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Athrixia phylicoides tea infusion (bushman ==

tea) improves adipokine balance, glucose
homeostasis and lipid parameters in a diet-
induced metabolic syndrome rat model
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Abstract

Background: Central obesity and insulin resistance are associated with metabolic syndrome (MetS) which is aggra-
vated by diet and sedentary lifestyle. Athrixia phylicoides (AP) is reported by rural communities to have medicinal
benefits associated with MetS such as obesity and type 2 diabetes. This study was aimed to investigate the effects of
AP on diet-induced MetS in Wistar rats to validate its ethnopharmacological use.

Methods: AP was profiled for phytochemicals by LC-MS. After induction of MetS with high energy diet (HED), 30
male rats were divided into five treatment groups (n =6): normal diet control, HED control, HED 4+ AP 50 mg/Kg BW,
HED + AP 100 mg/Kg BW and HED + 50 mg/Kg BW metformin. The rats were treated daily for 8 weeks orally after
which weight gain, visceral fat, total cholesterol, free fatty acids (FFAs) and adipokine regulation; leptin: adiponectin
ratio (LAR) were assessed. Also, glucose homeostatic parameters including fasting blood glucose (FBG), oral glucose
tolerance test (OGTT), glucose transporter 4 (GLUT 4), insulin and homeostatic model assessment of insulin resistance
(HOMA-IR) were determined.

Results: Findings showed that AP was rich in polyphenols. The HED control group showed derangements of the
selected blood parameters of MetS. AP reversed diet-induced weight gain by reducing visceral fat, total blood
cholesterol and circulating FFAs (p <0.05). Treatment with AP improved adipokine regulation depicted by reduced
LAR (p<0.05). Treatment with AP improved parameters of glucose homeostasis as demonstrated by reduced FBG and
HOMA-IR (p <0.05) and increased GLUT 4 (p<0.05).

Conclusion: Athrixia phylicoides tea infusion was shown to possess anti-obesity and anti-inflammatory proper-

ties, improved glucose uptake and reduce insulin resistance in diet-induced MetS in rats which could be attributed to
its richness in polyphenols. Therefore, AP could have potential benefits against type 2 diabetes and obesity which are
components of MetS validating its ethnopharmacological use.
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Background

Obesity, dyslipidaemia and insulin resistance (IR) are
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primary risk factor for the development of metabolic
syndrome (MetS) disorders [2]. The metabolic factors
include obesity, hypertriglyceridaemia, Low high den-
sity lipoprotein cholesterol (HDL-c), high blood pres-
sure and high fasting blood glucose. The concurrence of
at least three of these five risk factors defines a state of
MetS [1]. The consumption of high fat/energy diet (HED)
and/or lack of physical activity leads to the accumula-
tion of body fat due to sustained positive energy balance
[3]. This fat is stored in adipocytes as triglyceride (TG)
under the control of insulin. In obesity, excess visceral fat
stored in the adipose tissue leads to hypertrophy of adi-
pocytes and hypoxia which is associated with reduced
insulin sensitivity accompanied by enhanced release of
free fatty acid (FFA) into circulation [4]. The increased
plasma FFA fluxes into the liver leading to hepatic accu-
mulation of TG which may be converted to cholesterol
[4]. Thus, increased hepatic TG (hypertriglyceridaemia)
is the hallmark of dyslipidaemia in obesity as it leads to
delayed clearance of TG-rich lipoproteins thereby pro-
moting the formation of low density lipoprotein cho-
lesterol (LDL-c) and decreasing HDL-c [5, 6]. Also,
increased FFA is known to be negatively associated with
HDL-c [7]. Elevated FFA release is known to inhibit insu-
lin’s lipogenic action through the inhibition of lipoprotein
lipase thereby increasing FFA release into the circulation.
More so, increase in circulating FFAs is associated with
decreased whole body insulin-stimulated glucose uptake
thereby leading to IR [5].

Insulin resistance may also originate from obesity-
induced inflammation [8]. Excessive growth of visceral
adipose depots, associated with adipocyte hypertro-
phy results in the activation of inflammatory pathways.
Obesity is involved in the alteration of adipokines; adi-
ponectin and leptin which are known to regulate blood
pressure, lipid and glucose metabolism and inflamma-
tion [9] and also associated with MetS [10, 11]. Lep-
tin upregulates pro-inflammatory cytokines such as
tumour necrosis factor-alpha (TNF-«a) and interleukin
(IL) -6 which are associated with IR [12]. In contrast,
adiponectin which is an anti-inflammatory molecule
downregulates the expression and release of many pro-
inflammatory mediators [13], promotes vasodila-
tion, regulates glucose and lipid metabolism and also
improves insulin sensitivity [14, 15]. As such, increased
leptin to adiponectin ratio (LAR) has been reported to
be a good marker for assessing obesity-induced low-
grade inflammation than isolated leptin or isolated adi-
ponectin concentrations [16, 17] and has been shown
to be strongly associated with MetS [16]. Lépez-Jar-
amillo et al. further suggested that the LAR may be a
useful diagnostic index for IR and a good marker for
assessing the effectiveness of antidiabetic therapy [16].
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Obesity-induced low-grade inflammation decreases
insulin signaling which results in IR in liver and skel-
etal muscles [18]. IR is a metabolic state characterised
by hyperinsulinaemia and hyperglycaemia in which cells
fail to sufficiently respond to insulin action [19]. This
impaired insulin response results in decreased uptake of
glucose into cells as a result of impaired expression and
translocation of glucose transporter 4 (GLUT4) in the
muscle and adipose tissues [20].

Globally, there is increased interest in the use of medic-
inal plants in the management of MetS-related diseases
as prescribed by community traditional healers and
elders [21]. Traditional herbs rich in polyphenols have
been shown to possess beneficial biological effects on
components of the MetS [22]. Some of these herbs are
easily accessible in certain local communities and often
consumed as natural teas. Athrixia phylicoides (Bush-
man tea) is a plant with a notable history of its use as a
tea by the indigenous people of South Africa and for the
treatment of diabetes and hypertension [23]. This plant is
rich in flavonoids and polyphenols with several medici-
nal properties including antifungal, antibacterial, antima-
larial, anti-inflammatory and antioxidant activities [24,
25]. In vitro studies of Athrixia phylicoides (AP) extracts
demonstrated increase glucose uptake and metabolism
in myoblasts and adipose tissue cell lines [26] suggest-
ing antidiabetic effects. However, there are no reports on
the in vivo effects of AP tea infusion against MetS using
animal model. This study therefore aimed to assess the
effects of AP tea infusion on selected parameters of MetS
in HED-induced rats.

Materials and methods

This study protocol complied with relevant institutional,
national, and international guidelines, regulations and
legislation required for plant and animal studies.

Source of plant material

Athrixia phylicoides was harvested from Lusikisiki, East-
ern Cape Province of South Africa from its natural habi-
tat and supplied by Mr. Fikile Mahlakata, a traditional
healer. The plant was authenticated by Dr. Immelman,
Department of Botany, Walter Sisulu University. Voucher
specimen (Maganga 1 KEI) was archived in the Kei Her-
barium of Walter Sisulu University (WSU).

Phytochemical profiling by Liquid Chromatography- Mass
Spectrometer (LC-MS)

Leaves of AP were dried at room temperature and manu-
ally crushed into a powder. The dried leave powder (2g)
was soaked overnight with 15mL of 50% methanol in
deionised water containing 1% formic acid and extracted
for 60min at room temperature in an ultrasonic bath
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(0.5Hz, Integral Systems, RSA). Prior to LC-MS analysis,
the extract was centrifuged (Hermle Z160m,) at 3000g
for 5min. An ultra-performance liquid chromatogra-
phy (UPLC) (Waters, Milford, MA, USA) connected to
a Waters Synapt G2 Quadrupole time-of-flight (QTOF)
mass spectrometer (MS) was used for LC-MS analysis as
previously reported by us [27]. Calibration and calcula-
tions were done using polyalanine according to Rauten-
bach et al. [28]. Samples were run in triplicate and results
reported as relative abundance (%).

Preparation of tea infusion

Five grams (5g) of AP dried leaves was steeped in 100 mL
of boiling water overnight in a shaking incubator (Labcon
5082U) at 60°C. The following day, the tea was vacuum
filtered using a Buchner funnel and Whatman™ No.1
filter paper. Tea infusion was made fresh every week for
the duration of the treatment period. The tea has been
reported to have no toxic effects even at high doses [29].

Ethical considerations

All experimental procedures conducted in the study
complied with the accepted ethical guidelines of Ani-
mal Care and Use and the Animal Research: Report-
ing of In Vivo Experiments (ARRIVE) guidelines and
with the principles for laboratory animal use and care as
specified by the South African National Standard (SANS
10386:2008) [30]. The study was approved by the Faculty
of Health Science Research Ethics Committee, WSU with
Protocol Number: 108/2018.

Animal care

Thirty 12-week old adult male Wistar rats, weighing
280-350g were purchased from the South African Vac-
cine Producers (Johannesburg, South Africa). The rats
were housed three per standard polypropylene cage
(460 x 310 x 140mm) with pine shavings bedding in a
temperature-controlled environment of 24-25°C, with
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12-h dark: light cycle. The animals were acclimatized for
a one-week period to adapt to their new environment
prior to commencement of the experiment. During the
experimental period, animals were allowed free access
to water, standard rat chow (EPOL, South Africa) and
high energy diet (HED). HED was prepared as previously
reported [31] with some modifications where sucrose
was replaced with fructose as fructose has been reported
to have greater effect than sucrose in inducing MetS [32].
The nutrient content of the standard rat chow and HED
are summarized in Table 1.

Study design

The induction of MetS in rat was done using a previ-
ous research protocol [33]. Animals were fed ad libitum
with HED for 12 weeks and were assessed for IR after the
intervention. After confirmation of IR via intraperitoneal
insulin tolerance test (data not shown), Wistar rats were
randomly allocated to groups (n =6/group) and adminis-
tered one of the following treatment regimens:

Normal diet control (NDc) =Normal diet + distilled
water.

HED control (HEDc) =HED + distilled water.

HED low dose (HED;)=HED + AP 50mg/Kg body
weight (BW),

HED high (HED,;) = HED + AP 100 mg/Kg BW.
HED metformin (HED,,)=HED+50mg/Kg BW
metformin.

Tea infusion of 50mg/Kg BW (2.5ml/Kg BW) AP and
100mg/kg BW (5mL/Kg BW) AP is equivalent to 1 cup
and 2 cups human dose respectively, using the body
surface area as a conversion factor of daily therapeutic
dose from human to rat using a multiplication factor of
6.2 according to Reagan-Shaw et al. [34]. These doses
were comparable to that of metformin used in the study.
Rats were treated for 10weeks of experimental period,

Table 1 Feed composition and caloric value of normal and high energy diets

Normal Diet (ND)

Highly Energy Diet (HED)

Ingredient quantity (g/Kg) % energy caloric value quantity (g/Kg) % energy caloric

(Kcal/Kg) value
(Kcal/Kg)

Protein 180 439 720 12191 16.7 487.64

Fat 25 6.1 225 116.8 16 1051.2

Carbohydrate 60 14.6 240 491.29 67.3 1965.16

Others 145 354 - - - -

Total 410 100 1185 730 100 3504

Others denotes: vitamins, minerals (calcium, phosphorus, iron, trace elements) fibre, moisture and ash

9/Kg grams per kilogram, Kcal/Kg kilocalorie per kilogram, % percent
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between 08:00—09:00am daily by oral gavage. The rats
were weighed every 2 weeks on an electronic balance
(KERNp¢) to adjust AP dose relative to body weight over
the 10-week treatment period. The amount of calories
consumed and weight of the animals was measured to
determine the net weight gain.

Calculations

Caloric intake (CI) per 100g BW for ND and HED fed
rats and treatment groups was calculated from feed con-
sumed as:

total feed consumed ( <
(total energy from diet (1%;;1 ) X w)mo‘g

total weight of feed ( o )

ke

CI/100g.BW =
/100g total BW(g)

Net body weight gain was calculated as:

final body weight (g) — initial body weight (g) = net body weight gain (g)

Fasting blood glucose

To assess fasting glucose levels as a measure of glucose
homeostasis, animals were fasted overnight for 8—12h
on the day of terminal procedures. Tail tips were pricked
using a sterile lancet and blood glucose concentration
(mmol/L) was measured using a calibrated Accu-Chek®
glucometer (Roche Diabetes Care, Inc., USA).

Oral glucose tolerance test

Oral glucose tolerance test (OGTT) was performed at
week 8 of the treatment period to determine glucose
clearance as a measure of endogenous insulin response
in rats after a glucose challenge. The protocol was per-
formed as previously described from our laboratory
[35]. Briefly, animals were fasted overnight for 8-12h
and fasting blood glucose (FBG) was measured at time 0,
using Accu-Chek® glucometer. The animals were given
an oral glucose load of 2g/kg BW through oral gavage.
FBG levels in mmol/L were determined at 30, 60, 90 and
120 min. The data was used to construct a dose response
curve (blood glucose vs time) and area under the curve
was calculated using GraphPadPrism version 5% software
(GraphPad Software Inc., San Diego, CA, USA) which
employs the trapezoid method. Results were compared
between the groups.

Terminal procedures

After 10weeks of treatment, final body weight and fast-
ing glucose concentration were measured. Total blood
cholesterol (mmol/L) was determined using EasyTouch®
cholesterol meter (Sterilance Medical (Suzhou) Inc.)
according to manufacturer’s protocol. Animals were ter-
minated by CO, inhalation in a closed container. Blood
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was collected by cardiac puncture using a 21G needle
attached to 5 mL syringe into ethylenediaminetetraacetic
acid (EDTA) vacutainer tubes for plasma collection. The
blood was centrifuged for 15min at 3000rpm (Eppen-
dorf 5810R) to obtain plasma which was aliquoted into
Eppendorf tubes for each rat and frozen at —20°C for
biochemical analyses. Left gastrocnemius muscle of each
rat was collected and immediately frozen for the deter-
mination of glucose transporter 4 (GLUT 4) concentra-
tion. Visceral fat from the abdomen and epididymis fat
pads was isolated and weighed for calculation of percent
visceral fat (adipose tissue) accumulation as:

, . __ | visceral fat weight (g)
Adipose tissue (%) = Tasting Body weight (g)} x 100.

Biochemical analyses

Plasma leptin and insulin levels were assayed using
enzyme linked immunosorbent assay (ELISA) kits (Elab-
science catalogue: E-EL-R0582 and E-EL-R2466 respec-
tively) while FFA and adiponectin were assayed using
Abebio and Quantikine ELISA kits (catalogue AE43768RA
and RRP300 respectively) as per manufacturer’s protocol.

Calculation of homeostatic model assessment of insulin
resistance

Fasting glucose concentration and plasma insulin con-
centrations were computed in the HOMA2 calculator
v2.2.3 (https://www.dtu.ox.ac.uk/homacalculator/downl
oad.php) to determine homeostasis model assessment of
insulin resistance (HOMAIR). Insulin resistance was cal-

culated as HOMA — IR — insulin (pMol) x fasting glucose ()

dL
405

Determination of gastrocnemius muscle glucose
transporter 4

Gastrocnemius muscle homogenate was prepared using
ice cold (phosphate buffered saline) PBS with Sigmafast,
protease inhibitor cocktail (Sigma-Aldrich SA: (animoe-
thyl) benzenesulfonyl fluoride hydrochloride, 2mM;
Aprotinin, 0.3 uM; Bestatin, 130 uM, EDTA, 1mM E-46
{[(4-guanidinobutyl) amino] -4-methyl-1-oxopentan-
2-yl} cyclopropanecarboxylic acid) 14uM and Leupep-
tin, 1pM at pH7.4 in a ratio of 1:10 (tissue: PBS) using
Potter Elvehjem with a glass Teflon homogenizer. The
homogenates were taken through three consecutive
overnight freeze at —40°C (Antech freezer, Qingdao,
China) and thaw (room temperature) cycles to break the
membrane bilayer and release the embedded proteins as
recommended by manufacturer and as described previ-
ously (Han et al., [36]). On the fourth day after thawing,
the homogenates were centrifuged at 3000 rpm at 4°C for
15min and immediately used for GLUT4 determination
using Elabscience ELISA kit (catalogue E-EL-R0430) as
per manufacturer’s protocol.
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Statistical analysis

Data was analyzed using GraphPad Prism Version 5%
software (GraphPad Software Inc., San Diego, CA,
USA). Shapiro-Wilks test was used to test for normal-
ity and the data was normally distributed. Thus, para-
metric tests were used for analysis. All results were
presented as mean =+ standard error of the mean. One-
way analysis of variance followed by Tukey’s post hoc
test was done to compare differences among multiple
groups. Differences between treatment groups was
considered significantly different when p <0.05.

Results

Phenolic profile by LC-MS analysis

Profiling by LC-MS showed the presence of phenolic
phytochemicals including trans-cinnamic acid, syrin-
galdehyde, vanillic acid, protocatechuic acid, syrin-
gic acid, p-coumaric acid, gallic acid, ferulic acid and
caffeic acid with the latter having the highest relative
abundance followed by vanillic and syringic acids.
Results are summarised in Table 2.

Effect of treatment with A. phylicoides on energy intake,
body weight gain and visceral fat accumulation

All treatment groups had similar caloric intake. Despite
similar caloric intake, rats treated with both doses
of AP had lower net body weight gain (p <0.05) com-
pared to HED fed rats and were similar to ND fed
rats. Rats treated with metformin had no effect on net
body weight gain which remained similar to both con-
trol groups. The HED fed rats had increased visceral
fat accumulation (p <0.05) compared to ND fed rats.
Treatment with both doses of AP reduced visceral fat
accumulation (p <0.05) as compared to HED, although
it was not comparable (p <0.05) to ND control.

Table 2 Phenolic acids identified in tea samples of Athrixia
phylicoides herbal tea by LC-MS

Compound Concentration (ug/L) Percent (%)
Trans-cinnamic acid 4022+5.7 373
Syringaldehyde 58.08+9.1 538

Vanillic acid 186.8+1.8 17.30
Protocatechuic acid 1491+£1.23 1.38
Syringic acid 7498418 6.95
p-coumaric acid 5459+£29 5.06

Gallic acid 10.90£0.8 1.01

Ferulic acid 4195+£12 3.89

Caffeic acid 597.1£11.1 5531

Values expressed as mean + standard error of mean, n =3
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However, metformin had no effect on visceral fat accu-
mulation as it remained similar (p >0.05) to HED fed
rats (Table 3).

Effect of treatment with A. phylicoides on total blood
cholesterol and serum FFAs

The HED fed rats had increased total blood choles-
terol (p <0.05) compared to ND fed rats although FFAs
were similar (p>0.05) among the control groups and AP
treated groups. Only treatment with low dose (50 mg/Kg
BW) AP reduced (p <0.05) total blood cholesterol com-
pared to HED fed rats. Both doses of AP and metformin
treatment reduced FFAs levels (p <0.05) compared to
HED fed rats (Fig. 1).

Effect of treatment with A. phylicoides on adipokine
balance

The HED increased leptin levels, lowered adiponectin
levels thereby increased LAR (p <0.05) in HED fed rats
compared to ND fed rats. Treatment with both doses
of AP tea infusion reduced leptin levels, increased adi-
ponectin levels and lowered LAR (p <0.05) compared
to HED fed rats. Metformin similarly reduced (p<0.05)
leptin levels although adiponectin levels remained simi-
lar (p>0.05). LAR was reduced (p <0.05) by metformin
compared to HED fed rats (Fig. 2).

Effect of treatment with A. phylicoides on blood glucose,
insulin, insulin resistance and muscle glucose transporter 4
The HED fed rats including low dose (50mg/Kg BW)
AP and 50mg/Kg BW metformin treatment groups had
increased FBG, sluggish dose response and increased
total area under the curve compared to ND fed rats. Only
treatment with high dose (100mg/Kg BW) AP reduced
(p <0.05) FBG. High dose (100mg/Kg BW) AP had a
transitional effect as depicted by dose response and total
area under the curve similar to ND control group (Fig. 3).

The HED fed rats had increased insulin resistance
(p <0.05) compared to ND fed rats. Only treatment with
low dose (50mg/Kg BW) AP tea infusion reduced cir-
culating insulin levels and insulin resistance (p <0.05).
Treatment with both doses of AP increased total muscle
GLUT4 levels (p <0.05) compared to HED fed rats. Met-
formin treated rats had lowered (p <0.05) total muscle
GLUT4 concentration compared to both control groups
(Table 4).

Discussion

The Diet-induced MetS based on high-carbohydrate
dietary intervention represents a valuable tool to inves-
tigate and validate new therapeutic possibilities in the
treatment of obesity, diabetes and other cardiovascular
risk factors. Without any doubt, our study confirmed
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Table 3 Effect of AP tea infusion on feed intake, caloric intake, net body weight gain and visceral fat in rats fed with high energy diet

Items Groups
ND control HED control HED + AP 50 mg/Kg BW HED + AP HED + 50mg/
100 mg/Kg BW Kg BW

metformin

Feed intake, g 268.80+28.80 172.50415.78" 20000+ 1246 197304744 181841574

Calorie intake, Kcal/100g BW 31484323 32834293 38704253 38664 1.68 39524297

Net body weight gain, g 293344.06 3054283 17.334+4.83" 193344.19" 2724325

Visceral fat, g 202£0.11 4964035 306+035" 3204037 5314038

Visceral fat, % 0.50=40.03 12340.10™ 0794008 0.8340.08" 13340117

Data expressed as mean + standard error of mean

NDnormal diet control, HED high energy diet control, HED, high energy diet 4+ 50 mg/Kg BW AP (n =6), HED,, high energy diet + 100 mg/kg BW AP, HED,, high

energy diet + 50 mg/Kg BW metformin (n =6)
*p <0.05

**¥p <0.001 compared to ND¢

*p <0.05

# p <0.01 compared to HED.

components of diet-induced MetS, namely body weight
gain, visceral adiposity, FFA, adipokine dysregulation (i.e.
inflammation), hyperglycemia, insulin resistance, and
hypercholesterolemia.

Natural teas rich in polyphenols with beneficial effects
on metabolic derangements have gained interest by
researchers [22, 37]. These natural teas may offer a multi-
target effect with lesser side effects on obesity related
derangements and are easily accessible by poor commu-
nities residing in villages. Several human studies have
proved that tea drinking could alleviate MetS [25, 26].
Our findings confirmed AP to be rich in polyphenols,
especially caffeic, vanillic and syringic acids as has been
previously reported [24]. Considering that polyphenols in
AP including flavonoids and tannins have been reported
to be responsible for its medicinal properties [24, 25], in
this present study, we assessed the effect of AP on diet-
induced MetS in rats.

Obesity which is central to the development of MetS
and commonly results from the consumption of HED
diets is known to promote the accumulation of fats in the
adipose tissue and increase circulatory cholesterol in the
body [3]. Excess fat storage in the adipose tissue as TG
leads to adipocyte hypertrophy which promotes lipolysis
leading to the release of FFAs into the circulation [38]. As
confirmed by our study, HED fed rats had increased vis-
ceral fat, total cholesterol and FFAs which were reduced
by AP treatment. Increased visceral fat accumulation and
adipocyte hypertrophy is associated with adipokine dys-
regulation, which includes increased pro-inflammatory
leptin and reduced anti-inflammatory adiponectin con-
centrations in the circulation [17]. Traditionally, leptin
is known to increase appetite, body weight and thermo-
genesis, and reduce energy expenditure [39]. Obesity
is associated with overproduction of leptin, leading to
leptin-induced local and peripheral inflammation [40] via
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Table 4 Effect of AP tea infusion fasting blood glucose, serum insulin, homeostatic assessment of insulin resistance and sensitivity and

glucose transporter 4 in rats fed with high energy diet

Items Groups
ND control HED control HED + AP 50 mg/Kg BW HED + AP 100 mg/Kg HED + 50 mg/
BW Kg BW

metformin

Fasting 4304008 5454027 5104013 47040.09* 50840.18"

Insulin 080023 067+0.17 0.28+0.07" 0.76 £0.09 0634030

HOMA-IR 1.06+0.40 2944053 1.004+021% 2354028 1124041

GLUT4 821+051 7.6040.12 978 +101* 9,07 £0.34"# 660+£055%

Data expressed as mean + standard error of mean

ND. normal diet control, HED high energy diet control, HED, high energy diet +50mg/Kg BW AP, HED,, high energy diet + 100 mg/kg BW AP, HED,, high energy diet

+ 50mg/Kg BW metformin

*p <0.05

**p <0.01

**¥p <0.001; compared to ND
#p<0.05

## p <0.001 compared to HED

the activation of TNF-a and IL-6 production, and stimu-
lation of surface markers [41]. In our study, HED fed rats
had increased leptin concentrations which were reduced
by treatment with AP tea infusion as well as metformin.
Hamdaoui et al. reported similar results where black and
green tea infusions decreased leptin levels in obese rats
[42].

Adiponectin is another adipocyte-derived cytokine
that is known to possess anti-MetS effects through anti-
obesity and anti-diabetic actions and alleviates insulin
resistance by stimulation of lipid breakdown and inhib-
iting inflammatory responses and atherosclerosis [43].
HED has been demonstrated to decrease adiponectin
concentration, which is consistent with the current study
[44]. However in this study, hypoadiponectinaemia was
ameliorated by treatment with AP tea infusion. Simi-
lar results were also reported in other studies that used
medicinal plants such as green tea in rat models [44]
and oolong tea in humans [45]. Tian et al. reported that
green tea increased adiponectin concentration by rever-
sal of reduced peroxisome proliferator-activated recep-
tor (PPARy) in HED fed rats [44]. PPARy binds with
PPAR-responsive element to stimulate transcription of
the adiponectin gene, thereby increasing adiponectin
concentration [46]. It is conceivable that AP tea infusion
may follow the same mechanism of action to increase
adiponectin concentrations in HED fed rats. Studies have
reported that increased LAR is strongly associated with
MetS and cardiovascular diseases than isolated leptin
or isolated adiponectin concentrations [16, 17]. Lépez-
Jaramillo et al. further suggested that the LAR may be a
useful diagnostic index for insulin resistance and a good
marker for assessing the effectiveness of antidiabetic

therapy [16]. In this study, treatment with AP reduced
LAR in HED animals. This finding suggest that AP pos-
sess anti-inflammatory properties. A previous study has
equally shown Catechin-rich green tea extract to amelio-
rate mucosal inflammation in mice [47].
Obesity-induced inflammation is closely associated
with IR in adipocytes, hepatocyte and other insulin-
sensitive tissues through several pathways. Insulin
plays an important role in glycaemic control, and defi-
cient insulin actions may cause glucose intolerance
and may progress to type 2 diabetes mellitus [48]. Our
study showed that AP improved hyperglycaemia and
the effect was dose dependent as the higher dose of AP
(100mg/Kg BW + AP) reduced FBG and postprandial
blood glucose (PBG) following an OGTT through week
8. It is suggested that a decrease in glucose clearance
from the circulation occurs with impaired insulin secre-
tion and sensitivity [47]. Our data showed that the low
dose AP tea infusion improved glucose tolerance, and
reduced circulating insulin and IR. Similar results were
reported for green tea, where hyperinsulinaemia and IR
were ameliorated in mice [49]. Amelioration of hyper-
insulinaemia has been attributed to insulin-degrading
enzyme [50]. Therefore, it may be suggested that AP
can reduce IR by promoting insulin clearance through
the inhibition of insulin degrading enzyme activity as
reported for green tea [49]. It is well known that long
term glycaemic control in the body primarily depends
on appropriate insulin secretion from pancreatic beta
cells and tissue sensitivity toward insulin to increase
glucose uptake by specific transporters such as GLUT4
[51]. Our findings showed AP tea infusion to increase
GLUT4 in the muscle of animals suggesting it promotes
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the transportation of glucose into the cell for metabo-
lism. Athrixia phylicoides have shown to have some
direct effects on the improvement of glycaemic control
as demonstrated by improved FBG, insulin action and
increase GLUT 4 transporter for glucose metabolism.
Various teas have been shown to interfere with carbo-
hydrate digestion, absorption and metabolism through
their abilities to inhibit a-amylase [52], a-glucosidase 4
[53], intestinal glycosidase activity [54] and promote the
expression [55] and translocation [56] of GLUT4 trans-
porter. The potential mechanism of AP tea anti-diabetic
activity may be through the enhancement of insulin
sensitivity which induces the expression and transloca-
tion of GLUT4 transporter in glucose metabolic cells.
The activation of GLUT4 facilitates glucose update and
metabolism thereby enhancing glucose tolerance and
lowering blood glucose levels.

Adiposity and associated IR play a critical role in the
development of dyslipidaemia. Adipose tissue IR is asso-
ciated with increased lipolysis [57]. The inhibitory effect
of insulin on lipolytic hormone-sensitive lipase in adi-
pose tissues and stimulation of lipogenic lipoprotein
lipase in peripheral tissues is reduced in the state of IR
resulting in overall lipolysis [58]. Therefore, increased
lipolysis within the adipose tissue results in high FFA flux
into the circulation which may affect insulin signaling
pathway leading to IR [59]. Also, increase in visceral fat
is associated with inflammation, inversely proportional
to insulin secretion and sensitivity, and directly propor-
tional to IR [60]. The effect of AP tea infusion on glycae-
mic control in our study may be partially attributable to
the observed decrease in weight gain, reduced visceral fat
accumulation, reduced FFAs and reduced LAR which all
have an indirect effect in ameliorating IR.

Metformin is a known drug used to manage diabetes
with several anti-diabetic effects. Apart from its hyper-
glycaemic effect and improvement of IR, metformin is
known to inhibit and reduce visceral fat accumulation
in humans [61] and mice [62]. It has been reported to
inhibit the mitogen-activated protein kinase (MAPK)
signaling pathway in adipocytes leading to reduction of
leptin [63]. It has been reported to ameliorate hypoadi-
ponectinaemia in type 2 diabetic rats [64]. In this study,
AP teas infusion was shown to have similar anti-dia-
betic effects as metformin in ameliorating IR and lower-
ing blood glucose as well as upregulate adiponectin and
reducing leptin and FFAs. This finding suggest that AP
tea may exert its anti-diabetic effects through similar
mechanism as metformin. More so, AP showed a bet-
ter effect in lowering weight gain, visceral fat and total
cholesterol, and upregulating adiponectin than met-
formin. Therefore, apart from its anti-diabetic effect,

(2021) 21:292

Page 9 of 11

AP tea may have added advantage over metformin with
its anti-obesity effects and has potential to be used as a
remedy for weight loss. Although this study has shown
AP tea extract to improve some parameters of MetS,
this study did not directly assess triglyceride and HDL-c
which are key components of dyslipidaemia and MetS.
However, this study assessed visceral fat, FFA and cho-
lesterol which are markers of adiposity and dyslipdae-
mia implicated in MetS. More so, only male animals
were used in the study because female animals became
pregnant which could affect the outcome of the study.
Therefore, it will be of interest in future to assess the
effect of AP on all component of the MetS including key
biomarkers of the metabolic pathway using both male
and female animals to enhance the findings of this study
and better elucidate the mechanism of action of AP on
MetS.

Conclusion

This study showed Athrixia phylicoides tea infusion to
reduce central adiposity, restored adipokine regulation,
ameliorated hyperglycemia, improve glucose uptake
and reduce insulin resistance in HED diet-induced
MetS in rats. The presence of polyphenols in Athrixia
phylicoides tea may be responsible for the observed
biological effects linked to its medicinal properties.
Athrixia phylicoides tea infusion have potential to be
used as a remedy for type 2 diabetes and obesity which
are components of MetS. Our study has added a new
understanding on how natural products such as AP tea
infusion affects adipokine balance, lipid and glucose
homeostasis in vivo.

Abbreviations

MetS: Metabolic syndrome; HED: High fat/energy diet; FFA: Free fatty acid; TG:
Triglyceride; LDL-c: Low density lipoprotein cholesterol; HDL-c: High density
lipoprotein cholesterol; TNF-a: Tumour necrosis factor-alpha; IL: Interleukin;
LAR: Leptin to adiponectin ratio; IR: Insulin resistance; AP: Athrixia phylicoides;
LC-MS: Liquid chromatography- mass spectrometer; QTOF: Quadrupole time-
of-flight; MS: Mass spectrometer; UPLC: Ultra-performance liquid chromatog-
raphy; EDTA: Ethylenediaminetetraacetic acid; GLUT 4: Glucose transporter 4;
ELISA: Enzyme linked immunosorbent assay; HOMA-IR: Homeostasis model
assessment of insulin resistance; PPARy: Peroxisome proliferator-activated
receptor; OGTT: Oral glucose tolerance test; FBG: Fasting blood glucose; PBG:
Postprandial blood glucose; MAPK: Mitogen-activated protein kinase.

Acknowledgements
Authors acknowledge Walter Sisulu University for continued infrastructural
support.

Authors’ contributions

“CRS.-R. developed the concept, designed and funded the study. CRS-R,
M.AMM. and G.AE. performed the animal study and laboratory analysis.
MAMM., GAE, CRS-R,and BN.N-C. analysed and interpreted the data.
MAMM., GAE, BNN-C. and CRS.-R. wrote the manuscript. All authors proof-
read and approved the final manuscript”



Mokwena et al. BMC Complementary Medicine and Therapies

Funding

We acknowledge the South African Medical Research Council (SAMRC) for
funding this research work through the Research Capacity Development
Initiative at Selected Universities research grant to CRS.-R.

Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate

All methods were performed in accordance with the study protocol of
relevant institutional, national, and international guidelines, regulations and
legislation” required for plant and animal studies. This study was conducted
in accordance with the ethical guidelines of Animal Care and Use and the
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.
Ethics clearance for this study was obtained from Faculty of Health Sciences
Research Ethics Committee, Walter Sisulu University (WSU), South Africa with
ethics clearance reference number: 108/2018. This is an animal study so no
consent to participate was required.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Human Biology, Faculty of Health Sciences, Walter Sisulu Uni-
versity PBX1, Mthatha 5117, South Africa. 2Department of Biological and Envi-
ronmental Sciences, Faculty of Natural Sciences, Walter Sisulu University PBX1,
Mthatha 5117, South Africa.

Received: 27 September 2021 Accepted: 3 November 2021
Published online: 29 November 2021

References

1. Wilson PWF, D’Agostino RB, Parise H, Sullivan L, Meigs JB. Metabolic
syndrome as a precursor of cardiovascular disease and type 2 diabetes
mellitus. Circulation. 2005;112:3066-72.

2. Hosseini Z, Whiting SJ, Vatanparast H. Current evidence on the associa-
tion of the metabolic syndrome and dietary patterns in a global perspec-
tive. Nutr Res Rev. 2016;29(2):152-62.

3. Agha M, Agha R. The rising prevalence of obesity: part A:impact on
public health. Int J Surg Oncol (NY). 2017;2(7):e17.

4. Ebbert JO, Jensen MD. Fat depots, free fatty acids, and dyslipidemia.
Nutrients. 2013;5(2):498-508.

5. Boden G. Obesity, insulin resistance and free fatty acids. Curr Opin Endo-
crinol Diabetes Obes. 2011;18(2):139-43.

6. Klop B, Elte JW, Cabezas MC. Dyslipidemia in obesity: mechanisms and
potential targets. Nutrients. 2013;5(4):1218-40.

7. Rashid S, Uffelman KD, Lewis GF. The mechanism of HDL lowering in
hypertriglyceridemic, insulin-resistant states. J Diabetes Complicat.
2002;16:24-8.

8. Capurso C, Capurso A. From excess adiposity to insulin resistance: the
role of free fatty acids. Vasc Pharmacol. 2012;57:91-7.

9. Derosa G, Maffioli P, Sahebkar A. Improvement of plasma adiponectin,
leptin and C-reactive protein concentrations by orlistat: a systematic
review and meta-analysis. Br J Clin Pharmacol. 2016;81(5):819-34.

10. Zachariah JP, Quiroz R, Nelson KP, Teng Z, Keaney JF Jr, Sullivan LM, et al.
Prospective relation of circulating adipokines to incident metabolic syn-
drome: the Framingham heart study. J Am Heart Assoc. 2017;6(7).e004974.

11. Ntzouvani A, Fragopoulou E, Panagiotakos D, Pitsavos C, Antonopoulou S.
Reduced circulating adiponectin levels are associated with the metabolic
syndrome independently of obesity, lipid indices and serum insulin
levels: a cross-sectional study. Lipids Health Dis. 2016;15(1):140.

(2021) 21:292

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

2.

Page 10 of 11

Kang YE, Kim JM, Joung KH, Lee JH, You BR, Choi MJ, 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(4):e0154003.

. Hann M, ZengY, Zong L, Sakurai T, Taniguchi Y, Takagaki R, et al. Anti-

inflammatory activity of Isomaltodextrin in a C57BL/6NCrl mouse model
with lipopolysaccharide-induced low-grade chronic inflammation.
Nutrients. 2019;11(11):2791.

. Yanai H, Yoshida H. Beneficial effects of adiponectin on glucose and lipid

metabolism and atherosclerotic progression: mechanisms and perspec-
tives. Int J Mol Sci. 2019;20(5):1190.

. Burhans MS, Hagman DK, Kuzma JN, Schmidt KA, Kratz M. Contribution

of adipose tissue inflammation to the development of type 2 diabetes
mellitus. Comprehensive Physiol. 2011;9(1):1-58.

. Lépez-Jaramillo P, Gomez-Arbeldez D, Lopez-Lépez J, Lopez-Lopez C,

Martinez-Ortega J, Gdmez-Rodriguez A, et al. The role of leptin/adiponec-
tin ratio in metabolic syndrome and diabetes. Horm Mol Biol Clin Invest.
2014;18(1):37-45.

. Adejumo EN, Adejumo OA, Azenabor A, Ekun AO, Enitan SS, Adebola OK,

et al. Leptin: Adiponectin ratio discriminated the risk of metabolic syn-
drome better than adiponectin and leptin in Southwest Nigeria. Diabetes
Metab Syndr. 2019;13(3):1845-9.

. Longo M, Zatterale F, Naderi J, Parrillo L, Formisano P, Raciti GA, et al. Adi-

pose tissue dysfunction as determinant of obesity-associated metabolic
complications. Int J Mol Sci. 2019;20(9):2358.

Samuel VT, Shulman GI. The pathogenesis of insulin resistance: integrating
signaling pathways and substrate flux. Nm J Clin Invest. 2016;126(1):12-22.
Xu P, Song Z, Zhang W, Jiao B, Yu Z. Impaired translocation of GLUT4
results in insulin resistance of atrophic soleus muscle. Biomed Res Int.
2015;2015:291987.

Jang S, Jang B-H, KoY, Sasaki Y, Park J-S, Hwang E-H, et al. Herbal
medicines for treating metabolic syndrome: a systematic review of
randomized controlled trials. Evid Based Complement Alternat Med.
2016;2016:5936402.

Chiva-Blanch G, Badimon L. Effects of polyphenol intake on metabolic
syndrome: current evidences from human trials. Oxidative Med Cell
Longev. 2017;2017:5812401.

Joubert E, Gelderblom W, Louw A, de Beer D. South African herbal teas:
Aspalathus linearis, Cyclopia spp. and Athrixia phylicoides—a review. J
Ethnopharmacol. 2008;119(3):376-412.

Lerotholi L, Chaudhary S, Combrinck S, Viljoen A. Bush tea (Athrixia phyli-
coides): a review of the traditional uses, bioactivity and phytochemistry.
South Afr J Bot. 2017;110:4-17.

de Beer D, Joubert E, Malherbe CJ, Brand DJ. Use of countercurrent
chromatography during isolation of 6-hydroxyluteolin-7-O-f-glucoside,
a major antioxidant of Athrixia phylicoides. J Chromatography A.
2011;1218(36):6179-86.

Chellan N, Muller C, De Beer D, Joubert E, Page B, Louw J. An in vitro
assessment of the effect of Athrixia phylicoides DC. Aqueous extract on
glucose metabolism. Phytomed. 2012;19(8-9):730-6.

Mfengu MOM, Shauli M, Engwa GA, Musarurwa HT, Sewani-Rusike CR.
Lippia javanica (Zumbani) herbal tea infusion attenuates allergic airway
inflammation via inhibition of Th2 cell activation and suppression of
oxidative stress. BMC Complement Med Ther. 2021;21(1):192.

Rautenbach M, Viok NM, Eyéghé-Bickong HA, van der Merwe MJ, Stander
MA. An electrospray ionization mass spectrometry study on the “in Vacuo”
hetero-oligomers formed by the antimicrobial peptides, surfactin and
gramicidin. S J Am Soc Mass Spectrometry. 2017,28(8):1623-37.

Chellan N, De Beer D, Muller C, Joubert E, Louw J. A toxicological assess-
ment of Athrixia phylicoides aqueous extract following sub-chronic
ingestion in a rat model. Hum Exp Toxicol. 2008;27(11):819-25.

Mohr B. The current status of laboratory animal ethics in South Africa. Alt
Lab Animals. 2013;41(4):48-51.

Oliva L, Aranda T, Caviola G, Fernandez-Bernal A, Alemany M, Ferndndez-
Lopez JA, et al. In rats fed high-energy diets, taste, rather than fat content,
is the key factor increasing food intake: a comparison of a cafeteria and a
lipid-supplemented standard diet. PeerJ. 2017;5:€3697.

Wong SK, Chin KY, Suhaimi F, Fairus A, Ima-Nirwana S. Animal models of
metabolic syndrome: a review. Nutr Metab (Lond). 2016;13:65.

Wong SK, Chin K-Y, Suhaimi FH, Ahmad F, Ima-Nirwana S. The

effects of a modified high-carbohydrate high-fat diet on metabolic



Mokwena et al. BMC Complementary Medicine and Therapies

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

syndrome parameters in male rats. Exp Clin Endocrinol Diabetes.
2018;126(04):205-12.

Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal to
human studies revisited. FASEB J. 2008;22(3):659-61.

Sewani-Rusike CR, Jumbam DN, Chinhoyi LR, Nkeh-Chungag BN. Investi-
gation of hypogycemic and hypolipidemic effects of an aqueous extract
of Llupinus albus legume seed in Streptozotocin-induced type | diabetic
rats. Afr J Trad Compl Alt Med. 2015;12(2):36-42.

Han DH, Hancock CR, Jung SR, Higashida K, Kim SH, Holloszy JO. Defi-
ciency of the mitochondrial electron transport chain in muscle does not
cause insulin resistance. PloS one. 2011;6(5):e19739.

Wang S, Moustaid-Moussa N, Chen L, Mo H, Shastri A, Su R, et al.

Novel insights of dietary polyphenols and obesity. J Nutr Biochem.
2014;25(1):1-18.

Mook S, Halkes CC, Bilecen S, Castro CM. In vivo regulation of plasma free
fatty acids in insulin resistance. Met. 2004;53:1197-201.

Pandit R, Beerens S, Adan RA. Role of leptin in energy expenditure: the
hypothalamic perspective. Am J Physiol-Regulatory Integr Comp Physiol.
2017;312(6):R938-47.

Ramos-Lobo AM, Donato J Jr. The role of leptin in health and disease.
Temperature. 2017;4(3):258-91.

Cannon JG, Sharma G, Sloan G, Dimitropoulou C, Baker RR, Mazzoli A,

et al. Leptin regulates CD16 expression on human monocytes in a sex-
specific manner. Phys Rep. 2014;2(10):e12177.

Hamdaoui MH, Snoussi C, Dhaouadi K, Fattouch S, Ducroc R, Le Gall M,
et al. Tea decoctions prevent body weight gain in rats fed high-fat diet;
black tea being more efficient than green tea. J Nutr Intermediary Met.
2016;6:33-40.

Achari AE, Jain SK. Adiponectin, a therapeutic target for obesity, diabetes,
and endothelial dysfunction. Int J Mol Sci. 2017;18(6):1321.

Tian C, Ye X, Zhang R, Long J, Ren W, Ding S, et al. Green tea polyphenols
reduced fat deposits in high fat-fed rats via erk1/2-PPARy-adiponectin
pathway. PLoS One. 2013;8(1):e53796.

Shimada K, Kawarabayashi T, Tanaka A, Fukuda D, Nakamura Y, Yoshiyama
M, et al. Oolong tea increases plasma adiponectin levels and low-density
lipoprotein particle size in patients with coronary artery disease. Diabetes
Res Clin Pract. 2004;65(3):227-34.

Oberthuer A, Dénmez F, Oberhduser F, Hahn M, Hoppenz M, Hoehn T,

et al. Hypoadiponectinemia in extremely low gestational age newborns
with severe hyperglycemia—a matched-paired analysis. PLoS One.
2012;7(6).e38481.

Dey P, Olmstead BD, Sasaki GY, Vodovotz Y, Yu Z, Bruno RS. Epigallocat-
echin gallate but not catechin prevents nonalcoholic steatohepatitis in
mice similar to green tea extract while differentially affecting the gut
microbiota. J Nutr Biochem. 2020;84:108455.

Ohashi K, Fujii M, Uda S, Kubota H, Komada H, Sakaguchi K, et al. Increase
in hepatic and decrease in peripheral insulin clearance characterize
abnormal temporal patterns of serum insulin in diabetic subjects. NPJ
Syst Biol Appl. 2018:4(1):14.

Gan L, Meng Z-J, Xiong R-B, Guo J-Q, Lu X-C, Zheng Z-W, et al. Green tea
polyphenol epigallocatechin-3-gallate ameliorates insulin resistance in
non-alcoholic fatty liver disease mice. Acta Pharmacol Sin. 2015;36(5):597.

(2021) 21:292

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 11 of 11

Elseweidy MM, Amin RS, Atteia HH, Aly MA. Nigella sativa oil and
chromium picolinate ameliorate fructose-induced hyperinsulinemia by
enhancing insulin signaling and suppressing insulin-degrading enzyme
in male rats. Biol Trace Elem Res. 2018;184(1):119-26.

Roder PV, Wu B, Liu Y, Han W. Pancreatic regulation of glucose homeosta-
sis. Exp Mol Med. 2016;48(3):e219.

AryaV, Taneja L. Inhibition of salivary amylase by black tea in high-

caries and low-caries index children: a comparative in vivo study. Ayu.
2015;36:278-82.

Yang X, Kong F. Evaluation of the in vitro a-glucosidase inhibitory activ-
ity of green tea polyphenols and different tea types. J Sci Food Agric.
2016,96(3):777-82.

Yang C-Y, Yen Y-Y, Hung K-C, Hsu S-W, Lan S-J, Lin H-C. Inhibitory effects
of pu-erh tea on alpha glucosidase and alpha amylase: a systemic review.
Nutr Diabetes. 2019;9(1):1-6.

Wu LY, Juan CC, Hwang LS, Hsu YP, Ho PH, Ho LT. Green tea supplementa-
tion ameliorates insulin resistance and increases glucose transporter IV
content in a fructose-fed rat model. Eur J Nutr. 2004;43:116-24.
Nagano T, Hayashibara K, Ueda-Wakagi M, Yamashita Y, Ashida H. Black
tea polyphenols promotes GLUT4 translocation through both PI3K-and
AMPK-dependent pathways in skeletal muscle cells. Food Sci Technol Res.
2015;21(3):489-94.

Morigny P, Houssier M, Mouisel E, Langin D. Adipocyte lipolysis and
insulin resistance. Biochimie. 2016;125:259-66.

Huang H, Zhang Y, Cao M, Xue L, Shen W. Effects of fasting on the activi-
ties and mRNA expression levels of lipoprotein lipase (LPL), hormone-
sensitive lipase (HSL) and fatty acid synthetase (FAS) in spotted seabass
Lateolabrax maculatus. Fish Physiol Biochem. 2018;44(1):387-400.

Ye J. Mechanisms of insulin resistance in obesity. Front Med.
2013;7(1):14-24.

Jung UJ, Choi M-S. Obesity and its metabolic complications: the role of
adipokines and the relationship between obesity, inflammation, insulin
resistance, dyslipidemia and nonalcoholic fatty liver disease. Int J Mol Sci.
2014;15(4):6184-223.

Tokubuchi |, Tajiri Y, Iwata S, Hara K, Wada N, Hashinaga T, et al. Beneficial
effects of metformin on energy metabolism and visceral fat volume
through a possible mechanism of fatty acid oxidation in human subjects
and rats. PLoS One. 2017;12(2):e0171293.

Kim Y-H, Lee YJ, Jeong Y-Y, Kim Y-W, Park S-Y, Doh K-O, et al. The effect

of metformin on liver lipid accumulation in mice fed a high-fat diet. J
Korean Soc Appl Biol Chem. 2010;53(2):198-205.

Klein J, Westphal SR, Kraus D, Meier B, Perwitz N, Ott V, et al. Metformin
inhibits leptin secretion via a mitogen-activated protein kinase signalling
pathway in brown adipocytes. J Endocrinol. 2004;183(2):299-307.

Ismail T, Soliman MM, SA |. Adiponectin regulation in type 2 diabetic

rats: effects of insulin, metformin and dexamethasone. Am J Pharmacol
Toxicol. 2013;8(4):197-208.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Athrixia phylicoides tea infusion (bushman tea) improves adipokine balance, glucose homeostasis and lipid parameters in a diet-induced metabolic syndrome rat model
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Source of plant material
	Phytochemical profiling by Liquid Chromatography- Mass Spectrometer (LC-MS)
	Preparation of tea infusion
	Ethical considerations
	Animal care
	Study design
	Calculations

	Fasting blood glucose
	Oral glucose tolerance test
	Terminal procedures
	Biochemical analyses
	Calculation of homeostatic model assessment of insulin resistance
	Determination of gastrocnemius muscle glucose transporter 4
	Statistical analysis

	Results
	Phenolic profile by LC-MS analysis
	Effect of treatment with A. phylicoides on energy intake, body weight gain and visceral fat accumulation
	Effect of treatment with A. phylicoides on total blood cholesterol and serum FFAs
	Effect of treatment with A. phylicoides on adipokine balance
	Effect of treatment with A. phylicoides on blood glucose, insulin, insulin resistance and muscle glucose transporter 4

	Discussion
	Conclusion
	Acknowledgements
	References


