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Abstract

Oral therapeutics used to treat type 2 diabetes and cardiovascular disease often fail to pre-

vent the progression of disease and their comorbidities. Rooibos (Aspalathus linearis), an

endemic South African plant used as an herbal tea, has demonstrated positive effects on

glycemia and hypercholesterolemia. However, the treatment efficacy of rooibos extract in

combination with conventional hypoglycemic and hypolipidemic medications on blood glu-

cose and lipid profiles has not been established. This study aimed to investigate the effects

of combining an aspalathin-rich green rooibos extract (Afriplex GRT™) with pioglitazone

and atorvastatin, on blood glucose and lipid levels in obese diabetic (db/db) mice. Six-week-

old male db/db mice and their nondiabetic lean littermate controls (db+) were divided into 8

experimental groups (n = 6/group). Db/db mice were treated daily either with pioglitazone

(25 mg/kg), atorvastatin (80 mg/kg) and GRT (100 mg/kg), a combination of either drug with

GRT or a combination of GRT-pioglitazone and atorvastatin for 5 weeks. Untreated vehicle

controls were given dimethyl sulfoxide (0.1%) and phosphate buffered saline solution. At ter-

mination, serum and liver tissue were collected for lipid and gene expression analysis. Treat-

ment with GRT, pioglitazone and atorvastatin combination effectively lowered fasting

plasma glucose (FPG) levels in db/db mice (p = 0.02), whilst increasing body weight, liver

weight, and reducing retroperitoneal fat weight. Atorvastatin monotherapy was effective at

reducing cholesterol (from 4.00 ± 0.12 to 2.93 ± 0.13, p = 0.0003), LDL-C (from 0.58 ± 0.04

to 0.50 ± 0.00, p = 0.04), HDL-C (from 2.86 ± 0.05 to 2.50 ± 0.04, p = 0.0003) and TG (from

2.77 ± 0.50 to 1.48 ± 0.23, p = 0.04), compared to the untreated diabetic control. The hypotri-

glyceridemic effect of atorvastatin was enhanced when used in combination with both GRT

and pioglitazone. The addition of pioglitazone to GRT significantly lowered FPG and TG. In

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0251069 May 13, 2021 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Patel O, Muller CJF, Joubert E,

Rosenkranz B, Louw J, Awortwe C (2021)

Therapeutic effects of an aspalathin-rich green

rooibos extract, pioglitazone and atorvastatin

combination therapy in diabetic db/db mice. PLoS

ONE 16(5): e0251069. https://doi.org/10.1371/

journal.pone.0251069

Editor: Venkata Naga Srikanth Garikipati, The Ohio

State University College of Medicine, UNITED

STATES

Received: September 16, 2020

Accepted: April 19, 2021

Published: May 13, 2021

Copyright: © 2021 Patel et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

information files.

Funding: This research was funded in part by the

National Research Foundation (NRF) Thuthuka

Programme (Grant 99381 to OP), the IRG-JSPS/

NRF Research Cooperation Programme (Grant

108667 to EJ) and the Biomedical Research and

Innovation Platform of the South African Medical

https://orcid.org/0000-0002-1647-6033
https://orcid.org/0000-0002-9717-9769
https://doi.org/10.1371/journal.pone.0251069
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251069&domain=pdf&date_stamp=2021-05-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251069&domain=pdf&date_stamp=2021-05-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251069&domain=pdf&date_stamp=2021-05-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251069&domain=pdf&date_stamp=2021-05-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251069&domain=pdf&date_stamp=2021-05-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251069&domain=pdf&date_stamp=2021-05-13
https://doi.org/10.1371/journal.pone.0251069
https://doi.org/10.1371/journal.pone.0251069
http://creativecommons.org/licenses/by/4.0/


db/db mice, Apoa1 was significantly downregulated in the liver, whilst Pparγ was signifi-

cantly upregulated compared to their db+ counterparts. GRT monotherapy downregulated

Apoa1 expression (p = 0.02). Atorvastatin combined with GRT significantly downregulated

mRNA expression of Apoa1 (p = 0.03), whilst upregulating the expression of Pparγ (p =

0.03), Pparα (p = 0.002), Srebp1 (p = 0.002), and Fasn (p = 0.04). The GRT-pioglitazone-

atorvastatin combination therapy downregulated Apoa1 (p = 0.006), whilst upregulating

Fasn (p = 0.005), Pparα (p = 0.041), and Srebp1 (p = 0.03). Natural products can improve

the efficacy of current drugs to prevent diabetes-associated complications. GRT in combina-

tion with pioglitazone enhanced the reduction of FPG, whilst the addition of atorvastatin to

the combination, significantly lowered triglyceride levels. However, when GRT was used in

combination with atorvastatin only cholesterol levels were affected. Although these results

confirm both glucose- and lipoprotein-lowering biological effects of GRT in combination with

pioglitazone and atorvastatin, increased expression of genes involved in lipogenesis, cho-

lesterol, and fatty acid transport, β-oxidation, and synthesis and storage of fatty acids, may

exacerbate the hepatotoxic effects of atorvastatin.

Introduction

Metabolic conditions such as insulin resistance, dyslipidemia and increased oxidative stress

underlie the development of diabetes and cardiovascular disease [1, 2]. In diabetics, hypergly-

cemia and dyslipidemia increases the risk of atherosclerosis, impaired cardiac function, and

adverse cardiovascular events such as myocardial infarction and heart failure [3–6]. Treating

the clinical complexity of hyperglycemia and dyslipidemia generally requires combination

therapy [7, 8].

Pioglitazone, a thiazolidinedione derivative, is an oral glucose-lowering medication com-

monly prescribed to treat type 2 diabetes (T2D). Peroxisome proliferator-activated receptors

(PPARs) are key transcriptional regulators of lipid and carbohydrate metabolism, energy pro-

duction and regulating cardiovascular function [9]. Pioglitazone is a high-affinity ligand of

PPARγ that activates and translocates PPARγ to the nucleus. Once in the nucleus it forms a

complex with the retinoid x receptor alpha in modulating gluconeogenic genes in the liver and

induces transcription of the insulin-sensitive glucose transporter, GLUT4 in adipose tissue

[10–12], enhancing glucose transport and utilization, as well as suppressing hepatic glucose

production [13, 14]. Pioglitazone is classified as a weak ligand for PPARα, and as such reduces

insulin resistance, suppresses inflammation, and infers a role in increasing β-oxidation [15];

whilst improving hepatic steatosis and non-alcoholic fatty liver disease [16].

Atorvastatin belongs to the statin class of competitive inhibitors of 3-hydroxy-3-methyl-

glutaryl coenzyme-A (HMG-CoA) reductase and is the most prescribed cholesterol-lowering

agent for treating elevated low-density lipoprotein-cholesterol (LDL-C), triglycerides (TGs),

and cholesterol levels [17–19]. Statins act by inhibiting HMG-CoA reductase, increasing the

expression of LDL receptors on the hepatocytes and the uptake of LDL-C from the plasma into

the liver [20]. Statins also inhibit Rho-kinase, a key enzyme activating the pro-atherogenic

Rho/ROCK pathway, eliciting a cardiovascular protective effect independent of its LDL-C low-

ering effect [21, 22]. In addition, atorvastatin is considered a dual activator of PPARγ and

PPARα, lowering pro-inflammatory cytokines such as TNF-α and triglycerides [9]. Although
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statins have a cardioprotective role, they may cause adverse effects such as myopathy, rhabdo-

myolysis, and liver injury.

By combining atorvastatin with pioglitazone, a reduction in LDL-C and triglyceride levels

as well as atherogenic processes by atorvastatin, together with the insulin-sensitizing effects of

pioglitazone, provides a favorable therapeutic regime [23]. In addition to these conventional

medications, patients presenting with glucose intolerance and dyslipidemia are progressively

considering natural products as an alternative or adjunctive therapy due to their perceived

added health benefits and efficacy [24]. Several of these natural products contain phenolic

compounds such as flavonoids known to be largely responsible for the biological activity,

including beneficial effects on glucose and lipid metabolism [25]. Within this context, several

studies have alluded to the glucose and lipid modulating effects of Aspalathus linearis (rooibos)

[26–29], a plant better known for its use as an herbal tea. The Aspalathus genus uniquely con-

tains a C-glucosyl dihydrochalcone, aspalathin [29], which was demonstrated to stimulate glu-

cose uptake in muscle tissues and increases insulin release in pancreatic beta cells, thus

benefiting glucose homeostasis in various models of T2D [30]. In addition, rooibos has also

been shown to have LDL-C lowering [31, 32], and cardioprotective effects [33–36]. In this

study, we assessed the safety and pharmacological effects of an aspalathin-rich green rooibos

extract (Afriplex GRT™) in combination with pioglitazone and atorvastatin in a diabetic db/db
mouse model.

Materials and methods

Materials

Pioglitazone hydrochloride (PHG 1632, Lot # LRAA5299) and atorvastatin calcium

(PHR1422, Lot # LRAA9204) were purchased from Sigma-Aldrich (St Louis, MO, USA).

Extract preparation

A pharmaceutical certified grade, aspalathin-rich, green rooibos (Afriplex GRT™) extract, con-

taining 12.8% aspalathin, was obtained from Afriplex Pharmaceuticals PTY (LTD) (Paarl, SA).

Quantification of aspalathin and other flavonoids present in the extract was previously

described by Patel et al. (2016) [37]. GRT was dissolved in 0.1% DMSO (Sigma- Aldrich, St

Louis, MO, USA) and Dulbecco’s phosphate buffered saline (Lonza, Walkersville, MD, USA).

Animals and diet

Six-week-old male db/db mice were bred and housed at the Primate Unit Delft Animal Centre

(PUDAC) under 24 light/dark cycle in a temperature-controlled room with food and water ad

libitum. The Ethics Committee for Research on Animals (ECRA) of the South African Medical

Research Council (SAMRC) approved all procedures involving the animals in this study

(ECRA Approval No. 04/15). Mice were divided into 8 experimental groups (n = 6 mice per

group), receiving GRT (100 mg/kg BW), pioglitazone (25 mg/kg BW), and atorvastatin (80

mg/kg BW) as mono-, co-therapies of GRT and atorvastatin, GRT and pioglitazone, and the

combination of GRT, atorvastatin and pioglitazone. Db/db and db+ controls received 0.1%

DMSO and Dulbecco’s phosphate buffered saline. Mice were treated by oral gavage once daily

for 5 weeks. Body weight and fasting blood glucose (FPG) measurements via tail prick and the

use of a glucometer (One-Touch Select™, Lifespan Europe, Switzerland) were performed

weekly. After 3 weeks of treatment an intraperitoneal glucose tolerance test was conducted by

injecting mice intraperitoneally with 0.2 g of glucose/ml/100 g body weight. At termination,

mice were anesthetized by isoflurane inhalation (4–5% initiation of anesthesia, reduced to
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2–3% for maintenance), and blood samples collected from the inferior vena cava. Serum was

obtained for lipid analyses and liver tissues were excised, weighed, and snap frozen in liquid

nitrogen for gene expression analyses and liver tissues were fixed on slides for histological

assessment. No animals became ill or died during the study period.

Histological assessment

Formalin fixed paraffin sections of liver tissue were stained with hematoxylin-eosin (H&E)

and scored histologically for steatotic changes. Hepatic steatosis of the obese diabetic db/db
mice were assessed histologically by an experienced histologist, blinded to the treatment

groups, using a steatotic severity scoring system adapted from Trak-Smayra et al. (2011) [38]

and Liang et al. (2014) [39]. Steatosis was assessed for hepatocellular steatosis type (microvesi-

cular, mediovesicular and macrovesicular), grade or severity [0< 5%, grade 1 (5–33%), grade

2 (34–66%) and grade 3 (> 66%)] and zonal predominance [periportal (zone 1), mediolobular

(zone 2) or centrilobular (zone 3)]. Samples were blind-coded and randomly assessed to avoid

observational bias by the histologist.

mRNA expression

Total RNA was extracted from mouse liver tissue using the RNeasy kit (ThermoFischer Scien-

tific Inc., Waltham, MA, USA). Tissues were homogenized using a TissueLyser (Qiagen

GmbH, Hilden, Germany), centrifuged at 13, 500 g for 3 min, and the extracted RNA purified

using the RNeasy kit according to the manufacturer’s instructions. RNA concentration and

purity were quantified using a Nanodrop One spectrophotometer (Thermo Electron Scientific

Instruments LLC, Madison, WI, USA). The RNA quality was determined using an Agilent

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). A Turbo DNase kit (Thermo-

Fischer Scientific Inc.) was used to remove genomic DNA as per the manufacturer’s recom-

mendations. RNA samples were converted to cDNA using the High Capacity Reverse

Transcription Kit (Applied Biosystems, Foster City, CA, USA) as recommended by the manu-

facturer. Quantitative real-time PCR was performed on the ABI 7500 Instrument (Thermo-

Fischer Scientific Inc. Waltham, MA, USA) using the standard curve method. Predesigned

and optimized TaqMan gene expression probes for Apoa1 (Mm00437569_m1), Fasn
(Mm00662319_m1), Pparγ (Mm00440940_m1), Pparα (Mm00440939_m1), Scd1
(Mm00772290_m1) and Srebp1 (Mm00550338_m1) were used for differential gene expression

(ThermoFisher Scientific). Gene expression data were normalized to β-actin and hypoxan-

thine-guanine phosphoribosyltransferase (HPRT), respectively.

Biochemical measurements

Blood samples were collected in BD Vacutainer1 SST gel tubes, centrifuged at 1792 g for 15

min at 4˚C and the sera stored at -80˚C until assayed. All samples were analyzed by Pathcare

(Dietrich, Voigt, Mia & Partners, N1 City, Cape Town, SA), a pathology laboratory accredited

by the South African National Accreditation System (SANAS). Briefly, total cholesterol was

determined using the cholesterol esterase enzymatic method. A coupled enzymatic reaction

using adenosine triphosphate (ATP) as an agent was used to determine the triglyceride (TG)

content. A cholesterol esterase/cholesterol oxidase method, based on an enzyme chromogen

system for quantification, was used to determine high-density (HDL-C) and low-density lipo-

protein cholesterol (LDL-C) content, respectively.
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Statistical analysis

Statistical analyses were performed using GraphPad Prism1 version 7.03 (GraphPad Software

Inc.). All in vivo and gene expression data are presented as the means ± SEM as well as

means ± SD for gene expression and statistically compared using one-way ANOVA with Dun-

nett/Bonferroni post hoc test compared to the control when p< 0.05. Data was considered sta-

tistically different if p< 0.05.

Results

Db/db mouse diabetic parameters

At 11-weeks of age (from 6-weeks-old and 5-weeks treatment period), the obese db/db mice

presented with elevated fasting blood glucose levels compared to their lean (db+) counterparts

(7.98 ± 0.34 versus 26.44 ± 1.84; p< 0.0001) (Fig 1). Body weight (BW), liver weight, retroperi-

toneal fat weights and the liver to BW ratio of db/db mice were significantly increased com-

pared to the db+ mice (Table 1). Compared to the lean db+ controls the db/db mice are

hyperphagic (db+ vs db/db: from 24.40 ± 0.2 to 30.20 ± 0.2). Treatments of these obese db/db
mice did not significantly affect the average food intake during the 5-week treatment period

(data not shown).

Fig 1. The effect of GRT (100 mg/kg BW), Pio (25 mg/kg BW), and Ator (80 mg/kg BW) mono- and co-therapies

on FPG. Glucose measured after 5 weeks of treatment. Results are expressed as the mean ± SEM (n = 6). �p< 0.05,
��p< 0.01 and ����p< 0.0001 vs db+; #p< 0.05 vs db/db (One-Way ANOVA followed by Dunnett multiple

comparison test). FPG, fasting blood glucose; GRT, green rooibos extract; Pio, pioglitazone; and Ator, atorvastatin.

https://doi.org/10.1371/journal.pone.0251069.g001
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GRT, pioglitazone, and atorvastatin co-therapy improves glycemic control

After the 5-week treatment period, lower FPG levels were obtained following the co-therapy of

GRT with pioglitazone (from 26.44 ± 1.84 to 15.33 ± 2.39; p = 0.006) and atorvastatin (from

26.44 ± 1.84 to 19.93 ± 1.63; p = 0.03), respectively (Fig 1). The combination of GRT-pioglita-

zone-atorvastatin effectively lowered the FPG level compared to the db/db control (from

26.44 ± 1.84 to 15.17 ± 1.96; p = 0.003). In comparison to the combination therapy, GRT, ator-

vastatin and pioglitazone monotherapies did not reduce FPG levels.

GRT, pioglitazone, and atorvastatin co-therapy reduces TG, cholesterol,

and LDL-C levels, and improves hepatic steatosis

Combination therapies of GRT and pioglitazone, and GRT, pioglitazone and atorvastatin

showed significant increases in body and liver weights (Table 1). However, atorvastatin as well

as the combination of GRT with pioglitazone, and GRT with pioglitazone and atorvastatin sig-

nificantly reduced RF weights (Table 1). Following treatment, serum cholesterol, TG and

LDL-C levels were significantly increased in db/db mice compared to the db+ mice (Fig 2a–

2d). Atorvastatin reduced cholesterol (from 4.00 ± 0.12 to 2.93 ± 0.13; p = 0.00003), TG (from

2.77 ± 0.50 to 1.48 ± 0.23; p = 0.04), and HDL-C (from 2.86 ± 0.05 to 2.27 ± 0.08; p = 0.0003)

levels compared to the db/db mice control (Fig 2a–2d). GRT and atorvastatin co-therapy low-

ered cholesterol (from 4.00 ± 0.12 to 3.50 ± 0.11; p = 0.02) and HDL-C (from 2.86 ± 0.05 to

2.53 ± 0.05; p = 0.0002) levels (Fig 2a–2d). Similarly, the triple therapy combination of GRT-

pioglitazone-atorvastatin decreased serum cholesterol (from 4.00 ± 0.12 to 3.24 ± 0.22;

p = 0.02), TG (from 2.77 ± 0.50 to 0.73 ± 0.07; p< 0.0001), and HDL-C (from 2.86 ± 0.05 to

2.44 ± 0.16; p = 0.04) levels.

GRT, pioglitazone, and atorvastatin co-therapy reduces hepatic steatosis

In comparison to the lean db+ littermates, the db/db mice presented with an increase in

micro-, mediovesicular and macrovesicular steatosis (Table 2, Fig 3). Apart from hepatic

Table 1. Body weight and liver weight changes of mice orally treated with GRT, pioglitazone, and atorvastatin as mono- and co-therapies for 5 weeks.

db+ db/db GRT (100 mg/

kg)

Pio (25 mg/kg) Ator (80 mg/

kg)

GRT (100 mg/kg)

+ Pio (25 mg/kg)

GRT (100 mg/kg)

+ Ator (80 mg/kg)

GRT (100 mg/kg)

+ Pio (25 mg/kg)

+ Ator (80 mg/kg)

Body

weight

(g)

25.00 ± 0.86 39.05 ± 0.23���� 42.32 ± 0.82���� ,

#
45.18 ± 2.46���� 40.00 ± 0.67���� 45.98 ± 1.18���� , ## 41.40 ± 0.72���� , # 47.22 ± 1.50���� , ##

Liver (g) 1.35 ± 0.04 2.46 ± 0.07��� 2.67 ± 0.13���� 3.20 ± 0.30���� 2.41 ± 0.08���� 3.50 ± 0.22���� , ## 2.72 ± 0.04���� , # 3.27 ± 0.19���� , #

RF (g) 0.09 ± 0.01 1.35 ± 0.35��� 0.67 ± 0.04� 0.57 ± 0.04 0.45 ± 0.04# 0.54 ± 0.04# 0.51 ± 0.07# 0.59 ± 0.05� , #

Liver to

BW

ratio

5.41 ± 0.06 6.28 ± 0.14��� 6.30 ± 0.28 7.02 ± 0.33 6.01 ± 0.18 7.57 ± 0.34���� , ## 6.56 ± 0.16� 6.91 ± 0.28���

Results are presented as the mean ± SEM (n = 6) of body weight (g), liver weight (g), and RF weight (g).

�p < 0.05,

��p < 0.01 and

����p < 0.0001 vs db+;
#p < 0.05,
##p < 0.01 and
###p < 0.0001 vs db/db (One-Way ANOVA followed by Dunnett multiple comparison test). GRT, green rooibos extract; Pio, pioglitazone; Ator, atorvastatin; BW, body

weight and RF, retroperitoneal fat.

https://doi.org/10.1371/journal.pone.0251069.t001
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steatosis the mice had no histopathological evidence or other features of non-alcoholic

steatohepatitis (NASH), which include signs of inflammation or fibrosis, were observed. Ator-

vastatin alone and the combination of atorvastatin with GRT reduced mediovesicular

steatosis.

Fig 2. The effect of GRT (100 mg/kg BW), Pio (25 mg/kg BW), and Ator (80 mg/kg BW) mono- and co-therapies on changes in serum lipid

contents. Serum lipid contents of (a) cholesterol, (b) TG, (c) LDL-C, and (d) HDL-C were measured after 5 weeks of treatment. Results are expressed as

the mean ± SEM. �p< 0.05, ��p< 0.01 and ����p< 0.0001 vs db+; #p< 0.05, ##p< 0.01 and ###p< 0.0001 vs db/db (One-Way ANOVA followed by

Dunnett/Bonferroni multiple comparison test). TG, triglyceride; LDL-C, low density lipoprotein cholesterol and HDL-C, high density lipoprotein

cholesterol; GRT, green rooibos extract; Pio, pioglitazone; and Ator, atorvastatin.

https://doi.org/10.1371/journal.pone.0251069.g002
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The histological scoring of steatotic severity and type in the obese db/db mice confirmed

the predominance of mediovesicular lipid accumulation (intensity score of 3) of hepatocytes

present in all acinar lobular areas. After 5 weeks of treatment, GRT slightly reduced the scoring

intensity of mediovesicular lipid accumulation (intensity score of 2.2), evident as a mixed

micro- and mediovesicular pattern, predominantly limited to the centrilobular and mediolob-

ular areas. Pioglitazone treatment altered the predominant type of lipid accumulation to a

microvesicular type across all lobular areas, whilst atorvastatin treatment reduced the abun-

dance of lipid accumulation with evidence of both mixed micro- and mediovesicular steatosis

mainly present in the centri- and mediolobular areas. The combination of GRT, pioglitazone

and atorvastatin did not improve the intensity score of the monotherapies but reduced the

appearance to a microvesicular type of lipid accumulation.

GRT and atorvastatin co-therapy upregulates gene expression

mRNA expression of genes involved in lipid and fatty acid metabolism and lipogenesis in the

liver were investigated to provide insight into the possible mechanism(s) of GRT, either as a

mono- or co-therapy with pioglitazone and/or atorvastatin, and because atorvastatin is pri-

marily metabolized by the liver.

The data are summarized in Table 3 with representative figures showed in supplementary

S1a–S1g Fig. GRT monotherapy and the GRT and pioglitazone co-treatment increased Fasn
(p = 0.02) mRNA expression in db/db mice. Both GRT and atorvastatin monotherapies and

their co-treatment downregulated Apoa1 mRNA expression (p< 0.05). Their co-therapy also

significantly upregulated Fasn (p = 0.04), Pparγ (p = 0.004), Pparα (p = 0.002), and Srebp1
(p = 0.002). Co-therapy of GRT with pioglitazone upregulated Fasn (p = 0.02) mRNA expres-

sion only. Furthermore, the combination of GRT, atorvastatin and pioglitazone reduced

Apoa1 (p = 0.006) and Scd1 (p = 0.03) mRNA expression, and upregulated Fasn (p = 0.04),

Pparα (p = 0.04), and Srebp1 (p = 0.03) mRNA expression.

Discussion

Treating 6-week-old obese db/db mice with the GRT-pioglitazone-atorvastatin combination

for 5-weeks significantly improved hyperglycemia and dyslipidemia. As expected, the db/db
mice became obese, and developed hyperglycemia and dyslipidemia. Clinically, combination

therapies are generally prescribed to target both hyperglycemia and dyslipidemia to lower the

risk for diabetic co-morbidities including cardiovascular disease [5, 6]. Each of these diseases

are effectively treated with different medications. Hence multi-target therapy using different

Table 2. Histological steatotic scoring.

Treatment groups

db/
db

GRT (100

mg/kg)

Pio (25

mg/kg)

Ator (80

mg/kg)

GRT (100 mg/kg) + Pio

(25 mg/kg)

GRT (100 mg/kg) + Ator

(80 mg/kg)

GRT (100 mg/kg) + Pio (25 mg/kg)

+ Ator (80 mg/kg)

Microvesicular

steatosis

- 1 3 1 2 1 2

Mediovesicular

steatosis

3 2 - 2 2 2 -

Macrovesicular

steatosis

- - - - - - -

Results for the histological steatosis score based on Trak-Smayra et al. (2011) [38] and Liang et al. (2014) [39] are presented. Score 0: < 5%; Score 1: 5–33%; Score 2: 34–

66%; Score 3: > 66%. GRT, green rooibos extract; Pio, pioglitazone; Ator, atorvastatin.

https://doi.org/10.1371/journal.pone.0251069.t002
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Fig 3. Histological assessment of H&E stained liver sections from 11-week old obese db/db mice treated with (a) db/db control,

(b) GRT (100 mg/kg BW), (c) Pio (25 mg/kg BW), (d) Ator (80 mg/kg BW), and (e) GRT with Pio and Ator combination for 5

weeks. Untreated obese db/db control (a) mice presented with mediovesicular type steatosis across all acinar zonal areas. GRT

treated obese db/db (b) mice presented with a mixed steatotic appearance of micro- and mediovesicular lipid accumulation

predominantly in the central lobular areas. Pio treatment (c) presented with microvesicular type steatosis across acinar zonal areas.

Ator treated (d) mice presented with mixed micro- and mediovesicular steatosis type present mostly in the centrilobular area. The

combination of GRT, Pio and Ator (e) presented with a microvesicular type of steatosis limited to the centrilobular areas.

Microvesicular steatosis represented by a bold arrow and mediovesicluar steatosis by a dotted line arrow. Magnification x 200; scale

bar 100 μm. GRT, green rooibos extract; Pio, pioglitazone; and Ator, atorvastatin.

https://doi.org/10.1371/journal.pone.0251069.g003
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mechanisms of action to target disease states yield better results. However, toxicity from the

combination of several drugs should not be overlooked, as the combined effect of different

strategies may amplify various side effects of single drugs [40]. Hence effective pharmacologi-

cal treatments to treat complex disease conditions such as diabetes are still lacking. In this

study, GRT, an aspalathin-rich pharmaceutical grade rooibos extract, was combined with pio-

glitazone and atorvastatin, commonly prescribed hypoglycemic and lipid-lowering

medications.

The obese db/db mouse is insulin-resistant and exhibits basal hyperinsulinemia, thus

resembling human obese type 2 diabetes with peripheral insulin resistance [41]. Results

obtained from this study showed that pioglitazone monotherapy did not alter either glucose or

lipid levels, nor were there any significant effects on genes involved in lipid synthesis (Apoa1,

Fasn, Pparγ, Srebp1) and metabolism (Pparα, Scd1, Fabp1). Pioglitazone was found to increase

the lipid profile of diet induced obese C57BL6 mice when dosed at 25 mg/kg/day for 38 days

[42]. Furthermore, an exacerbated development of fatty liver coupled with upregulation of

lipid metabolism and PPAR signaling pathway genes were observed [42]. However, Ishida

et al. (2004) [43] showed that db/db mice treated chronically for 6 weeks with pioglitazone (15

mg/kg) ameliorated hyperglycemia and hypertriglyceridemia, with further improvement of

peripheral insulin sensitivity through Ppary activation. Similarly, Yeom et al. (2011) [36]

showed that pioglitazone reduced insulin resistance via Pparγ activation in both lean and

obese db/db mice. Kim et al. (2018) [14] confirmed that pioglitazone suppressed insulin-

induced gluconeogenesis and glycogenolysis in the db/db mouse. The combination of GRT

and pioglitazone showed an enhanced hypoglycemic effect, however, body and liver weights

were increased, and Fasn mRNA expression upregulated in the liver. Fasn catalyses the synthe-

sis of lipids required to maintain important cellular signaling and regulatory functions [44]

and has been shown to control the activity of both Pparγ and Pparα [45, 46].

Atorvastatin did not affect body weight and liver weight, but reduced RF weights. Atorva-

statin had no effect on FPG levels but reduced cholesterol, TG, LDL-C, and HDL-C levels.

This is in accordance with studies that showed reduced TG and cholesterol levels of atorva-

statin in mice when administered at either low (10 mg/kg) or high doses (80 mg/kg) [47, 48].

In the present study, combining GRT with atorvastatin did not enhance the efficacy of

Table 3. Summary of liver gene expression in db/db mice.

Groups db/db GRT (100 mg/

kg)

Pio (25 mg/

kg)

Ator (80 mg/

kg)

GRT (100 mg/kg) + Pio

(25 mg/kg)

GRT (100 mg/kg) + Ator

(80 mg/kg)

GRT (100 mg/kg) + Pio (25 mg/kg)

+ Ator (80 mg/kg)Genes

Apoa1 4.9 ± 0.5�� 2.2 ± 1.0# 1.0 ± 0.7�� 2.2 ± 1.1# 1.2 ± 1.0�� 4.5 ± 3.4# 2.2 ± 0.2##

Fasn 1.8 ± 0.5 2.9 ± 2.6# 4.3 ± 5.9 3.1 ± 4.4 6.6 ± 7.6� , # 5.4 ± 6.8# 4.0 ± 4.5#

Pparγ 3.9 ± 0.7� 1.8 ± 1.2 1.8 ± 0.9 2.7 ± 1.1# 1.7 ± 0.8 5.6 ± 4.7��� , ## 2.1 ± 1.2

Pparα 1.4 ± 1.1 1.3 ± 1.2 1.4 ± 0.7 1.6 ± 2.6 1.3 ± 1.4 4.5 ± 4.0��� , ## 2.0 ± 1.9#

Scd1 3.2 ± 0.4 3.3 ± 8.1 1.0 ± 1.7 1.2 ± 1.5 3.2 ± 7.2 3.3 ± 10.0 3.1 ± 3.2#

Srebp1 1.4 ± 0.7 1.3 ± 0.9 1.8 ± 1.0 1.6 ± 1.9 1.2 ± 0.9 2.9 ± 1.8��� , ## 2.9 ± 3.3�� . #

Fabp 1.6 ± 0.8 1.2 ± 0.9 2.4 ± 0.4� 1.5 ± 0.4� 1.4 ± 1.2 1.1 ± 0.4 1.7 ± 0.6

Results are presented as the mean ± SD (n = 6). Gene expression data normalized to β-actin and HPRT. Relative fold-change from untreated db+ and db/db controls

with

��p < 0.01 vs db+;
#p < 0.05,
##p < 0.01 and
###p < 0.0001 vs db/db (One-Way ANOVA followed by Dunnett multiple comparison test). GRT, green rooibos extract; Pio, pioglitazone; Ator, atorvastatin.

https://doi.org/10.1371/journal.pone.0251069.t003
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atorvastatin, suggesting that the triglyceridemic effect is solely due to atorvastatin. However,

although the addition of pioglitazone to GRT and atorvastatin increased body and liver

weights, it reduced RF weight. In addition, this combination significantly lowered FPG, choles-

terol, TG, and HDL-C levels which could be attributable to an additive or synergistic effect

when adding GRT and atorvastatin. LDL-r mediated cholesterol metabolism may be involved

in the diabetogenic effect of statins. Statins may enhance cholesterol uptake in the liver and

peripheral tissues via the upregulation of LDL-r, thereby reducing LDL-C levels in the blood.

Thus, LDL-r provides a strong association between statin therapy and the risk of new onset

T2DM. A study by Yu et al. (2018) [46] showed that short-term administration of atorvastatin

only slightly affected glucose homeostasis in both normal and hyperlipidemic mice.

The histological assessment of hepatic steatosis type and severity in the obese db/db mice

confirmed the presence of steatosis predominantly of a mediovesicular type involving all

hepatic acinar zonal areas (pan-acinar steatosis) (Fig 3). Pioglitazone altered the pattern of

lipid accumulation to a microvesicular type. However, the treatment did not affect the severity

or zonal appearance of steatosis. Mice treated with GRT and atorvastatin presented with a

mixed micro- and mediovesicular type of steatosis, with slightly improved severity and with

less involvement of the periportal areas. The combination of GRT, pioglitazone and atorva-

statin histologically showed an improved appearance of steatosis in terms of type and severity.

The lipid accumulation was mainly in centrilobular and mid acinar zones, whilst the periportal

areas appear normal (Fig 3). The zonal distribution of steatosis can be related to their relative

proximity to the portal vein supplying nutrients and oxygen. Functional differences are attrib-

uted to specific zonal zones with gluconeogenesis and β-oxidation of fatty acids primarily

occurring in the periportal zone (zone 1), whilst although not exclusively, glycolysis and lipo-

genesis occur mostly in the centrilobular zone (zone 3) [49]. In humans, the most common

zonal pattern of steatosis associated with the metabolic syndrome in adults, involves the peri-

portal tract. The improvement of the histology of the periportal zonal areas, especially follow-

ing combination therapy, suggest that lipid and glucose utilization could have been enhanced

by the treatment. This is consistent with other findings that db/db mice do not progress from

NAFLD to steatohepatitis or liver fibrosis unless dietary or other insults are employed [50].

In the liver of obese rodents, several mitochondrial and metabolic adaptations such as fatty

acid oxidation and oxidative stress occur. These adaptive changes may limit oxidative stress in

the liver and control lipid accumulation. AMPK plays a role in the modulation of free fatty

acid metabolism through the control of mitochondrial function which can be mediated

through the coordinated regulation of mitochondrial bioenergetics. Altered AMPK expression

is linked to the development of NAFLD. Aspalathin can target liver cells to regulate hepatic cel-

lular metabolism and increase energy expenditure likely by modulating PI3K/AKT and AMPK

signaling pathways [51]. AMPK can regulate β-oxidation by controlling the activities of ACC

[52]. Malonyl-CoA content relies on ACC activity for synthesis [53]. Mice with mutations in

the ACC gene were shown to have raised lipogenesis and reduced free fatty acid oxidation,

leading to the progression of insulin resistance, glucose intolerance and NAFLD [54]. Further-

more, CPT-1 is required for mitochondrial free fatty acid uptake, and the downregulation in

its expression can explain malfunctioning β-oxidation and obstructed energy metabolism [51].

Neither GRT nor atorvastatin as monotherapies displayed significant effects on genes

involved in lipid synthesis and metabolism. However, concomitant administration of GRT

with atorvastatin showed a significant upregulation of these genes. GRT in combination with

atorvastatin significantly upregulated Fasn, Pparγ, Pparα, and Srebp1 mRNA expression. In

the liver, increased expression of Pparγ, Scd1, Srebp, and Fabp1 is associated with hepatic stea-

tosis [55]. Increased rates of fatty acid synthesis are a significant contributor of the develop-

ment of hepatic steatosis, specifically in the livers of rodent models of insulin resistance.
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Lipogenesis related to steatosis is primarily controlled by the expression of Srebp1 in the liver.

In this study, GRT and atorvastatin co-use resulted in a notable reduction in serum cholesterol

and HDL-C, and could be associated with an increased expression of Fabp1 and Apoa1, infer-

ring a possible restorative effect of Fabp1 as previously seen in the livers of diabetic rats receiv-

ing a fish oil diet [56]. Conversely, in this study, the combined use of GRT with atorvastatin

reduced the expression of Apoa1, whilst having no effect on Fabp1, corresponding with the

reduction in HDL-C. Apoa1 is the major protein component of HDL, which promotes the

efflux of cholesterol and phospholipids from cells [57, 58], thus regulating lipoprotein metabo-

lism. However, Leprdb/db mice display defective catabolism for Apoa1, leading to increased

HDL-C [59]. In rodents, Fabp1 is upregulated by statins through the upregulation of Pparα
and activation of Fabp1 [60]. Furthermore, hepatocytes are susceptible to the deleterious

effects of long chain fatty acids, impacting the capacity of hepatic lipid accumulation triggering

inflammation, whilst lipid accumulation may be induced through over expression of Fabp1
[61]. These results confirm that although we established moderate glucose and lipoprotein

lowering biological effects of GRT and atorvastatin co-therapy, mechanistically, the increased

expression of genes involved in fat accumulation and storage could enhance the hepatotoxic

effects of atorvastatin. This corresponds with a previous study that showed increased plasma

concentrations of atorvastatin after GRT supplementation increasing the likelihood of a herb-

drug interaction [62].

Interestingly, the triple treatment regimen of pioglitazone to GRT and atorvastatin treat-

ment moderated the overexpression of Pparγ, Pparα, Fasn, and Srebp genes involved with

lipid metabolism and synthesis in the liver. Pioglitazone, an insulin sensitizer and primarily an

anti-diabetic drug, is also prescribed for the treatment of non-alcoholic fatty liver disease [16].

A clinical trial showed that pioglitazone, apart from enhancing insulin sensitivity, also

improved steatosis, inflammation, hepatocellular damage, and liver-enzyme levels of non-alco-

holic steatohepatic patients [63]. These findings suggest that the modulatory effect on the lipid

regulatory genes observed by adding pioglitazone to GRT and atorvastatin is likely due to the

hepato-protective effect of pioglitazone. Although an increase in Fasn and Srebp expression

was observed, the increase in Pparα could ameliorate this by increased β-oxidation and reduc-

ing the accumulation of triglycerides and fats in the liver.

The combination of GRT with pioglitazone and atorvastatin was shown to significantly

improve glycemia, and subsequently improve hepatic steatosis in the diabetic db/db mouse

model. However, despite these improvements, the role of increased expression of genes regu-

lating hepatic lipid synthesis requires further investigation.
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