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ABSTRACT
Aims/Introduction: Derangements often observed with type 2 diabetes are associated
with disturbances in renin–angiotensin–aldosterone system (RAAS) activity. A positive cor-
relation between local RAAS activity and the complications observed in type 2 diabetes
has been noted. However, the detrimental ramifications due to moderate hyperglycemia
noted in prediabetes, and the affected organ system and mechanistic pathways are not
elucidated. Hence, this study investigated the effects of diet-induced prediabetes on RAAS
in various organs.
Materials and Methods: Male Sprague–Dawley rats were separated into two groups:
(i) non-prediabetes through exposure to standard rat chow group; and (ii) diet-induced
prediabetes group by exposure to a high-fat high-carbohydrate diet for 32 weeks. RAAS
activity in the skeletal muscle, adipose tissue, liver, pancreas and heart was determined
through the analysis of RAAS components, such as renin, angiotensinogen, angiotensin-
converting enzyme and angiotensin II type 1 receptor through polymerase chain reaction,
as well as the quantification of angiotensin II and aldosterone concentration. Furthermore,
nicotinamide adenine dinucleotide phosphate oxidase, superoxide dismutase and glu-
tathione peroxidase 1 concentrations were determined in the skeletal muscle, pancreas
and heart, in addition to the hepatic triglycerides.
Results: The RAAS components were elevated in the diet-induced prediabetes group
when compared with the non-prediabetes group. This was further accompanied by
increased nicotinamide adenine dinucleotide phosphate oxidase and reduced superoxide
dismutase and glutathione peroxidase 1 concentrations in the selected organs, in addition
to the elevated hepatic triglycerides concentration in the diet-induced prediabetes by
comparison to non-prediabetes group.
Conclusions: Due to these observed changes, we suggest that local RAAS activity in
the prediabetes state in selected organs elicits the derangements noted in type 2 diabetes.

INTRODUCTION
A positive correlation has been found between the increased
consumption of high caloric diets and the increased prevalence
of type 2 diabetes. Type 2 diabetes is a chronic metabolic disor-
der that is characterized by dyslipidemia, oxidative stress,
hypertension and insulin resistance1. These derangements of
type 2 diabetes have been evidenced to be associated with the
alterations in various organ systems, such as the renin–an-
giotensin–aldosterone system (RAAS)2.

The RAAS is a regulatory signaling system that maintains
blood pressure through the regulation of fluid and electrolyte
homeostasis3. In type 2 diabetes, the changes in systemic RAAS
leading to various detrimental effects, such as hypertension, car-
diovascular dysfunction and renal failure, have been well docu-
mented4–6. Additionally, alterations in organ-specific RAAS
have been evidenced in various tissues, such as the adipose,
pancreas, liver, skeletal muscle, kidney and heart, in type 2 dia-
betes2,7,8. In the pancreas, RAAS is in the acinar and islet cells,
whereby acinar RAAS maintains exocrine function and islet
RAAS conversely contributes to glucose homeostasis byReceived 6 July 2021; revised 14 September 2021; accepted 4 October 2021
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regulating glucose-induced insulin secretion9. Interestingly, in
type 2 diabetes, the activity of this system in the pancreatic
b-cells has been linked to insulin insufficiency and insulin
resistance in the adipose tissue10. Organ-specific RAAS in the
adipose tissue alters the cell differentiation contributing to
obesity, which was reported to affect 28.3% of adults in
201611,12. The RAAS in adipose tissue also limits the adipose
buffering capacity, hence ectopic triglyceride distribution to
the pancreas, skeletal muscle and the liver13. This further
causes hypertriglyceridemia, insulin resistance and diabetic
dyslipidemia in the liver14. The activity of RAAS in the skele-
tal muscle has been suggested to affect the insulin signaling
pathway, and this has been postulated to contribute to
increased caloric intake and bodyweight in addition to the
development of type 2 diabetes15. However, the activity of
RAAS in the kidney and heart dysregulates the morphology
and function of these organs, resulting in dysregulations in
blood pressure, as well as electrolyte and fluid balance16,17.
Studies showed that the onset of type 2 diabetes is often pre-

ceded by prediabetes, which is an intermediary stage that is char-
acterized by moderate insulin resistance and impaired glucose
tolerance18. Prediabetes is an asymptomatic stage that can span a
period of several years, hence, it is not easily diagnosed19.
Although there is substantial evidence of local RAAS activity

in type 2 diabetes, there is a paucity in the literature of the
organ-specific changes that occur during the prediabetes state.
Using a diet-induced prediabetes animal model, the present
study aimed to explore organ-specific changes in RAAS activity
during the prediabetes state.

METHODS AND MATERIALS
Animals and housing
The study used male Sprague–Dawley rats (weight 150–180 g)
produced and housed at the University of KwaZulu-Natal
Biomedical Research Unit, Durban, South Africa. The animals
were housed under conventional laboratory settings, which
included a constant temperature of 22°C, a CO2 concentration
of 5,000 p.p.m., a relative humidity of 55 – 5% and illumina-
tion (12-h light/dark cycle, lights on at 07.00 hours). As men-
tioned by Luvuno et al., the noise level was kept at 65 dB20.
The animals were allowed access to food and fluids ad libitum.
The Animal Research Ethics Committee at the University of
KwaZulu-Natal (ETHICS#: AREC/086/018D) approved all ani-
mal experiments. Before being exposed to the experimental
diets, the animals were permitted to acclimate to their new
habitat for 1 week while eating standard rat chow and drinking
tap water21. Procedures involving animal care were carried out
in accordance with the institutional guidelines for animal care
of the University of KwaZulu-Natal, which adhere to the prin-
ciples and guidelines of the Canadian Council on Animal Care.

Induction of prediabetes
The animals were randomly assigned to the following diet
groups: standard rat chow with normal drinking water (non-

prediabetes [NPD]; n = 6), and high-fat high-carbohydrate diet
with drinking water supplemented with 15% fructose (high-fat
high-carbohydrate + fructose, prediabetes [PD]; n = 6; AVI
Products Pty Ltd, Waterfall, South Africa). Prediabetes was
induced by allowing the animals to feed on the high-fat high-
carbohydrate and fructose diet for 32 weeks as previously
described22. After 32 weeks, the American Diabetes Association
criteria were used to diagnose prediabetes, whereby the criteria
to define prediabetes include impaired fasting glucose with fast-
ing plasma glucose concentrations of 5.6–6.9 mmol/L, impaired
glucose tolerance with a plasma glucose concentration of 7.8–
11.0 mmol/L 2-h postprandial or glycated hemoglobin (HbA1c)
of 5.7–6.4%. In the present study, the HbA1c was determined
in whole blood, and the fasting plasma glucose concentration
was determined with One-Touch select glucometer (Lifescan,
Inverness, UK) at week 32. The animals that were fed the stan-
dard diet were also tested at week 32, and were found to be
normoglycemic and without prediabetes. Furthermore, the ani-
mals were placed in individual metabolic cages (Tecniplast;
Labotec, Cape Town, South Africa) overnight to determine
caloric intake (food and water) and bodyweight (g).

Blood pressure measurements
The systolic, diastolic and mean arterial blood pressure (MAP)
were measured at week 32 using the non-invasive tail-cuff
method with photoelectric sensors (IITC Model 31 Computer-
ized Blood Pressure Monitor; Life Sciences, Woodland Hills,
CA, USA), as previously described (Luvuno et al.)22. The
equipment was calibrated each day before measurements. The
animals were kept warm at –30°C in an enclosed chamber
(IITC Model 303sc Animal Test Chamber; IITC Life Sciences,
Woodland Hills, CA, USA) for 30 min before blood pressure
recording. All measurements were carried out at 09.00 hours23.

Blood collection and tissue harvesting
At the end of the trial, all animals were anesthetized for 3 min
with isoflurane (100 mg/kg; Safeline Pharmaceuticals Pty Ltd,
Roodeport, South Africa) administered in a gas anesthetic
chamber (Biomedical Resource Unit, UKZN, Durban, South
Africa)21. Blood was obtained from unconscious rats through
heart puncture and then injected into separate pre-cooled hep-
arinized containers. The blood was then centrifuged for 15 min
at 4°C, 503 g (Eppendorf, Hamburg, Germany)24. As previously
stated by Luvuno et al., plasma was collected and kept at -
80°C in a Bio Ultra freezer (Snijders Scientific, Tilburg, the
Netherlands) until biochemical analysis22. The tissues were
rinsed and also stored at -80°C.

Biochemical analysis
The concentrations of nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase, superoxide dismutase (SOD) and glu-
tathione peroxidase 1 (GPx1) in skeletal muscle, heart and
pancreas, as well as plasma insulin, HbA1c, liver triglycerides
(TGs) and endothelial nitric oxide synthase (eNOS) were

ª 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 13 No. 5 May 2022 769

O R I G I N A L A R T I C L E

http://wileyonlinelibrary.com/journal/jdi RAAS in selected organs



determined with separate, specialized enzyme-linked
immunosorbent assay kits, as directed by the manufacturer
(Elabscience and Biotechnology, Wuhan, China).

Angiotensin II in tissues
To avoid angiotensin II (Ang II) protease degradation, the adi-
pose tissue, liver, pancreas, skeletal muscle and heart were
washed in phosphate buffered saline to remove excess blood,
snap frozen with liquid nitrogen and stored at -80°C. Frozen
tissue samples were homogenized in 0.1% NHCl and 5% uri-
nastatin saline at 4°C. The homogenate was centrifuged for
30 min at 4°C at 10,000 g, with the supernatant collected and
analyzed with an enzyme-linked immunosorbent assay25.

Quantitative real-time polymerase chain reaction
Ribonucleic acid extraction in the skeletal muscle, adipose, pan-
creas, liver and heart were carried out as per the ReliaPrep
miRNA Cell and Tissue Miniprep System (Promega, Madison,
WI, USA). Reverse transcription reactions with 2 lg of total
ribonucleic acid were used to make complementary deoxyri-
bonucleic acids using the GoTaq� 2-Step RT-qPCR System as
a complementary deoxyribonucleic acid synthesis kit (Promega),
according to the manufacturer’s instructions.
According to the manufacturer’s instructions, the Roche light

cycler SYBR Green I master mix was used for amplification on
the (ROCHE LightCycler96 (Roche, Basel, Switzerland).
(Table 1) lists the primer sequences (Metabion, Planegg, Ger-
many) utilized in this investigation. The cycling conditions
were: pre-incubation was carried out at 95°C for 60s, followed
by a three-step amplification of 45 cycles at 95°C for 15 s,
60°C for 30 s and 72°C for 30 s. Melting was effectuated at
95°C for 10 s, 65°C for 60 s and 97°C for 1 s. Furthermore,
cooling was achieved at 37°C for 30 s. Glyceraldehyde
3-phosphate dehydrogenase as an internal control was used to
normalize the data to determine the relative expression of the
gene of interest. Gene expression values are represented using
the 2-DDCt method. The below primers were used.

Statistical analysis
All data are expressed as the mean – standard error of the
mean. Statistical comparisons were carried out with GraphPad
InStat software (version 5.00; GraphPad Software Inc., San
Diego, CA, USA) using Student’s unpaired two-sided t-test. A
value of P < 0.05 was considered statistically significant.

RESULTS
Skeletal muscle RAAS components
The skeletal muscle renin, angiotensinogen (AGT), angiotensin-
converting enzyme (ACE) and Ang II receptor type 1 (AT1R)
relative expression in addition to the skeletal muscle Ang II
and aldosterone protein concentration was analyzed at week 32.
The results (Figure 1) showed that the relative expression of
the renin, AGT, ACE and AT1R in addition to the protein
concentration of the Ang II and aldosterone was significantly

(P ˂ 0.05), (P ˂ 0.01) and (P ˂ 0.001) increased in the PD
group relative to the NPD group.

Fasting blood glucose, plasma insulin and HbA1c
The fasting blood glucose, plasma insulin and HbA1c concen-
tration of the NPD and PD was measured at week 32. The
results (Figure 2) showed that the fasting blood glucose, plasma
insulin and HbA1c were significantly (P ˂ 0.01, P ˂ 0.001 and
P ˂ 0.05, respectively), higher in the PD group in comparison
with the NPD group.

Caloric intake and bodyweight
The caloric intake and bodyweight in the NPD and PD were
monitored at week 32. The results (Table 2) showed that the
caloric intake and bodyweight were significantly (P ˂ 0.05) and
(P ˂ 0.05) higher in the PD group in comparison with the
NPD group.

Adipose tissue RAAS components
The adipose tissue renin, AGT, ACE and AT1R relative expres-
sion in addition to the Ang II and aldosterone concentration of
the NPD and PD was measured at week 32. The results (Fig-
ure 3) showed that the relative expression of the RAAS compo-
nents renin, AGT and AT1R was significantly (P ˂ 0.01 and
P ˂ 0.001) increased in the PD group relative to the NPD
group, whereas there was no statistical significance in ACE rela-
tive expression between both groups. Furthermore, there was
no statistical significance in the Ang II and aldosterone concen-
tration in the PD group in comparison with the NPD group.

Liver RAAS components
The liver renin, AGT, ACE and AT1R relative expression in
addition to the protein concentration of Ang II and aldosterone
of the NPD and PD were monitored at week 32. The results
(Figure 4) showed that the renin, AGT, ACE and AT1R rela-
tive expression, and the protein concentration of the Ang II
and aldosterone were significantly (P ˂ 0.05, P ˂ 0.01 and
P ˂ 0.001) higher in the PD group relative to the NPD group.

TABLE 1 | List of primers used

Gene of interest Sequence

Renin Forward: 50-GAGG-CCTTCCTTGACCAATC- 30

Reverse: 50-TGT-GAATCCCACAAGCAAG-30

Angiotensinogen Forward: 50-GAGTGGGAGAGGTTCTC-AA-30

Reverse: 50-TCGTAGATGCGAACAG-GA-30

ACE Forward: 50-CCATCTGCTAGGGAA-CATGT-30

Reverse: 50-GTGTCCATCCCTG-CTTTATCA-30

AT1R Forward: 50-GCTCACGTG-TCTCAGCAT-30

Reserve: 50-TTGGCCAC-CAGCATCGT-30

GAPDH Forward: 50-AGTGCCAGCCTCGTCTCATA-30

Reserve: 50-GATGGTGATGGGTTTCCCGT-30

ACE, angiotensin-converting enzyme; AT1R, angiotensin II type 1 recep-
tor; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.
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TG
The liver TG of the NPD and PD groups were analyzed at
week 32. The results (Figure 5) showed a significant
(P ˂ 0.001) increase in liver TG in the PD group in compar-
ison with the NPD group.

Pancreas RAAS components
The pancreas renin, AGT, ACE and AT1R relative expression,
and the protein expression of the Ang II and aldosterone of
the NPD and PD were measured at week 32. The results (Fig-
ure 6) showed that the relative expression of the RAAS compo-
nents renin, AGT and AT1R was significantly (P ˂ 0.05 and

P ˂ 0.01) increased in the PD group relative to the NPD
group, whereas there was no statistical significance in ACE rela-
tive expression between both groups. Furthermore, there was
no statistical significance in the protein concentration of the
Ang II and aldosterone at week 32.

eNOS and MAP
The eNOS and MAP of the NPD and PD groups were mea-
sured at week 32. The results (Figure 7) showed a significant
(P ˂ 0.05 and P ˂ 0.001) increase in the eNOS concentration
and MAP in the PD group in comparison with the NPD
group.
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Figure 1 | The effects of a high-fat high-carbohydrate diet on the relative expression of the skeletal muscle renin–angiotensin–aldosterone system
components, namely, (a) renin, (b) angiotensinogen (AGT), (c) angiotensin-converting enzyme (ACE), (d) angiotensin II type 1 receptor (AT1R), and
the protein concentration of (e) angiotensin II (Ang II) and (f) aldosterone of rats at week 32. Values are presented as the means – standard error
of the mean. *P ˂ 0.05, **P ˂ 0.01 and ***P ˂ 0.001 denotes significance relative to standard rat chow with normal drinking water (non-
prediabetes [NPD]) diet-fed male Sprague–Dawley rats. mRNA, messenger ribonucleic acid; PD, prediabetes. (See the exact numerical values for
figure 1 in table 4.1 in the supplementary information)
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Heart RAAS components
The heart renin, AGT, ACE and AT1R relative expression in
addition to the protein concentration of Ang II and aldosterone
of the NPD and PD were monitored at week 32. The results
(Figure 8) showed that the relative expression of the renin,
AGT, ACE and AT1R in addition to the protein concentration
of Ang II and aldosterone was significantly (P ˂ 0.05, P ˂ 0.01
and P ˂ 0.001) increased in the PD group relative to the NPD
group.

Local RAAS oxidative stress markers
The skeletal muscle, pancreas, heart NADPH oxidase, SOD and
GPx1 in the NPD and PD were monitored at week 32. The
results (Table 3) showed that the NADPH oxidase

concentration was significantly (P ˂ 0.05 and P ˂ 0.01) higher
in the PD group in comparison with the NPD, whereas the
SOD and GPx1 were significantly (P ˂ 0.01) lower in the PD
in comparison with the NPD group.

DISCUSSION
Prediabetes is an asymptomatic state of chronic moderate
hyperglycemia that precedes the onset of type 2 diabetes. A
positive correlation between the development and progression
of prediabetes, and the consumption of a high-fat, high carbo-
hydrate diet was established in our laboratory26. A plethora of
information regarding the derangements associated with type 2
diabetes, such as the pathological activity of the RAAS in vari-
ous organs, is well substantiated27. However, local RAAS activ-
ity in the prediabetes stage and the mechanistic pathway in the
development of prediabetes and progression to type 2 diabetes
has not been elucidated. Hence, the present study investigated
the role of diet-induced prediabetes in local RAAS in the skele-
tal muscle, adipose tissue, pancreas, liver and heart in the pro-
gression of prediabetes to type 2 diabetes.
The skeletal muscle is the primary organ for insulin-

mediated glucose uptake28. In type 2 diabetes, a positive corre-
lation between hyperglycemia and local RAAS activity in the
skeletal muscle has been noted29. RAAS activity in the skeletal
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Figure 2 | The effects of a high-fat high-carbohydrate diet on the (a) fasting blood glucose, (b) plasma insulin and (c) glycated hemoglobin
(HbA1c) of rats at week 32. Values are presented as the mean – standard error of the mean. **P ˂ 0.01, ***P ˂ 0.001 and *P ˂ 0.05 denotes
comparison with standard rat chow with normal drinking water (non-prediabetes [NPD]) diet-fed male Sprague–Dawley rats. PD, prediabetes. (See
the exact numerical values for figure 2 in table 4.2 in the supplementary information)

TABLE 2 | Effect of diet-induced prediabetes on the caloric intake and
bodyweight in male Sprague–Dawley rats

NPD PD

Caloric intake (kcal/g) 210.6 – 12.9 462.5 – 17.4*
Bodyweight (g) 263.5 – 13.7 540.5 – 16.1*

Values are presented as the mean – standard error of the mean.
*P < 0.05. NPD, non-prediabetes; PD prediabetes.
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muscle has been shown to contribute to insulin resistance,
whereby the Ang II/AT1 receptor binding inhibits the tyrosine
phosphorylation of the insulin receptor substrate30. Physiologi-
cally, the insulin and insulin receptor substrate-binding initiates
the downstream effects of this pathway, which results in glucose
uptake31. Interestingly, because of the hyperglycemia observed
in type 2 diabetes, there is local RAAS activity, whereby the
Ang II/AT1R receptor binding does not only contribute to
insulin resistance through the inhibition of insulin/insulin sub-
strate binding, but has been proven to promote the production
of reactive oxygen species (ROS) through NADPH oxidase
activity32.
In the present study, there was an increase in local RAAS

and NADPH oxidase activity, whereby RAAS components were
upregulated, thus enabling Ang II/AT1R interaction, which we
postulate resulted in insulin resistance through the tyrosine
inhibition and NADPH oxidase activation, which was observed

in this study. Various mechanisms regulate ROS, which include
enzymatic anti-oxidants, such as SOD and GPx133. In a hyper-
glycemic state, there is an imbalance in the ROS : anti-oxidants
ratio due to increased NADPH oxidase activity and decreased
anti-oxidants, SOD and GPx134. Indeed, this was noted in the
present study in an intermediate hyperglycemic state, which we
postulate might have resulted in insulin resistance.
Previous studies in our laboratory have suggested that insulin

resistance in the prediabetes state is directly proportional to
increased ghrelin secretion35. Through the orexigenic signaling
pathway, ghrelin promotes high caloric intake, which has been
proven to alter bodyweight36. Therefore, in the current study,
the caloric intake and bodyweights of the NPD and PD groups
were measured at week 32 ,where the weights of the PD group
were significantly higher than those in the NPD. In addition to
the results of the present study, where we showed significantly
higher plasma insulin concentration in the PD group, we have
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Figure 3 | The effects of a high-fat high-carbohydrate diet on the relative expression of the adipose tissue renin–angiotensin–aldosterone system
components, namely, (a) renin, (b) angiotensinogen (AGT), (c) angiotensin-converting enzyme (ACE), (d) angiotensin II type 1 receptor (AT1R), and
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also shown higher homeostasis model assessment of insulin
resistance index scores in the PD group in comparison with
the NPD group35.
Due to impaired glucose tolerance associated with insulin

resistance, glucose molecules bind to hemoglobin in red blood
cells, thus resulting HbA1c37. Accordingly, HbA1c was mea-
sured in the present study, whereby it was significantly higher
in the PD group in comparison with the NPD group.
Insulin resistance has not only been shown in the skeletal

muscle. Increasing evidence suggests that local RAAS also con-
tributes to insulin resistance in the adipose tissue38. The RAAS
components have been reported to be highly expressed in the
adipose tissue in hyperglycemia and type 2 diabetes39. In the
current study, renin, angiotensinogen, ACE, AT1R expression,
Ang II and aldosterone were measured in the adipose tissue.
Interestingly, the renin, angiotensinogen and AT1R expression
was upregulated; however, there was no statistical difference

between the NPD and PD group in the ACE expression,
Ang II and aldosterone concentration.
Local RAAS is physiologically essential in adipocyte dif-

ferentiation and TG modulation40. Mature adipocytes pro-
duce Ang II type 2 receptors, which facilitate mature
insulin-sensitive adipocyte proliferation and preadipocyte
differentiation, thus capacitating the insulin signaling
pathway in addition to triglyceride metabolism and regula-
tion41,42. However, in a hyperglycemic state, due to the
Ang II/AT1R signaling inducing the NADPH oxidase, the
downstream effects result in insulin resistance43. Although,
in the current study, there was no significant difference
between the NPD and PD group in the ACE expression,
Ang II and aldosterone concentration. However, as a
result of the increased expression of the AT1R, we might
postulate there is increased Ang II/AT1R binding in the
adipose tissue. The Ang II/AT1R binding in the adipose
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Figure 4 | The effects of a high-fat high-carbohydrate diet on the relative expression of the liver renin–angiotensin–aldosterone system
components namely, (a) renin, (b) angiotensinogen (AGT), (c) angiotensin-converting enzyme (ACE) and (d) angiotensin II type 1 receptor (AT1R),
and protein concentration of (e) angiotensin II (Ang II) and (f) aldosterone of rats at week 32. Values are presented as the mean – standard error
of the mean. *P ˂ 0.05, **P ˂ 0.01 and ***P ˂ 0.001 denotes significance relative to the standard rat chow with normal drinking water (non-
prediabetes [NPD]) diet-fed Male Sprague Dawley rats. mRNA, messenger ribonucleic acid; PD, prediabetes. (See the exact values for figure 4 in
table 4.4 in the supplementary information)
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has been evidenced to promote the generation of ROS
through the upregulation of NADPH oxidase44.
Additionally, the increased expression of the AT1R and

decrease in Ang II type 2 receptors were noted in hyper-
glycemia results in lipodystrophy, a condition characterized by
progressive loss or redistribution of fat45. Lipodystrophy insti-
gated by the Ang II/AT1R has been associated with a decrease
in mature adipocytes that produce the Ang II type 2 receptors,
which subsequently facilitate the differentiation of the insulin-
sensitive preadipocytes43. Hence, due to lipodystrophy, the
upregulation of RAAS reduces the adipocyte lipid storage
capacity and insulin sensitivity43. This, therefore, leads to ecto-
pic triglyceride relocation to other organs, such as the skeletal
muscle, pancreas and liver, which was observed in the present
study.
The liver, in addition to adipose tissue, facilitates lipid meta-

bolism, whereby proteoglycans known as heparan sulfates are
integral46. In type 2 diabetes, due to hyperglycemia, RAAS
components are upregulated, thus enabling Ang II/AT1R inter-
actions, which impairs the ability of hepatic heparan sulfates to
regulate lipid metabolism47. Heparan sulfate’s bioavailability is
decreased in type 2 diabetes as a result of the reduced protein
expression and enzymatic activity of N-deacetylase, which is a
regulatory enzyme in hepatic heparan sulfate biosynthesis48.
These findings are consistent with the observations made in
the present study, where there was a significant increase in
liver TGs in the PD group when compared with the NPD
group. We hypothesize that the upregulated RAAS compo-
nents prompted by the moderate hyperglycemia in the present
study enabled the Ang II/AT1R interaction in the liver. It then
follows that the Ang II/AT1R interaction impaired the heparan
sulfates synthesis by impeding the protein expression and
enzymatic activity of N-deacetylase. Therefore, we speculate
that the reduced bioavailability of heparan sulfates in the liver

resulted in impaired lipid metabolism, consequently promoting
hyperlipidemia.
The elevated TGs in the liver instigate the process of gluco-

neogenesis, thus resulting in increased plasma glucose concen-
tration49. This is consistent with the significantly increased
plasma glucose concentration in the current study. Further-
more, the pancreas is of paramount importance in glucose
homeostasis due to the b-cells’ ability to regulate glucose-
mediated insulin secretion50. Insulin deficiency has been associ-
ated with autoimmune destruction of the pancreatic b-cells
noted in type 1 diabetes51. Interestingly, Robson-Doucette et al.
observed a direct correlation between pancreatic RAAS activity
in a hyperglycemic state and the hyperactivity of the pancreatic
b-cells52. The upregulation of RAAS components, consequently
Ang II/AT1R interaction in a hyperglycemia state, has been
associated with impaired glucose-stimulated insulin secretion
leading to glucotoxicity and lipotoxicity53.
The Ang II/AT1R binding results in the upregulation of

uncoupling-protein-2 (UCP-2), which facilitates the transfer of
anions in exchange for protons from the inner to the outer mito-
chondrial membrane. Hence, UCP-2 regulates the mitochondrial
membrane potential, which is dysregulated by the generation of
ROS noted in hyperlipidemia and hyperglycemia54. Obesity and
type 2 diabetes are associated with an excess of nutrients ,such
as free fatty acids, which causes the upregulation of UCP-2,
which in turn upregulates the key regulatory enzyme of b-
oxidation, carnitine palmitoyltransferase I, thus generating ROS52.
The upregulation of UCP is directly proportional to an excess in
the generation of ROS and insulin insufficiency, because UCP
does not only result in energy depletion, as it decreases adenosine
triphosphate/adenosine diphosphate availability consequently,
reducing glucose-stimulated insulin secretion55,56. Furthermore,
the increased expression of the UCP-2 induces apoptosis of the
pancreatic b-cells, therefore, reducing b-cell density, hence rever-
berating insulin deficiency56. Additionally, the upregulation of the
Ang II/AT1R stimulates NADPH oxidase, causing an imbalance
in the ROS and anti-oxidant ratio in favor of the ROS, conse-
quently decreasing b-cell mass57.
In the present study, there was no observable change in the

ACE relative expression; therefore, the Ang II and aldosterone
concentration remained constant in the PD group relative to
the NPD group. However, due to significantly expressed AT1R,
we could postulate that the Ang II/AT1R interaction was
upregulated, which has been evidenced to instigate the genera-
tion of ROS, thus resulting in oxidative stress possibly due to
the elevated NADPH oxidase and reduced anti-oxidants, which
is indicative of local RAAS activity. The elevated Ang II/AT1R
interaction promotes the generation of ROS through the
NADPH oxidase activity, which has been shown to activate
UCP-258. In the b-cells, the hyperactivity of UCP-2 promotes
apoptosis of these cells, thus decreasing b-cell mass52,58. Hence,
the hyperactivity of UCP-2 in a hyperglycemic state has been
suggested to be directly proportional to an increase in ROS and
deficiency in insulin production in the pancreatic b-cells52,59.
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Figure 5 | The effects of a high-fat high-carbohydrate diet on the liver
triglycerides (TG) concentration of rats at week 32. Values are presented
as the mean – standard error of the mean. ***P ˂ 0.001 denotes
comparison with standard rat chow with normal drinking water (non-
prediabetes [NPD]) diet-fed male Sprague–Dawley rats. PD, prediabetes.
(See the exact numerical values for figure 5 in table 4.5 in the
supplementary information)
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Figure 6 | The effects of a high-fat high-carbohydrate diet on the pancreas renin–angiotensin–aldosterone system components relative expression
of (a) renin, (b) angiotensinogen (AGT), (c) angiotensin-converting enzyme (ACE) and (d) angiotensin II type 1 receptor (AT1R), and the protein
concentration of (e) angiotensin II (Ang II) and (f) aldosterone of rats at week 32. Values are presented as the mean – standard error of the mean.
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Sprague–Dawley rats. mRNA, messenger ribonucleic acid; PD, prediabetes. (See the exact numerical values for figure 6 in table 4.6 in the
supplementary information)
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Interestingly, in the present study, although upregulation of
the RAAS components and NADPH oxidase activity was
observed in the PD group when compared with the NPD

group, the plasma insulin concentration was elevated. There-
fore, as a result of the upregulated RAAS components, NADPH
oxidase activity and decreased anti-oxidants in the pancreas, we
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Figure 8 | The effects of a high-fat high-carbohydrate diet on the relative expression of the heart renin–angiotensin–aldosterone system
components, namely, (a) renin, (b) angiotensinogen (AGT), (c) angiotensin-converting enzyme (ACE) and (d) angiotensin II type 1 receptor (AT1R) in
addition to the protein concentration of angiotensin II (An II) and aldosterone of rats at week 32. Values are presented as the mean – standard
error of the mean. *P ˂ 0.05, **P ˂ 0.01 and ***P ˂ 0.001 denotes significance relative to the standard rat chow with normal drinking water
(non-prediabetes [NPD]) diet-fed male Sprague–Dawley rats. mRNA, messenger ribonucleic acid; PD, prediabetes. (See the exact numerical values
for figure 8 in table 4.8 in the supplementary information)

TABLE 3 | Effect of diet-induced prediabetes on the oxidative stress markers nicotinamide adenine dinucleotide phosphate oxidase, superoxide
dismutase and glutathione peroxidase 1 in male Sprague–Dawley rats

Tissues NADPH oxidase (ng/L) SOD (ng/mL) GPx1 (pg/mL)

NPD PD NPD PD NPD PD

Skeletal Muscle 400.8 – 0.4 1211.0 – 0.8** 8.6 – 0.8 6.6 – 0.6** 1693.9 – 46.3 791.7 – 40.1**
Pancreas 486.8 – 0.3 601.5 – 0.5* 2.7 – 0.1 1.8 – 0.1** 1422.2 – 31.9 641.9 – 42.3**
Heart 552.7 – 0.3 899.4 – 0.2** 8.5 – 1.8 4.7 – 1.2** 1813.4 – 39.7 725.3 – 48.6**

Values are presented as the mean – standard error of the mean. *P < 0.05 and **P < 0.01. GPx1, glutathione peroxidase 1; NADPH, nicotinamide
adenine dinucleotide phosphate; NPD, non-pre-diabetes; PD, prediabetes; SOD, superoxide dismutase.
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could suggest that RAAS is upregulated in the pancreas in pre-
diabetes. Furthermore, we hypothesize that the significantly
increased plasma insulin concentration is attributed to the com-
pensatory mechanism of the b-cell suggested by Porat et al.,
whereby the intact b-cells hyperfunction and consequently
increase the plasma insulin concentration60.
Insulin resistance in hyperglycemia has been linked to

hyperinsulinemia and hypertension61. Insulin is integral in
blood pressure homeostasis, as eNOS, the regulatory
enzyme for nitric oxide (NO) synthesis, is the product of
the insulin pathway62. The impairment of the insulin sig-
naling pathway noted in type 2 diabetes has been associ-
ated with the upregulation of the RAAS and, consequently,
hypertension due to the Ang II/AT1R binding impeding
NO synthesis63. Therefore, the plasma insulin concentra-
tion and mean arterial pressure in addition to plasma nitric
oxide (eNOS) were analyzed in the present study. The
plasma insulin concentration was increased, which could
indicate hyperinsulinemia. Furthermore, the eNOS was sig-
nificantly decreased, consequently decreasing NO. A
decrease in NO, which is a potent vasodilator, causes an
increase in blood pressure, which is consistent with the ele-
vated mean arterial pressure observed in the present study.
A direct correlation between changes in systemic RAAS,

hypertension and cardiac dysfunction has been established64. In
the past decade, RAAS has been characterized in the cardiac
muscle, whereby the Ang II/AT1R binding contributes to the
detrimental effects observed in type 2 diabetes, such as apopto-
sis, fibrosis and oxidative stress, through NADPH oxidase activ-
ity resulting in cardiac remodeling and hypertrophy62.
Accordingly, in the present study, as a result of the significantly
increased expression of the RAAS components, elevated
NADPH oxidase and decreased anti-oxidants, we could suggest
that the RAAS is upregulated, consequently contributing to car-
diac remodeling and hypertrophy due to moderate hyper-
glycemia.
High caloric diets have been proven to promote the gly-

cosylation of the P53 gene65. Various studies have stressed
the relationship between local RAAS and P5365. Therefore,
due to the high-fat high-carbohydrate diet, the glycosyla-
tion of P53 might be exacerbated and, consequently, local
RAAS is upregulated. In view of the upregulated local
RAAS in moderate hyperglycemia in the selected organs
and the associated metabolic changes, we could postulate
that the derangements observed in type 2 diabetes are a
result of and begin in a prediabetes state.
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