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Background: Testicular insulin signalling is altered in diabetic (DM) males. While unravel-
ling the mechanism through which DM exert these detrimental effects, studies have shown
the importance of insulin regulation in glucose homeostasis, and how a lack in insulin
secretion indirectly led to reduced male fertility. The current study aimed to investigate the
role of rooibos, honeybush and Sutherlandia on insulin signalling in the testicular tissue of
type I diabetic rats.

Methods: Animals (n=60) were randomly divided into six groups. The groups include a control
group, a vehicle group, and diabetes was induced in the remainder of animals via a single
intraperitoneal injection of STZ at 45mg/kg. The remaining four groups included a diabetic
control (DC), diabetic + rooibos (DRF), diabetic + honeybush (DHB) and diabetic +
Sutherlandia group (DSL). Animals were sacrificed after seven weeks of treatment, and blood
and testes were collected.

Results: All diabetic groups (DC, DRF, DHB, DSL) presented with a significant increase in
blood glucose levels after diabetes induction compared to the control and vehicle (p<0.001).
The DC animals presented with decreased testicular protein expression of IRS-1, PkB/Akt
and GLUT4 compared to controls. DRF and DHB animals displayed an acute upregulation in
IRS-1, while the DSL group showed improvement in IRS-2 compared to DC. Although, DRF
animals presented with a decrease in PkB/Akt, DHB and DSL animals displayed upregula-
tion (22.3%, 48%) compared to controls, respectively.

Conclusion: The results taken together, it can be suggested that these infusions may
enhance insulin signalling through diverse pathways.

Keywords: testis, rooibos, honeybush, Sutherlandia, diabetes, insulin signalling

Introduction

Diabetes mellitus (DM), a disease that occurs because of ecither a lack in the
synthesis and secretion of insulin (type I) or the insensitivity of the tissue to the
effect of insulin (type 1), is a non-communicable disease that brings about com-
plications in various systems, including the male reproductive system. Both experi-
mental and human studies have highlighted the diverse adverse effects of DM (both
type I and type II) on male fertility." ® In experimental type I diabetic animals,
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studies have reported altered spermatogenesis, diminished
epididymal sperm reserve,” abnormal Sertoli-Sertoli cell
junction complexes, reduction in the testicular weight,
sperm concentration, testicular morphology index and
decreased fertility potential.® Lopez-Alvarenga et al
reported that the suppression of both endogenous pulsatile
and exogenous gonadotropin-releasing hormone (GnRH)
stimulated the secretion of luteinizing hormone (LH) in
with type 1 DM, which
hypogonadotropism.* Studies have also shown that there

men resulted in
are reduced levels of testosterone, LH and follicle-
stimulating hormone (FSH) in the sera of diabetic
men.®>'" Also reported is an increase in spermatozoa

with nuclear and mitochondrial DNA fragmentation,'"'?

reduced sperm motility'?

and decreased sperm with nor-
mal morphology.'* In the course of unravelling the
mechanism(s) through which DM exert these detrimental
effects, studies have shown the importance of insulin
regulation in glucose homeostasis, insulin signalling and
how a lack in insulin secretion indirectly led to reduced
male fertility.'>'®

Insulin receptors, such as insulin-like growth factor
1-receptor (IGF1-R) and insulin receptor related-receptor
(IRR), are tetrameric proteins having four functional sub-
units (2o and 2f subunits). These receptors can form
functional complexes with insulin, such that the inhibitory
mutation in one receptor subunit can inhibit the activity of
the others.'? Interestingly, studies have shown the presence
of these receptors in the Sertoli cells, Leydig cells, sper-
matogonia and spermatocytes.’*?' This suggests that they
are involved in glucose metabolism, insulin signalling, and
are important in the development of the testis.”***

Gomez et al reported a decrease in both systemic and
testicular insulin concentration in type I diabetic rats with
resultant disrupted spermatogenesis. It was suggested that,
although, the testis produces insulin, systemic hypoinsuline-
mia due to type I DM adversely affect male fertility.'”
Despite findings showing that Sertoli cells secrete their
own insulin, a lack in pancreatic B-cell insulin production
still affected male reproduction adversely. Schoeller et al
investigated the role of both systemic and testicular insulin
signalling in male fertility using the Akita mouse diabetic
model. They validated the presence of insulin in the testes
and further reported that insulin affects male fertility through
its indirect regulatory effect on the hypothalamic-pituitary-
gonadal axis (HPGA).'® It was hypothesized that in DM, due
to hypoinsulinemia/hyperglycaemia, insulin signalling is
altered and the function of HPGA is disrupted, which

cumulatively resulted in altered spermatogenesis and
reduced sperm function. This was evidenced by the decrease
in the levels of serum GnRH, LH, FSH and testosterone as
well as testicular LH, FSH and testosterone in the diabetic
animals. However, when insulin was administered, the levels
of these hormones were increased, and normal spermatogen-
esis was restored. They concluded that insulin promoted
fertility by restoring function to the HPGA, thus normalizing
the hormone levels of LH and testosterone.'® However, other
studies have further shown the importance of normal insulin
signalling in normal male reproduction.”**’

Since the importance of maintaining normal insulin signal-
ling has been highlighted, it is essential to explore natural and
artificial agents that have health benefits, and that can possibly
enhance this process. Rooibos (Aspalathus linearis), honey-
bush (Cyclopia intermedia) and Sutherlandia (Lessertia fiu-
tescens) are plants native to Southern Africa.?®?’ Studies have
highlighted some of their health benefits,”* >
diabetic properties.’*** Kawano et al reported that aspalathin,

including anti-

a component of rooibos tea, improved impaired glucose toler-
ance in db/db mice at 30, 60, 90 and 120 minutes.> They
further added that rooibos, in a dose-dependent manner,
enhanced glucose uptake in cultured L6 myotubes and also
increased the secretion of insulin by RIN-5F cells. The results
of Kawano et al are supported by several other authors*®™*'
with the inclusion that aspalathin promoted activated protein
kinase (AMPK) phosphorylation, enhanced GLUT4 translo-
cation and also improved protein kinase B activation. This
suggests that rooibos may improve glucose metabolism by
enhancing glucose uptake and restoring normal insulin signal-
ling. Studies have also highlighted the anti-diabetic potential
h** and Sutherlandia®"*

in vivo experiments. All these studies showcasing the hypo-

of honeybus in both in vitro and
glycaemic effects of rooibos, honeybush and Sutherlandia
were carried out in models of cardiovascular and other sys-
temic diseases. There are a few studies that have investigated
these infusions (apart from rooibos) in the context of DM-
related male reproductive disorder. Hence, this study was
designed to investigate the role of rooibos, honeybush and
Sutherlandia on testicular insulin signalling in type I diabetic
rats.

Materials and Methods

Infusion Preparation

Rooibos (4spalathus linearis, 2% fermented), was
obtained from Carmien SA PTY LTD, South Africa,
while honeybush (Cyclopia intermedia, 4% fermented)
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and Sutherlandia (Lessertia frutescens, 0.2% unfermented)
were obtained from Afrinaturals, South Africa. They were
prepared according to previously established laboratory
protocols. Rooibos was prepared according to the method
described by Marnewick et al,>*>' honeybush, by Du Toit
and Joubert’” and Sutherlandia by Tobwala et al.>® In
summary, 2% fermented rooibos was prepared by adding
20g of dried rooibos in 1 litre of boiling water and allowed
to steep for 30 minutes. The mixture was filtered using
a cheesecloth, followed by a number 4 and then a number
1 filter paper (Whatman™, Buckinghamshire, UK).
Filtered teas/infusions were transferred into dark plastic
containers and stored at 4°C. Infusions were stored in dark
plastics, and also prepared freshly every other day (48
hours), to prevent the degradation of polyphenols that
have a short half-life and are light sensitive.”* Fermented
honeybush (4%; 40g in 1
Sutherlandia (0.2%) were prepared following the same

litre) and unfermented

procedures. The herbal teas served as the only drinking
fluid for these infusion groups and fluid intake of the
animals was measured thrice weekly.

Determination of the Phenolic Content
Present in Rooibos, Honeybush and
Sutherlandia

All analyses were carried out using the infusion concen-
trations that the animals were treated with, ie, 2% fermen-
ted 4%
unfermented Sutherlandia.

rooibos, fermented honeybush and 0.2%

Soluble Solid Content

The soluble solid content of the infusions (rooibos, honey-
bush and Sutherlandia) was determined gravimetrically (6
repetitions) and examined in triplicate at each time point.
Briefly, the glass beakers used were firstly washed, placed in
the oven overnight at 70°C and cooled in a desiccator for
another 24 hours. For the assay, dried beakers were weighed
prior to adding 1mL of the respective infusions. The aliquots
were dried in an oven for 24 hours at 70°C, whereafter, they
were placed in a desiccator for another 24 hours. Glass
beakers containing the dried content were weighed again.
The soluble solid content in each herbal infusion was deter-
mined by subtracting the initial weight from the final weight.

Total Polyphenol Content
The total polyphenol content was measured as described
by Arthur et al, using the Folin—-Ciocalteau method.”> In

Brief, an initial 20puL of blank (deionized water), standard
(10-100mg/L gallic acid) and the respective infusions
were loaded into a 96-well plate. Thereafter, 100pL of
(m/v)
Na,CO; were added, respectively. The plate was gently

Folin-Ciocalteau reagent and 80uL of 7.5%

vortexed and allow to stand for 2 hours at room tempera-
ture in the dark. The absorbance was measured at 765 nm
and expressed as mg gallic acid equivalents per mg soluble
solids.

Animal Care and Study Design
Fourteen-week-old adult male Wistar rats weighing 250-
300g were housed in the Animal Unit of the Faculty of
Medicine and Health Sciences, Stellenbosch University
(18-23°C, 12:12 light/dark cycle). Animals were caged
individually, and had free access to food and water/infu-
sions and were treated according to the recommendations
of the Laboratory Animal Care of the National Society of
Medical Research and the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.>
Ethics approval was obtained from the Stellenbosch
University Animal Ethics Committee (SU-ACUDI17
-00016).

Type I diabetes was induced with streptozotocin (STZ,
S0130-1G, Sigma, South Africa) and a stock solution
(30mg/mL) was prepared by dissolving it in freshly pre-
pared 0.1M sodium citrate buffer (pH 4.5). From the stock
solution, rats were administered a single intraperitoneal
injection of STZ (45mg/kg body weight). The successful
induction of diabetes was confirmed after one week, if
animals showed a blood glucose level of >14mmol/L,
using a Glucoplus™ glucometer. Animals in the vehicle
group were injected citrate buffer intraperitoneally.

Sixty rats were randomly assigned to six groups (n=10)
to avoid bias. The groups include a control group (water),
vehicle group (0.1M citrate buffer), a diabetic control
group (DC, STZ45mg/kg + water), a diabetic + rooibos
(DRF, STZ45mg/kg + 2% fermented rooibos), a diabetic +
honeybush (DHB, STZ45mg/kg + 4% fermented honey-
bush) and a diabetic + Sutherlandia group (DSL,
STZ45mg/kg + 0.2% unfermented Sutherlandia). Food
intake, fluid intake and body weights were measured
three times a week, and blood glucose levels were mea-
sured once weekly. Animals were sacrificed after 7 weeks
of DM induction. Blood samples for hormonal analysis
were collected immediately after sacrifice, and the testes
were harvested and weighed. Plasma was used for hormo-
nal assays, while the testis was used for Western blotting.
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The
a percentage of body weight. The reported average blood

relative testicular weight was expressed as
glucose levels were the mean of blood glucose measured
over seven weeks, and the fasting blood glucose levels

were recorded immediately before sacrifice.

Intraperitoneal Glucose Tolerance Test

The intraperitoneal glucose tolerance test (IPGTT) was
performed 2-3 days before sacrifice. Animals were fasted
overnight but allowed free access to water/infusion as
appropriate. After 14-16 hours of fasting, animals were
injected intraperitoneally with a 20% glucose solution at
a dose of 2g/kg body weight (10pL/g). Blood glucose
levels were then measured at 12 different time points (0,
3, 5, 10, 15, 20, 25, 30, 45, 60, 90 and 120 minutes).

Western Blot Analysis

Tissue homogenates and protein determination were
obtained as previously described.’’”® Tissue lysates
were prepared by diluting samples in Laemmli sample
buffer and lysis buffer, boiled for 5 minutes and 50ug
protein/uL was separated by electrophoresis on either
a 12% SDS-PAGE mini-PROTEAN gel or a 4-20% stain-
free precast gel (Criterion TGX, Biorad, USA). The run-
ning protocol consisted of an initial 10 minutes electro-
phoresis at 100V and 200mA followed by 30-40 minutes
at 200V and 200mA for the mini-PROTEAN gels, while
the running protocol for the precast gel consisted of an
initial 10 minutes electrophoresis at 100V and 200mA
followed by 25-30 minutes at 140V and 140mA. Gels
were activated using ChemiDoc (BioRad), and thereafter,
proteins were transferred onto a Millipore Immobilon-P
transfer membrane (0.45um) (Immobilon®-P, Merck
Millipore Ltd, Germany). Non-specific sites were blocked
with 5% fat-free milk in TBS-tween. Primary antibodies
were diluted in TBS-Tween in a 1:1000 ratio while the
secondary antibody was diluted in TBS-Tween in
a 1:4000 ratio. All data points are from independent
biological repeats (n=4-5). The measured biomarkers
were GLUT 4, tPkB/Akt, p/tERK1/2 and p/tIRS 1/2. All
primary antibodies were obtained from Cell Signalling
Technology. A goat anti-mouse/rabbit-horseradish perox-
idase-conjugated antibody (Sigma-Aldrich) was used as
the secondary antibody.

Hormonal Assays
The plasma concentration of testosterone (E-EL-0072),
estradiol (E-EL-0065) and insulin (E-EL-R2466) was

measured using a commercially available ELISA kit
(Elabscience Biotechnology, Hubei) as per the manufac-

turer’s instructions.

Statistical Analysis

GraphPad Prism™ software (GraphPad™ Software,
Version 8.2, San Diego, CA, USA) was used for the
statistical analysis. Normal data distribution was measured
using the Shapiro—Wilk normality test. When data passed
normality test, a one-way ANOVA of variance with
a Tukey’s Post-hoc Test was performed. Where data
were not evenly distributed, a Kruskal-Wallis test and
a Dunn’s Post-hoc Test were carried out. To investigate
the plausible mixed effect of the phosphorylated to total
protein ratios, a mixed effect or ordinary two-tailed, two-
way ANOVA was
a Pearson’s

performed. Where appropriate,

correlation matrix was carried out.
Significance was accepted at p< 0.05. Results are

expressed as mean + SD.

Results

Biometric Data

Diabetic control (DC) animals consumed more food and
drank more water compared to the control (p<0.001) and
vehicle (p<0.001) groups. Diabetic animals receiving rooi-
bos (DRF), honeybush (DHB) and Sutherlandia (DSL)
followed the same trend as DC when compared to the
control (p<0.001) and vehicle (p<0.001). However, the
diabetic animals treated with the infusions (DRF, DHB,
and DSL) displayed a significant decrease in food intake
when compared to the DC animals (35.38+4.936g, 32.22
+5.440g, 34.92+4.144¢g vs 40.43+£2.872g, p<0.001).

DC animals presented with elevated fasting blood glu-
cose levels when compared to the control (19.62+7.49mmol/
L vs 6.150+0.7246mmol/L, p<0.001) and vehicle (19.62
+7.49 mmol/L vs 5.660+1.02mmol/L, p<0.001) groups.
Although the diabetic infusion treatment groups (DREF,
DHB and DSL) presented with a significant increase in
fasting blood glucose levels when compared to the control
and vehicle groups (p<0.001), their (DRF, DHB and DSL)
respective fasting blood glucose levels mildly decreased
when compared to the DC group, (18.91£9.148, 14.98
+9.436, 16.60+8.925 vs 19.62+7.492; p>0.05) (Table 1).
DC animals showed a significant reduction in body weight
when compared to control (p<<0.05). The respective infusion
treatment groups (DRF, DHB and DSL) also presented with
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a decrease in body weight when compared to the control
(p<0.001) and vehicle (p<0.001) (Table 2).

Total Polyphenols

There was a significant difference in the amount of soluble
solid contents (SS) between the infusions (P<0.0001). The
SS content of fermented RF was significantly lower than
that of HB (P<0.001) and SL (P<0.001).

The phenolic content of fermented RF was signifi-
cantly higher than HB (P<0.0001) and SL (P<0.0001),
while that of HB was higher than that of SL (P<0.001)
(Table 3). Regarding the daily phenolic consumption rela-
tive to 100g body weight, the diabetic animals treated with
the infusions had a significantly increased intake in the
total amount of total polyphenols (Table 3).

IPGTT

There was a significant difference in the measured glucose
levels between 0 and 120 minutes, in the DC, DRF, DHB
and DSL groups (p=0.001), as indicated with glucose
tolerance. There was, however, a non-significant improve-
ment in the glucose tolerance of DHB animals (Figure
1A). Additionally, there was a significant positive correla-
tion (r=0.7631) between fasting blood glucose levels and
fluid intake per day (p<0.0001) (Figure 1B).

Western Blot
All diabetic animals (DC, DRF, DHB and DSL) presented
with increased phosphorylated ERK1/2 (pERK1/2) when
compared to the vehicle (0.988+0.252, 1.226+0.368, 1.028
+0.369, 1.408+0.682 vs 0.766+0.138, p<0.05). These
groups (DC, DRF, DHB and DSL, respectively) also dis-
played a reduction in the total ERK1/2 (tERK1/2) when
compared to the control and vehicle (0.6438+0.5, 0.51
+0.398, 0.316+£0.323, 0.56+0.537 vs 0.847+0.281 and
0.7407+£0.094, p<0.001) (Figure 2A-C). Furthermore,
DHB animals presented with a significant difference in
the ratio of phosphorylated to total ERK1/2 proteins com-
pared to controls (p=0.02). This ratio was however
increased in the DSL compared to the vehicle (p=0.02).
Diabetic control animals presented with a decrease in
tIRS-1 (—48% and —32%) when compared to the control
and vehicle groups, respectively. The diabetic infusion
treatment groups (DRF, DHB, DSL) however displayed
a non-significant decrease in trend in tIRS-1 when com-
pared to the control and vehicle groups. DRF and DHB
were however acutely upregulated when compared to DC
(0.515+0.56, 0.5+0.453 vs 0.48+0.246) (Figure 3). Despite
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Figure | Intraperitoneal glucose tolerance test. (A) Glucose tolerance test, (B) correlation between fasting blood glucose levels and fluid intake per day.
Abbreviations: DC, diabetic control; DRF, diabetic +rooibos; DHB, diabetic + honeybush; DSL, diabetic +Sutherlandia.
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Figure 2 Protein expression of phospho and total ERK/2. (A) individual phospho: total ERK1/2, (B) p/tERK/2 at a glance, (C) probed blot. ¥p<0.05 vs control. n, 4-5.
Abbreviations: Veh, vehicle; DC, diabetic control; DRF, diabetic + rooibos; DHB, diabetic + honeybush; DSL, diabetic + Sutherlandia.
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Figure 3 Protein expression of total IRS-1 and IRS-2. (A) Ratio of IRSI to IRS 2, (B) probed blot. n=4-5.
Abbreviations: Veh, vehicle; DC, diabetic control; DRF, diabetic + rooibos; DHB, diabetic + honeybush; DSL, diabetic +Sutherlandia.
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Figure 4 Total protein expression of PkB/Akt. (A) Graph of PkB/Akt, (B) probed blot of PkB/Akt. Values in bracket () denotes percentage change versus DC. n=4-5.
Abbreviations: Veh, vehicle; DC, diabetic control; DRF, diabetic + rooibos; DHB, diabetic + honeybush; DSL, diabetic + Sutherlandia.

the reduced tIRS-1 displayed by DSL animals when com-
pared to the DC, they showed a nearly 50% upregulation
in tIRS-2 when compared to the DC (Figure 3A and B).
DC animals presented with a non-significant decrease
(—41.7%, —34%) in the expression of PkB/Akt when com-
pared to the control and vehicle groups, respectively. The
diabetic infusion treatment groups (DRF, DHB, DSL) also
displayed a percentage decrease in PkB/Akt when com-
pared to the control (—42%, —28%, —13%) and vehicle
(—35%, —19%, —2%) groups, however, DRF animals pre-
sented with a further decrease in the total PkB/Akt com-
pared to DC group. While, the DHB and DSL animals
displayed an upregulation in total PkB/Akt (22.3%, 48%)
when compared to DC, respectively (Figure 4A and B).
DC animals showed a reduction in tGLUT4 (—30%,
—4%) when compared to the control and vehicle, respec-
tively. DRF and DHB groups also displayed a non-
significant decrease in GLUT4 expression when compared

to the DC and control groups. In contrast, DSL animals

A 1.5+

(70.9%)

tGLUT4

0.5- B

0.0-
ControlVeh DC DRF DHB DSL

presented with an increase in GLUT4 (70.9%) when com-
pared to the DC group (p=0.08) (Figure 5SA and B).

Hormonal Assays

Although, not significant, DC animals presented with
a mild decrease in the level of plasma testosterone con-
centration (—16.5%) when compared to the vehicle. DRF
and DSL groups displayed a significant decrease compared
to vehicle (811.2+126.5nmol/L vs 1085+95.66nmol/L,
p=0.01) (793.1£192.9nmol/L vs 1085+95.66nmol/L,
p=0.02) respectively. The testosterone concentration in
DHB animals was mildly increased, when compared to
DC (Figure 6A). Furthermore, there were no significant
differences in the level of plasma 17f-estradiol concentra-
tions between the groups (Figure 6B).

Discussion
The potential hypoglycaemic effects of rooibos, honey-

bush and Sutherlandia extracts have been widely

IGLUTS i i et s e b s s s e 54KDa

Figure 5 Total protein expression of GLUT4. (A) Graph showing tGLUT4, (B) probed blot. Values in bracket () denotes percentage change versus DC. n=4-5.
Abbreviations: Veh, vehicle; DC, diabetic control; DRF, diabetic + rooibos; DHB, diabetic + honeybush; DSL, diabetic +Sutherlandia.
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Figure 6 Plasma levels of testosterone and estradiol. (A) Testosterone, (B) estradiol. Values in bracket () denotes percentage change versus DC. n=4-5.
Abbreviations: Veh, vehicle; DC, diabetic control; DRF, diabetic + rooibos; DHB, diabetic + honeybush; DSL, diabetic + Sutherlandia.

35,42,47

in both in vitro

studies.** The mechanisms through which this occur

investigated in vivo and
have been mostly determined in in vitro studies using cell
lines, such as adipocytes, cardiomyocytes, fibroblast, myo-
tubes/myoblast, and etcetera. However, remarkably few to
no studies have reported the effects of rooibos, honeybush
and Sutherlandia on testicular insulin signalling. Hence,
the current study was designed.

As expected, the diabetic control animals of the current
study displayed polyphagia, polydipsia, excessive weight
loss, sustained increased blood glucose and impaired glu-
cose tolerance. These are features typical of type I DM.
This is in agreement with several studies reporting the
symptomatic characteristics of DM.®' However, the dia-
betic animals treated with rooibos (DRF), honeybush
(DHB) or Sutherlandia (DSL) had significantly decreased
food intake, and polydipsia was suppressed, as evidenced
by the percentage reduction in fluid intake and by the
significant positive correlation seen between fluid intake
the (FBG) (r=0.7631,
p<0.0001). This was accompanied with a reduction of
23.6% and 15% in the FBG levels of DHB and DSL
animals, respectively. This supports the theory that

and fasting blood glucose

increased FBG can lead to osmotic diuresis thereby stimu-
lating osmoreceptors to increase fluid intake. Although,
the glucose tolerance of DRF and DHB animals improved,
it did not reach significance and the glucose tolerance of
slight/mild
decrease in FBG levels observed in the DRF animals of

DSL animals remained unchanged. The

the current study is partly supported by a study that
showed a significant reduction in the FBG levels of
obese diabetic mice after treatment with aspalathin (a
component of rooibos)®> and was accompanied with

improved glucose tolerance. This is also in agreement
with the findings of Muller et al, who showed that rooibos
has a glucose-lowering effect in diabetic rats by improving
the glucose tolerance.*’ The decrease in the FBG of up
23.6% observed in the DHB animals of the current study
concurs with Muller et al, who reported reduced FBG
levels in obese insulin-resistant rats after administration
of honeybush extract.*> Additionally, the decrease in FBG
levels of DSL animals in the current study is supported by
Chadwick et al who showed diabetic rats receiving
Sutherlandia displayed lower blood glucose as evidenced
by normoinsulinaemic levels and increased glucose
uptake.*” The SS content (mg/mL) of rooibos was lower
than that of honeybush and Sutherlandia (13.4+0.003;
16.26+0.012 vs 5.18+0.003), while the TPC of rooibos
was higher than honeybush and Sutherlandia. Awoniyi
et al in the same vein, reported that the SS content of
2% fermented rooibos used in their study was 5+1.2mg/
mL.?® The SS content of honeybush differed from the
report of North et al.®> The difference in the SS content
of honeybush, and the TPC of rooibos, honeybush and
Sutherlandia may in part be due to the difference in
harvest times, production process and the part of the
plant material used, amongst others.

In normal insulin signalling, IRS 1/2 are the most
important insulin receptor substrate for glucose
homeostasis,®* as they act as binding sites for Src-
homology-2 domain containing molecules such as PI3K.
Binding of these molecules to IRS1/2 activates series of
PkB.

Activation of PkB/Akt in turn stimulates the translocation

cascade signalling which eventually activates

of GLUT4 from the intracellular pools to the plasma

membrane.
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The absence of GLUT4 in the testis has been reported
by several authors,“*67 however, Verma and Haldar
(2016) reported the presence of GLUT4 in the testis of
adult golden hamster.®® Gomez et al showed that GLUT8
is the dominant glucose transporter in the testis and that
both insulin depletion and hyperglycaemia do not regulate
its expression.'” A year after this report, Lampioa and du
Plessis reported that insulin stimulates GLUTS expression
in human spermatozoa and they further speculated that
GLUTS translocation is aided through the PkB/Akt
pathway.® In the current study, GLUT4 was measured in
the testis and all groups expressed GLUT4. Furthermore,
both the control and vehicle groups of this study expressed
the proteins IRS1/2, PkB/Akt, ERK1/2 and GLUT4 in the
testis. These results suggest the involvement of GLUT4 in
testicular insulin signalling, in addition to the already
known stimulation of GLUT8 during testicular glucose
metabolism.

Additionally, the testicular tissue of diabetic control
animals of the current study had reduced IRS1/2, PkB/
Akt and GLUT4 protein expression levels. This is in
agreement with another study in which the authors
reported impaired insulin signalling in C3A liver cells
induced with insulin resistance, as these cells displayed
decreased PtdIns (3, 4, 5)P, and subsequent reduction in
PkB.® In addition to the impaired insulin synthesis and
secretion observed in diabetes, studies have also shown
that this disorder in part develops because of disruption in
IRS %.%%7%7! Araki et al reported impaired glucose toler-
ance, decreased insulin/insulin-like growth factor-1 (IGF-
1) stimulated glucose uptake, and reduced intrauterine
growth, in targeted gene mutated IRS-1 deficient mice.”
Withers et al additionally showed that disruption of IRS-2
impaired both pancreatic B cell function and peripheral
insulin signalling in IRS-2 deficient mice. They further
reported that these mice displayed dysfunctional glucose
homeostasis, and hence concluded that disruption of IRS-2
might contribute to the pathophysiology of human type II
DM.”! Pertaining to male reproduction, Griffeth et al
reported that deletion of IRS-2 in mice resulted in a 45%
reduction in testicular weight with consequent decreases in
Sertoli cells, spermatogonia, spermatocytes, spermatids
and the epididymal sperm reserve. However, there was
a normal cellular association, that is, the structural archi-
tecture of the seminiferous tubules was intact.** Yagci and
Zik also reported that IGF-1 plays a significant role in
testicular function and germ cell development. As the
receptor for IGF-1 was distributed in the pachytene

primary spermatocyte and Leydig cells of aged rats.”’
This suggests the importance of maintaining normal testi-
cular insulin signalling, as disruption in signalling mole-
cules, especially, IRS 1/2, PkB/Akt and GLUT may impair
testicular function. Additionally, the diabetic control ani-
mals of this study had lower plasma testosterone levels.
This is in agreement with several studies that reported
testosterone diabetes

reduced  serum

15,72

following
induction.

Regarding the effects of rooibos on testicular insulin
signalling, the diabetic animals receiving rooibos (DRF)
presented with an increase in testicular protein expression
of IRS proteins 1 and 2 Interestingly, there was also
a reduction in the expression of PkB/Akt and GLUT4. The
decrease in PkB/Akt and GLUT4 observed in the testicular
tissue of DRF rats of the current study is in contrast with the
findings of Mazibuko et al, which showed the reversal of
insulin resistance in 3T3-L1 adipocytes treated with rooibos
through the suppression of phosphorylated IRS-1, nuclear
factor kappa beta (Nf-kB), and AMPK and increased
GLUT4 expression.”® In another manuscript, the same
group of authors reported the ameliorative effects of rooibos
on insulin-resistant C2C12 muscle cells. This was evidenced
by the enhanced glucose uptake, mitochondrial activity, and
ATP production after treating the muscle cells with rooibos.
Mechanistically, it was shown that rooibos increased the
activation of Akt, AMPK and GLUT4, suggesting that rooi-
bos can exert its ameliorative effects through the PkB/Akt/
GLUT4 pathway in these cells.”® The difference between the
results of the current study and the reports of Mazibuko et al
may be due to (i) different models of investigation (in vivo/
in vitro), (ii) different tissues (testis/adipocytes and muscle
cells) and (iii) the plausibility that rooibos does not enhance
testicular insulin signalling through the PkB/Akt/GLUT4
pathway.

Studies have shown that insulin can also activate the
mitogen-activated protein kinases (MAPK), especially the
ERKs through the binding of growth factor receptor-bound
protein-2 (GRB-2) and Son-of-sevenless proteins (SOS) to
IRS1/2. GRB-2 and SOS can bind IRS1/2 because they
contain the Src-homology-2 domain. Binding of these pro-
teins to IRS1/2 activates membrane bound Ras. The phos-
phorylation of Ras stimulates a stepwise activation of kinase
signalling of Raf, MEK and ERK. ERK is then translocated
into the nucleus where it stimulate the phosphorylation of
transcription factors to initiate gene expression needed for
cell proliferation and differentiation.”* Interestingly, the DRF
animals of the current study presented with an upregulation
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(13.2%) in phosphorylated ERK 1/2. Although, the upstream
signalling molecules (GRB-2 and SOS) were not measured,
it may be suggested that rooibos may rather exert its effect on
diabetic testicular insulin signalling through the IRS/ERK
pathway. Regarding testosterone levels, diabetic animals
receiving rooibos displayed a non-significant decrease in
plasma testosterone levels. This partly concur with
Opuwari and Monsees who reported that both fermented
and unfermented rooibos reduces testosterone production in
TM3 Leydig cells.”* This suggests that although rooibos may
play a role in insulin signalling, it does not influence testos-
terone levels.

While studies have shown the hypoglycaemic effects of
honeybush, >’ little to nothing is known about the mechan-
ism/pathway at which these effects are exerted. In the current
study, diabetic animals receiving honeybush (DHB) dis-
played a mild increase in testis protein expression of IRS 1/
2 and PkB/Akt while GLUT4 remained unchanged. Since
GLUTS8 was not measured in the current study, little can be
said about it. However, extrapolating from previous reports,
it can be speculated that honeybush may enhance insulin
signalling through the stimulation of IRS1/2, PkB/GLUTS
pathway. Additionally, the DHB animals presented with
a mild increase (7%) in the level of plasma testosterone.
Since, this is the first study demonstrating this property, it
can be suggested that honeybush may have a positive effect
on testosterone production, although the mechanism through
this occur still needs further investigation.

Diabetic animals receiving Sutherlandia presented with
increased tIRS-2, tPkB and tGLUT4. The increase in
GLUT4 observed in the current study concur with Dang
et al who reported that pinitol (a Sutherlandia component)
enhanced GLUTH4 translocation from the cytosol (intracel-
lular vesicles) to the plasma membrane in skeletal muscle
of C57BL/6 mice.”” Bates et al also showed that pinitol
exerts a mild but sustained hypoglycaemic insulin-like
effect in the murine model of type I DM.* Additionally,
Williams et al reported that Sutherlandia prevents changes
in DM-related gene expression in insulin-resistant cell
model and that it upregulates GLUT4 translocation to the
cell surface.*’ Hence, it can be suggested that the decrease
in the blood glucose levels of diabetic animals receiving
Sutherlandia observed in the current study may be through
the stimulation of the IRS1/2, PkB/Akt, GLUT4 pathway.

In conclusion, the result of the present study has shown
the presence of GLUT4 in the testis and its plausible role in
insulin signalling as seen in a typical cell. We have also
the role of rooibos,

demonstrated honeybush and

Sutherlandia in insulin signalling. Therefore, it can be sug-
gested that these infusions may enhance insulin signalling
through diverse pathways, but further investigations are
required to elucidate the specific upstream and downstream
proteins that are plausibly activated during this process.
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