota and the immune system as research 
frontiers. Diabetologia 2017; 60: 1662–1667.

 13. Yaribeygi H, Atkin SL, Pirro M, et al. A review of 
the anti-inflammatory properties of antidiabetic 
agents providing protective effects against 
vascular complications in diabetes. J Cell Physiol 
2019; 234: 8286–8294.

 14. Schuiveling M, Vazirpanah N, Radstake TR, 
et al. Metformin, a new era for an old drug in 
the treatment of immune mediated disease? Curr 
Drug Targets 2018; 19: 945–959.

 15. Bailey C. The current drug treatment landscape 
for diabetes and perspectives for the future. Clin 
Pharmacol Ther 2015; 98: 170–184.

 16. Khathi A, Mbatha B and Musabayane CT (eds). 
The hypoglycaemic and antioxidant properties 
of oleanolic acid ameliorate blood pressure and 
kidney function of experimental animals. In: 
Society for Endocrinology BES 2015. BioScientifica, 
Edinburgh, UK. 2015. 

 17. Gamede M, Mabuza L, Ngubane P, et al. 
Plant-derived oleanolic acid (OA) ameliorates 
risk factors of cardiovascular diseases in a 
diet-induced pre-diabetic rat model: effects on 
selected cardiovascular risk factors. Molecules 
2019; 24: 340.

 18. Gamede M, Mabuza L, Ngubane P, et al. 
Plant-derived oleanolic acid ameliorates markers 
associated with non-alcoholic fatty liver disease 
in a diet-induced pre-diabetes rat model. Diabetes 
Metab Syndr Obes 2019; 12: 1953–1962.

 19. Khathi A, Serumula MR, Myburg RB, et al. 
Effects of syzygium aromaticum-derived 
triterpenes on postprandial blood glucose in 
streptozotocin-induced diabetic rats following 
carbohydrate challenge. PLoS One 2013; 8: 
e81632.

 20. Helvaci MR, Yaprak M, Abyad A, et al. 
Atherosclerotic background of hepatosteatosis 
in sickle cell diseases. World Fam Med 2018; 16: 
12–18.

 21. Monea A, Santacroce L, Marrelli M, et al. 
Oral candidiasis and inflammatory response: A 
potential synergic contribution to the onset of 
type-2 diabetes mellitus. AMJ 2017; 10: 550–556.

 22. Milić S, Lulić D and Štimac D. Non-alcoholic 
fatty liver disease and obesity: biochemical, 
metabolic and clinical presentations. World J 
Gastroenterol 2014; 20: 9330–9337.

 23. Tilg H and Moschen AR. Food, immunity, and 
the microbiome. Gastroenterology 2015; 148: 
1107–1119.

 24. Calder PC. Fatty acids and inflammation: the 
cutting edge between food and pharma. Eur J 
Pharmacol 2011; 668(Suppl. 1): S50–S58.

 25. Neeland IJ, Turer AT, Ayers CR, et al. 
Dysfunctional adiposity and the risk of 
prediabetes and type 2 diabetes in obese adults. 
JAMA 2012; 308: 1150–1159.

 26. Knudsen SH and Pedersen BK. Targeting 
inflammation through a physical active lifestyle 
and pharmaceuticals for the treatment of type 2 
diabetes. Curr Diab Rep 2015; 15: 82.

 27. Román-Pintos LM, Villegas-Rivera G, 
Rodríguez-Carrizalez AD, et al. Diabetic 
polyneuropathy in type 2 diabetes mellitus: 
inflammation, oxidative stress, and mitochondrial 
function. J Diabetes Res 2016; 2016: 3425617.

 28. Pollack RM, Donath MY, LeRoith D, et al. Anti-
inflammatory agents in the treatment of diabetes 
and its vascular complications. Diabetes Care 
2016; 39(Suppl. 2):S244–S252.

 29. Gao Y, Bielohuby M, Fleming T, et al. 
Dietary sugars, not lipids, drive hypothalamic 
inflammation. Mol Metab 2017; 6: 897–908.

 30. Tall AR and Yvan-Charvet L. Cholesterol, 
inflammation and innate immunity. Nat Rev 
Immunol 2015; 15: 104–116.

 31. Luo H, Liu J, Ouyang Q, et al. The effects of 
oleanolic acid on atherosclerosis in different 
animal models. Acta Biochim Biophys Sin 2017; 
49: 349–354.

 32. Wallace DJ and Hahn B, (eds) The innate 
immune system in SLE. In: Dubois' lupus 
erythematosus and related syndromes. Edinburgh: 
Elsevier, 2019, pp. 93–100.

 33. Moreira APB, Texeira TFS, Ferreira AB, 
et al. Influence of a high-fat diet on gut 
microbiota, intestinal permeability and metabolic 
endotoxaemia. Br J Nutr 2012; 108: 801–809.

 34. Graves DT and Kayal RA. Diabetic 
complications and dysregulated innate immunity. 
Front Biosci 2008; 13: 1227–1239.

 35. Gamede M, Mabuza L, Ngubane P, et al. The 
effects of plant-derived oleanolic acid on selected 
parameters of glucose homeostasis in a diet-
induced pre-diabetic rat model. Molecules 2018; 
23: 794.

 36. Keles S, Charbonnier LM, Kabaleeswaran V, 
et al. Dedicator of cytokinesis 8 regulates signal 
transducer and activator of transcription 3 
activation and promotes th17 cell differentiation. 
J Allergy Clin Immunol 2016; 138(5): 1384–
1394.e2.

https://journals.sagepub.com/home/tae


Therapeutic Advances in Endocrinology and Metabolism 11

12 journals.sagepub.com/home/tae

 37. Parillaud VR, Lornet G, Monnet Y, et al. Analysis 
of monocyte infiltration in mptp mice reveals that 
microglial CX3CR1 protects against neurotoxic 
over-induction of monocyte-attracting ccl2 by 
astrocytes. J Neuroinflammation 2017; 14: 60.

 38. Apostolopoulos V, de Courten MP, Stojanovska 
L, et al. The complex immunological and 
inflammatory network of adipose tissue in 
obesity. Mol Nutr Food Res 2016; 60: 43–57.

 39. Kang YE, Kim JM, Joung KH, et al. The roles 
of adipokines, proinflammatory cytokines, and 
adipose tissue macrophages in obesity-associated 
insulin resistance in modest obesity and early 
metabolic dysfunction. PLoS One 2016; 11: 
e0154003.

 40. Blüher M. Adipose tissue inflammation: a 
cause or consequence of obesity-related insulin 
resistance? Clin Sci 2016; 130: 1603–1614.

 41. Mohamed J, Nafizah AN, Zariyantey A, et al. 
Mechanisms of diabetes-induced liver damage: 
the role of oxidative stress and inflammation. 
Sultan Qaboos Univ Med J 2016; 16: e132–e141.

 42. Larson P, Kucaba TA, Xiong Z, et al. Design 
and synthesis of N1-modified imidazoquinoline 
agonists for selective activation of toll-like 
receptors 7 and 8. ACS Med Chem Lett 2017; 8: 
1148–1152.

 43. Grandl G and Wolfrum C. Hemostasis, 
endothelial stress, inflammation, and the 
metabolic syndrome. Semin Immunopathol 2018; 
40: 215–224.

 44. Thomas BJ, Kan-O K, Loveland KL, et al. In the 
shadow of fibrosis: innate immune suppression 
mediated by transforming growth factor-β. Am J 
Respir Cell Mol Biol 2016; 55: 759–766.

 45. Rothhammer V and Quintana FJ. Environmental 
control of autoimmune inflammation in the 
central nervous system. Curr Opin Immunol 2016; 
43: 46–53.

 46. Xu H, Barnes GT, Yang Q, et al. Chronic 
inflammation in fat plays a crucial role in the 
development of obesity-related insulin resistance. 
J Clin Invest 2003; 112: 1821–1830.

 47. Sproston NR and Ashworth JJ. Role of C-reactive 
protein at sites of inflammation and infection. 
Front Immunol 2018; 9: 754.

 48. Del Giudice M and Gangestad SW. Rethinking 
IL-6 and crp: why they are more than 
inflammatory biomarkers, and why it matters. 
Brain Behav Immun 2018; 70: 61–75.

 49. Miki C, Konishi N, Ojima E, et al. C-reactive 
protein as a prognostic variable that reflects 

uncontrolled up-regulation of the IL-1-IL-6 
network system in colorectal carcinoma. Dig Dis 
Sci 2004; 49: 970–976.

 50. Cho HM, Kang DR, Kim HC, et al. Association 
between fibrinogen and carotid atherosclerosis 
according to smoking status in a korean male 
population. Yonsei Med J 2015; 56: 921–927.

 51. Zhang X and Long Q. Elevated serum plasma 
fibrinogen is associated with advanced tumor 
stage and poor survival in hepatocellular 
carcinoma patients. Medicine 2017; 96: e6694.

 52. Kopec AK, Joshi N, Cline-Fedewa H, et al. 
Fibrin (ogen) drives repair after acetaminophen-
induced liver injury via leukocyte αMβ2 integrin-
dependent upregulation of Mmp12. J Hepatol 
2017; 66: 787–797.

 53. Adams RA, Passino M, Sachs BD, et al. Fibrin 
mechanisms and functions in nervous system 
pathology. Mol Interv 2004; 4: 163–176.

 54. Kashyap D, Sharma A, Tuli HS, et al. Ursolic 
acid and oleanolic acid: pentacyclic terpenoids 
with promising anti-inflammatory activities. 
Recent Pat Inflamm Allergy Drug Disco 2016; 10: 
21–33.

 55. Kilciler G, Genc H, Tapan S, et al. Mean 
platelet volume and its relationship with carotid 
atherosclerosis in subjects with non-alcoholic 
fatty liver disease. Ups J Med Sci 2010; 115: 
253–259.

 56. Simeone P, Liani R, Tripaldi R, et al. 
Thromboxane-dependent platelet activation in 
obese subjects with prediabetes or early type 2 
diabetes: effects of liraglutide-or lifestyle changes-
induced weight loss. Nutrients 2018; 10: 1872.

 57. Pillon NJ, Frendo-Cumbo S, Jacobson MR, et al. 
Cell-autonomous sphingolipid changes do not 
underlie fatty acid-induced insulin resistance 
of GLUT4 translocation or pro-inflammatory 
signaling in muscle cells. J Lipid Res 2018; 59: 
1148–1163.

 58. Chen S, Zhao X, Ran L, et al. Resveratrol 
improves insulin resistance, glucose and lipid 
metabolism in patients with non-alcoholic fatty 
liver disease: a randomized controlled trial. Dig 
Liver Dis 2015; 47: 226–232.

 59. Adeva-Andany MM, González-Lucán M, 
Donapetry-García C, et al. Glycogen metabolism 
in humans. BBA clin 2016; 5: 85–100.

 60. Li M, Han Z, Bei W, et al. Oleanolic acid 
attenuates insulin resistance via NF-κB to 
regulate the IRS1-GLUT4 pathway in HepG2 
cells. Evid Based Complement Alternat Med 
2015;2015: 643102.

https://journals.sagepub.com/home/tae


M Gamede, L Mabuza et al.

journals.sagepub.com/home/tae 13

 61. Meza C, Montenegro C, De La Peña C, et al. 
High fat diet induced obesity impairs skeletal 
muscle glycogen and lipid preservation after 
adiponectin incubation. International Journal of 
Exercise Science: Conference Proceedings 2017; 2: 
Article 28.

 62. Osunsanmi FO, Oyinloye BE, Mosa RA, et al. 
Anti-platelet aggregation of mixtures of betulinic 
oleanolic and maslinic acids and derivatives from 
medicinal plants. Trop J Pharm Res 2016; 15: 
1613–1619.

 63. Lee S-Y, Moon S-J, Kim E-K, et al. Metformin 
suppresses systemic autoimmunity in roquinsan/

san mice through inhibiting B cell differentiation 
into plasma cells via regulation of AMPK/
mTOR/STAT3. J Immunol 2017; 198:  
2661–2670.

 64. Willecke F, Nagareddy PR and Murphy AJ. 
Mechanisms of platelet activation in diabetes 
mellitus. In: Zirlik A, Bode C and Gawaz M 
(eds) Platelets, haemostasis and inflammation. 
Switzerland: Springer, 2017, pp. 137–152.

 65. Croft M and Siegel RM. Beyond TNF: TNF 
superfamily cytokines as targets for the treatment 
of rheumatic diseases. Nat Rev Rheumatol 2017; 
13: 217–233.

 66. Rahimi RA and Luster AD. Chemokines: 
critical regulators of memory t cell development, 
maintenance, and function. Adv Immunol 2018; 
138: 71–98.

 67. Santilli F, Simeone P and Liani R. The role of 
platelets in diabetes mellitus. In: Michelson AD 
(ed.) Platelets. Amsterdam: Elsevier, 2019, pp. 
469–503.

Visit SAGE journals online 
journals.sagepub.com/
home/tae

SAGE journals

https://journals.sagepub.com/home/tae
https://journals.sagepub.com/home/tae
https://journals.sagepub.com/home/tae



