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Polyphenols

The incidence of obesity and related metabolic diseases is increasing globally. Current medical treatments
often fail to halt the progress of such disturbances, and plant-derived polyphenols are increasingly being
investigated as a possible way to provide safe and effective complementary therapy. Rooibos (Aspalathus
linearis) is a rich source of polyphenols without caloric and/or stimulant components. We have tenta-
tively characterized 25 phenolic compounds in rooibos extract and studied the effects of continuous
aqueous rooibos extract consumption in mice. The effects of this extract, which contained 25% w/w of
total polyphenol content, were negligible in animals with no metabolic disturbance but were significant
in hyperlipemic mice, especially in those in which energy intake was increased via a Western-type diet
that increased the risk of developing metabolic complications. In these mice, we found hypolipemiant
activity when given rooibos extract, with significant reductions in serum cholesterol, triglyceride and
free fatty acid concentrations. Additionally, we found changes in adipocyte size and number as well as
complete prevention of dietary-induced hepatic steatosis. These effects were not related to changes in
insulin resistance. Among other possible mechanisms, we present data indicating that the activation of
AMP-activated protein kinase (AMPK) and the resulting regulation of cellular energy homeostasis may
play a significant role in these effects of rooibos extract. Our findings suggest that adding polyphenols to
the daily diet is likely to help in the overall management of metabolic diseases.

© 2010 Elsevier GmbH. All rights reserved.

Introduction steatosis, type 2 diabetes, dyslipidemia and probably cancer, which

exhibit increases in morbidity and mortality rates not only in West-

Oxidation and inflammation are major pathogenic factors
involved in metabolic disorders in which excessive energy con-
sumption plays a major role. These disorders include obesity, liver

Abbreviations: AMPK, AMP-activated protein kinase; BAT, brown adipose tissue;
CD, chow diet; C/EBP, CCAAT/enhancer-binding protein; DAD, diode array detec-
tor (analyzer); eWAT, epididymal white adipose tissue; FASN, fatty acid synthase;
FPLC, fast protein liquid chromatography; HDL, high density lipoprotein; HF, high-
fat, high-cholesterol diet; HPLC, high performance liquid chromatography; iWAT,
inguinal white adipose tissue; LDL, low density lipoprotein; LDLr~/-, low density
lipoprotein receptor knock-out mice; MCP-1, monocyte chemoattractant protein-
1; MS, mass spectrometry; TOF, time of flight (analyzer); UV, ultraviolet; VLDL, very
low density lipoprotein.
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ern societies but also throughout the world (http://www.cdc.gov).
Caloric intake is a major contributor to these diseases, but the
type of diet consumed also plays a role. It has been known for
decades thatadietrich in fruits, vegetables and olive oil may help to
reduce cardiovascular and metabolic complications, but the com-
ponents of these foods that confer health benefits are currently
unknown (Hu 2003). Recent interest has been focused on the bio-
logical activities of plant-derived phenolic compounds, but safety
and efficacy issues remain unresolved in humans. For instance, it
has already been documented that polyphenols from green tea or
wine may confer a cardiovascular protective effect (Feillet-Coudray
et al. 2009; Li et al. 2004), and other medicinal plants are currently
being considered for anti-inflammatory purposes (Beltran-Debon
et al. 2010).

Rooibos (Aspalathus linearis) (Fig. 1) grows naturally in certain
areas of South Africa (Joubert et al. 2008) and is widely used to
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Fig. 1. Rooibos plant (Aspalathus linearis).

prepare infusions that represent a rich source of polyphenols with-
out caloric value (Krafczyk and Glomb 2008). Moreover, in vitro
and in vivo studies have demonstrated that rooibos has significant
bioactivity, with described effects of preventing lipid oxidation and
oxidative stress (Fukasawa et al. 2009; Ulicna et al. 2006), inflam-
mation (Baba et al. 2009), hyperglycemia (Kawano et al. 2009) and
chemically induced liver damage (Ulicna et al. 2003). In this study,
we have characterized phenolic compounds in rooibos extract and
found that the continuous administration of this extract has no
effect in metabolically normal mice. However, we found a signifi-
cant metabolic modulatory effect of rooibos extract administration
in low-density lipoprotein receptor (LDLr) deficient mice, a model
for metabolic disturbances that can be further exacerbated by feed-
ing the animals a Western-type diet (Rodriguez-Sanabria et al.
2010).

Materials and methods
Identification of phenolic compounds

Rooibos plant material was kindly provided by Arend Redel-
inghuys (Rooibos BPK, Ltd., South Africa). Samples were prepared
in an aqueous solution at a concentration of 1000 ppm; they
were then filtered and injected into the HPLC system, an Agi-
lent 1200-series RRLC system (Agilent Technologies, Palo Alto, CA,
USA) that was equipped with a binary pump and DAD. Injected
samples (10 1) were passed through a Zorbax Eclipse Plus Cig
(4.6 mm x 150mm, 1.8 wm) column at room temperature at a
constant flow of 0.5ml/min. A solution of 1% formic acid in
water/acetonitrile 90:10 v/v and acetonitrile were used as mobile
phases A and B, respectively, and programmed as follows: gradient
elution from 5% to 20% B for 20 min, from 20% to 40% B for 5 min,

from 40% to 5% B for 5min, and an isocratic solution of 5% B for
5 min.

TOF-MS was conducted using a microTOF™ (Bruker Daltonik
GmbH, Bremen, Germany) orthogonal-accelerated TOF mass spec-
trometer equipped with an electrospray ionization (ESI) interface.
Parameters for analysis were set using the negative ion mode with
a capillary voltage of 4500V, a dry gas temperature of 200°C, a dry
gas flow of 7.01/min, a nebulizer pressure of 1.5bar and a spec-
tra rate of 1Hz. The spectra were acquired over a mass range of
50-1000 m/z. All operations were controlled by DataAnalysis 3.4
software (Bruker Daltonik), which provided a list of possible ele-
mental formulas using the GenerateMolecularFormula™ editor.

UV-visible spectrophotometry delimited the class of phenolic
compounds, and the accurate mass measurements on the TOF-
MS enabled us to identify the compounds in the extract. Finally,
the fragmentation pattern obtained in the MS/MS experiments
performed with an Esquire 2000 ion trap (IT)-mass spectrome-
ter (Bruker Daltonik) confirmed the proposed structures. The ion
trap scanned at a 50-1000 m/z range with a gradient optimized
for a negative ionization polarity. The optimum values of the ESI-
MS parameters were as follows: capillary voltage, +3.5kV; dry gas
temperature, 300 °C; dry gas flow, 7 1/min; and nebulizer pressure,
1.5bar.

The total phenolic content of the rooibos extract was
determined by colorimetric assay using Folin-Ciocalteu reagent
(Singleton and Rossi 1965). The absorbance of the solution was
measured at a wavelength of 725nm in a Spectronic Genesys™
5 spectrophotometer.

Animal experimental models

Studies on C57BL/6] male mice showed a lack of toxicity with
the continuous administration of aqueous rooibos extract, and
we found no effect (for clarity, data are not shown because
changes were negligible). To test our hypothesis, we decided to
use male LDLr~/~ mice as a model of intense metabolic alterations
that in some aspects resemble the human metabolic syndrome
(Rodriguez-Sanabria et al. 2010). They were the progeny of animals
obtained from the Jackson Laboratory in a C57BL/6] background.
The number of animals used in the experiment (n=32) was deter-
mined based on previous data (Joven et al. 2007). Animals were
housed under a 12-h light/dark cycle at a constant temperature
of 25°C with free access to water and a commercial mouse diet
(14% Protein Rodent Maintenance Diet, Harlan, Barcelona, Spain).
At 10 weeks of age, animals with equivalent body weights were ran-
domly assigned to two dietary study groups. The chow diet group
(CD, n=16) continued to receive the same maintenance diet (3%
fat and 0.03% cholesterol, w/w), and the second group (n=16) was
fed a high-fat, high-cholesterol diet (HF, 20% fat and 0.25% choles-
terol, w/w). Each dietary group was divided into two treatment
groups (n=238). One of these treatment groups received tap water
as a unique liquid source (control), while the other group received
a rooibos extract (10g/1). To prevent possible degradation, fresh
extracts were prepared every two days. The material was weighted,
boiled in tap water, cooled down to room temperature and filtered.
The animals had free access to liquid sources and food; body weight
and food intake were measured weekly. Treatments were main-
tained over 14 weeks, after which the animals were sacrificed under
xylazine-ketamine anesthesia. All procedures were performed in
accordance with institutional guidelines.

Cell culture
3T3-L1 cells were purchased from the American Type Culture

Collection (Manassas, VA, USA). Dexamethasone, 3-isobutyl-1-
methylxanthine, insulin and crystal violet were obtained from
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Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s
medium, calf serum, fetal bovine serum, and antibiotic mixtures
(penicillin-streptomycin) were purchased from PAA Laborato-
ries (GmbH, Linz, Austria). Sodium pyruvate and trypsin-EDTA
were obtained from the Invitrogen Co. (Carlsbad, CA, USA). The
AdipoRed™ Assay Reagent was purchased from Lonza (Walk-
ersville, MD, USA).

The 3T3-L1 pre-adipocyte line, maintained at low passage num-
ber, was grown at 37°C in 5% CO, in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% calf serum, 1% pyruvate,
100 pwg/ml streptomycin and 100 units/ml penicillin. The cells were
subcultured before reaching a confluence of 80%. Pre-adipocytes
were differentiated using standard protocols (Maslowska et al.
2006). The cells were harvested 10 days after the initiation of differ-
entiation, at which time 90% of cells were mature adipocytes with
accumulated fat droplets (as determined by microscopic evalua-
tion). To test the effects of rooibos on adipogenesis, rooibos extract
was added to the medium at a final concentration of 600 p.g/ml.
Extracts were prepared with distilled water, filtered through a
0.22-pm filter and lyophilized. Cytotoxicity was measured by the
crystal violet method as previously described (Ishiyama et al. 1996).
Lipid content was measured using the Adipored assay following the
manufacturer’s protocol.

Sample collection and laboratory measurements

Blood and tissue samples were obtained and processed as previ-
ously described (Rull et al. 2007). Serum cholesterol, triglycerides,
free fatty acids and bilirubin concentrations and AST activity were
determined using an automatic analyzer Synchron LXi 725 system
(Beckman Coulter, IZASA, Barcelona, Spain). A glucose tolerance
test was performed as described elsewhere (Rull et al. 2007).

Histology

Liver steatosis was qualitatively evaluated on a scale of 0-3,
where O represented an absence of steatosis and 3 indicated a
major grade of steatosis (>66%). Immunohistochemistry and mea-
surements of the area of adipocytes were performed as described
elsewhere (Rull et al. 2007).

FPLC lipoprotein fractionation

Plasma lipoproteins were separated using a Bio-Rad BioLogic
DuoFlow 10 system (Bio-Rad, Spain). Plasma pooled samples from
each group (100 1) were injected into a Superose 6/300 GL column
(GE Healthcare Europe GmbH, Barcelona, Spain), and 500-.1 frac-
tions were collected. Cholesterol and triglycerides in each fraction
were determined as described above.

Western blot analysis

Liver and eWAT tissues were weighted and homogenized
in 5ml/g of lysis buffer (20mM Tris-HCI, 150 mM NaCl, 1 mM
EDTA, 1mM EGTA, 1% CHAPS, 1mM Pefabloc and 1% phos-
phatase inhibitor cocktail no. 2, Sigma-Aldrich Inc., Steinheim,
Germany) using the Precellys 24 system (Bertin Technologies,
France). Samples were delipidated using a methanol/diethyl ether
(3:7) extraction. Proteins were quantified using a 2D Quant kit
(GE Healthcare, Piscataway, NJ, USA) and electrophoresed in
NuPAGE 4-12% Bis-Tris gradient polyacrylamide gels (Invitrogen,
Barcelona, Spain). MES was used for AMPK, pAMPK, C/EBPJ3 and
actin electrophoresis, while MOPS buffer (Invitrogen) was used for
FASN. Proteins were transferred to nitrocellulose membranes using
the iBlot transfer system (Invitrogen). Detection antibodies were
rabbit anti-AMPK (2532, Cell Signaling Tech., Danvers, MA, USA),

rabbit anti-pAMPK (2531, Cell Signaling Tech.), rabbit anti-C/EBP(
(A198, St. Cruz Biotech., Heidelberg, Germany), rabbit anti-FAS
(3180, Cell Signaling Tech.) and rabbit anti-actin (H-300, St. Cruz
Biotech.). The secondary antibody was goat anti-rabbit-HRP (Dako,
Glostrup, Denmark). Chemiluminescent detection was performed
using the ECL Advance Western Blotting Detection kit (Amersham,
GE Healthcare, Barcelona, Spain), and membranes were analyzed
in a VersaDoc system (Bio-Rad, Spain).

Statistical analyses

Values are represented as mean=+ SEM. Differences between
groups were compared using non-parametric tests and were con-
sidered statistically significant when p <0.05. All statistical analyses
were carried out using the Statistical Package for Social Sciences
version 15.0 (SPSS, Chicago, IL, USA).

Results

Rooibos extract is composed of multiple distinct phenolic
compounds

A total of 25 phenolic compounds were successfully separated
and identified with a gradient optimized for negative ionization
polarity in less than 30 min. The base peak chromatogram obtained
using an ESI-TOF mass spectrometer and a three-dimensional chro-
matogram showed a correlation between retention time, m/z, and
intensity, as depicted in Fig. 2A and B, respectively. Identified
and characterized compounds of each peak are summarized in
Table 1. The average total polyphenol content, as evaluated by
the Folin-Ciocalteu assay, was 252.07 4+ 8.01 mg/g of rooibos tea
extract, expressed as the equivalent of caffeic acid.

Effects on body weight and food intake were apparently
contradictory and evident after a short period of treatment

The extract is a complex mixture of polyphenolic compounds
(Fig. 2 and Table 1) in which the quantitatively important com-
ponents are orientin, isoorientin, vitexin, aspalathin, rutin and
quercetin (and derivatives). The continuous ingestion of such a
mixture under the study conditions did not exhibit toxic effects.
Metabolic effects, however, were clearly dependent upon the type
of diet consumed, even in a mouse model that was already metabol-
ically compromised. This was immediately evident in the amount
of body weight gain and food intake observed in the animals. Sur-
prisingly, when mice were fed a high-fat, high-cholesterol diet, the
rooibos extract increased the consumption of food, and a subse-
quent increase in body weight was observed (Fig. 3A). Conversely,
when fed a chow diet, the rooibos extract had the opposite effect;
the mice did not gain body weight after 4-7 weeks of treatment.
Such an effect was not due to a generally decreased food intake
(Fig. 3B). These diet-conditioned effects were further analyzed by
weighting individual organs and tissues (Table 2). Notably, under
both diets, the weight of the pancreas was significantly higher when
supplemented with the rooibos polyphenolic mixture. There were
also trends towards lower muscle weight and higher brown adi-
pose tissue (BAT) weight. However, the two diets elicited opposite
effects in other tissues. The rooibos extract decreased liver weight
and increased the weight of epididymal and inguinal white adipose
tissue (WAT) in mice fed CD. However, when fed a HF diet, liver
weight increased and WAT weight decreased significantly, indicat-
ing that the effect of rooibos is sensitive to the characteristics and
function of the analyzed metabolic tissue.
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Mass spectral data obtained in the rooibos tea extract and identified by ESI-microTOF-IT.

Compound RT Molecular formula m/z experimental  m/z calculated UV (nm) MS/MS fragments Proposed compound
1 4.79 Cy2H21013 493.0968 493.0988 278 475,403,373, 385,355  Patuletin 7-glucoside
2 4.99 Cy5H1509 339.0710 339.0722 257 249,219 Esculin
284
314(sh)
3 5.30 Cy7H31016 611.1600 611.1618 284 521,491, 401, 371 Safflomin A
4 6.22 Ca7H29016 609.1446 609.1461 261 519, 489 Quercetin-3-0-robinobioside
341
5 7.91 Cy6H2705 579.1359 579.1355 271 561,519,489, 459,441, Carlinoside or isocarlinoside or
341 399, 369 neocarlinoside or
2"-0-B-arabinopyranosylorientin
6 8.20 Co7H29015 593.1496 593.1512 271 575,503,473,413,383, Vicenin-2
333 353
7 8.58 Cy6H37015 579.1356 579.1355 271 561,519,489, 459,429, Carlinoside or isocarlinoside or
341 399, 369 neocarlinoside or
2"-0-B-arabinopyranosylorientin
8 8.85 Cy6H7015 579.1353 579.1355 271 559,519, 489, 459,399, Carlinoside or isocarlinoside or
341 369 neocarlinoside or
2"-0-B-arabinopyranosylorientin
9 9.10 Ca1H21011 449.1088 449.1089 287 359,329 (S)-eriodictyol-6-C-B-D-
glucopyranoside
10 9.40 Cy6H27015 579.1365 579.1355 271 561,519,489, 459,429, Carlinoside or isocarlinoside or
341 399, 369 neocarlinoside or
2"-0-B-arabinopyranosylorientin
11 9.89 C21H21011 449.1072 449.1089 287 359, 329 (R)-eriodictyol-6-C-B-D-
glucopyranoside
12 1127  Cy1H19011 447.0923 447.0933 269 429, 411,357,327 Isoorientin
348
13 11.63  Cy1H101y 449.1055 449.1089 285 359,329 (S)-eriodictyol-8-C-B-p-
glucopyranoside
14 11.88  Cy1H21011 449.1069 449.1089 286 359, 329 (R)-eriodictyol-8-C-B-p-
glucopyranoside
15 1234 Cy1H19011 447.0939 447.0933 254 357,327 Orientin
267(sh)
349
16 1343  Cy1H3014 451.1253 451.1246 280 361,331 Aspalathin
17 13.83  Cy1H21011 449.1100 449.1089 282 359, 329, 285 Aspalalinin
18 1432 Cy7H29016 609.1465 609.1461 267 301 Rutin
348
19 1474  Cy1H19010 431.1002 431.0984 270 413, 341, 311 Vitexin/isovitexin
336
20 15.59  C31H19012 463.0897 463.0882 276 301, 341, 371 Quercetin-3-0-glucoside/galactoside
21 1597  Cy1H19011 447.0921 447.0933 270 285 Luteolin-7-0-glucoside
342
22 17.93  C1Hx3010 435.1287 435.1297 283 345,315 Nothofagin
23 2229  CyoH2506 361.1633 361.1657 280 346, 331 Secoisolariciresinol
24 28.37  Cy5H90g 285.0386 285.0405 241 151,107 Luteolin
269
335
25 28.60  Cy5Ho07 301.0335 301.0354 254 179, 151 Quercetin
271(sh)
371

Note: sh=shoulder.

Effects of aqueous rooibos extract in hepatic and adipose tissue

We examined liver histology and found that dietary-induced
liver steatosis was completely prevented by the rooibos extract

Table 2

The course of individual weights of organs and selected tissues (mg/g body weight)
were dependent on the type of diet (#) and on treatment with rooibos extract (*).
("*p<0.05; "*#p<0.01, denote differences respect to the corresponding group).

Chow diet High fat diet

Control Rooibos Control Rooibos
Liver 422414 389+ 1.7 419+ 13 46.5 + 0.7 ##
Pancreas 94 + 0.8 13.6 £ 04" 9.5 +09 139 + 06"
Muscle 135+ 0.3 128 £ 0.3 134+ 04 12.1 £ 0.2°
Epididimal WAT 135+ 1.1 156 £23 185+ 1.9 145 + 1.7
Inguinal WAT 11.8 £ 0.8 159+ 02" 151 + 1.0* 12.7 + 0.9*%
BAT 25+0.2 32+£06 2.1 +£0.2 2.4 +0.1%

(Fig. 4A) and that this was associated with a significant decrease
in macrophage recruitment as assessed by F4/80 immunostaining
(Fig. 4B). In mice fed CD, the degree of steatosis was significantly
lower, and the effect of the rooibos extract was not appreciable.
Further, we did not find significant alterations in serum biomark-
ers of liver injury, mainly bilirubin and AST, in any of the conditions
assayed (Fig. 4C).

We also assessed the size and number of adipocytes in adipose
tissue. As expected, the adipocyte area was increased in control
mice fed HF relative to mice fed CD. Despite a significant trend
towards lower WAT weight in response to rooibos treatment, the
differences in adipocyte size and number were not significant.
However, the opposite effect was observed in mice fed CD (Fig. 5A),
where rooibos supplementation resulted in a significant increase
in the adipocyte area of epididymal WAT. The large variability in
adipocyte size in inguinal WAT prevented the difference between
the groups in adipocyte area in this tissue from reaching signifi-
cance (data not shown). To further assess this effect, we used an
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Fig. 4. Representative microphotographs illustrating the effect of rooibos extract consumption in livers of mice fed HF, decreasing steatosis (A) and macrophage infiltration
(B) without affecting serum biomarkers of liver injury (C). 'p<0.05; “p <0.01 for differences between control and rooibos treatment for the same dietary group; *p <0.05 for

differences between dietary groups.

in vitro model with cultured 3T3-L1 mouse adipocytes. We found
no effect of rooibos on differentiation from pre-adipocytes, but in
mature adipocytes, which readily accumulate large intracellular fat
droplets, rooibos extract significantly inhibited the accumulation of
triglycerides in a dose-dependent manner as assessed by AdipoRed
staining (Fig. 5B) without affecting cell viability (Fig. 5C and D).

Other metabolic effects and possible mechanisms

Despite such obvious metabolic effects, these were not related
to changes in insulin resistance as assayed by glucose tolerance
tests (Fig. 6). Effects of rooibos on glucose metabolism are there-
fore unlikely, but we found significant changes in lipoprotein
metabolism associated with rooibos extract consumption. Specif-
ically, rooibos extract had marked hypolipidemic effects in this
particular model. This finding was limited to mice fed a HF diet
and consisted of significant reductions in serum cholesterol, triglyc-
erides and free fatty acids (Fig. 7A). As observed in the FPLC
distribution, the reduction in cholesterol was evident in all lipopro-
tein particles, while the reduction in triglycerides was limited to
very low density lipoproteins (VLDL) (Fig. 7B).

Taken together, our results suggest that possible molecular tar-
gets of the polyphenols contained in rooibos extract are mainly
located in the liver and adipose tissue, and we assessed the
expression of relevant candidate proteins in both of these tissues.
We found that rooibos extract significantly activated the AMP-
activated protein kinase (AMPK) in the liver but not in the eWAT,
and this effect was not dependent on the type of diet. Similarly,
the expression of CCAAT/enhancer-binding protein (C/EBP(3) was
higher in the eWAT of rooibos-treated animals. Again, this effect
was not affected by diet and was not evident in the liver. Finally,
there was a trend towards lower expression of fatty acid synthase
(FASN) in the liver, but the difference was not significant. Con-
versely, FASN expression was increased in adipose tissue, but this
was only evident in the eWAT of mice fed CD under rooibos treat-
ment (Fig. 8).

Discussion
Our data indicate that the continuous administration of

polyphenolic compounds may play a complementary role in the
treatment of metabolic diseases. Although a preventive effect can-
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not be ruled out from our design, this seems unlikely because extract significantly affected body weight, the development of
none of the beneficial effects were observed in metabolically nor- liver steatosis, the accumulation of triglycerides in adipocytes and
mal mice. In this particular hyperlipemic model, which involves the course of hyperlipidemia. These effects were not related to
well-documented metabolic disturbances, we found that rooibos changes in insulin resistance and were most evident in animals fed
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a Western-type diet. That plants, and particularly fruits and veg-
etables, may benefit human health is widely recognized (Joshipura
et al. 2001), but the role of dietary polyphenols, although sug-
gestive, remains unclear. There is currently little serious effort to
develop plant-derived molecules for therapeutic purposes. There
is certainly no enthusiasm for promoting the ingestion of complex
mixtures of polyphenols and testing their possible health bene-
fits in humans, probably because patentability is clearly limited.
In addition, polyphenols seem to interact with numerous targets

and multiple deregulated signaling pathways (Johnson et al. 2010),
raising doubts regarding their safety and ease of administration.
For instance, resveratrol modulates more than twenty enzymes
and receptors (Baur and Sinclair 2006). Green tea polyphenols are
also an example of this notion (Khan et al. 2006; Johnson et al.
2010), and curcumin, a much simpler compound, may influence
more than 60 molecular targets (Goel et al. 2008). Due to the recent
increasing interest in the consumption of natural products, certain
beverages containing polyphenols are widely distributed, proving
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ex juvantibus that they are generally nontoxic and may provide
a wide range of health benefits in humans. One of these exam-
ples is rooibos, which is now consumed in Western societies as a
plant infusion and therefore as a complex mixture of molecules.
Most of its components are recognized as having antioxidant prop-
erties (Bramati et al. 2002), although it is unlikely that in vivo
antioxidant effects explain the alleged health benefits. On the other
hand, it is documented that the polyphenols contained in the rooi-
bos extract, mainly aspalathin, orientin and rutin, are effectively
absorbed (Boyle et al. 2000; Courts and Williamson 2009; Kreuz
et al. 2008; Li et al. 2008).

The effects we describe are certainly the result of intense modu-
lation of the overall management of cellular energy. It is interesting
to note that these effects are negligible in normal mice and only
evident in a model in which metabolism is seriously disturbed
(Rodriguez-Sanabria et al. 2010). Moreover, these effects are more
intense in mice fed a clearly unhealthy diet similar to that recently
adopted by humans. Our findings regarding the body weight and
food intake of animals supplemented with aqueous rooibos extract
may seem counterintuitive. Our interpretation is based on the fact
that the liver and the WAT are the two primary lipid storage organs
in mammals. Although obesity is characterized by an increase in
adipocyte number and/or size (White and Stephens 2009), in the
absence of aberrant diets, rooibos extract promotes lipid accumu-
lation in adipose tissue and probably breaks down stored fat in the
liver, thus preventing lipotoxicity in this non-adipose organ. Rooi-
bos extract, in the presence of excessive caloric intake provided
by a high-fat diet, protects the liver from lipid storage without
increasing the accumulation of fat in adipose tissue. The effects
we describe in the liver may be relevant because liver steatosis is
highly prevalent in adults and children and may progress to more
serious conditions (Alkhouri et al. 2009).

Obviously, impaired fat absorption as an explanation for such
a net reduction in fat storage cannot be ruled out based on our
data, but our findings clearly suggest that rooibos extract may
elicit similar effects to those described for resveratrol, i.e., increas-
ing metabolic rate and mitochondrial biogenesis (Marques et al.
2009). Interestingly, we did not observe a hypoglycemic effect or
a change in insulin sensitivity as previously described in diabetic
mice (Kawano et al. 2009), but we partially confirmed the hep-
atoprotective and anti-lipogenic effects reported in rats and other
mouse models (Ulicna et al. 2003; Hoffmann-Bohm et al. 1992;
Janbaz et al. 2002; Odbayar et al. 2006). It is also possible that the
previously reported anti-inflammatory effects of rooibos extract
(Baba et al. 2009) may play a role in the significant decrease in
macrophage recruitment that we observed. Moreover, polyphe-
nols selectively decrease macrophage chemotaxis via a reduction
in MCP-1 expression (Beltran-Debon et al. 2010).

Additionally, we found a strong hypolipidemic effect that, again,
was only observed in mice fed a HF diet, which may partially con-
firm the hypocholesterolemic effect observed in similar models
(Ziaee et al. 2009). It is of note, however, that we also observed
a significant decrease in serum triglyceride and free fatty acid con-
centrations, highlighting an overall effect on the management of
fat by both the liver and adipose tissue. In this regard, we found
significant activation of AMPK in the liver but not in adipose tis-
sue. The activation of this master metabolic regulating enzyme is
relevant and a novel finding. Activated AMPK switches cells from
active ATP consumption (e.g., fatty acid and cholesterol biosynthe-
sis) to active ATP production (e.g., fatty acid and glucose oxidation)
(Carling 2004). Recent studies in mice deficient in the catalytic sub-
unit of AMPK may also explain the responses of FASN and C/EBP
in this model and suggest that AMPK is the central target for the
metabolic effects of polyphenols (Um et al. 2010).

Our data also blaze new trails to further investigate a more gen-
eral mechanism of action for ingested polyphenols. For instance,

it is extremely suggestive of the recent finding that autophagy
regulates adipose mass and differentiation in mice (Singh et al.
2009), a phenomenon that enables adaptation to stress, maintains
metabolism and promotes cellular viability as well as fitness (Sasaki
et al. 2010). Polyphenols have well documented antioxidant activ-
ities and provide other therapeutic targets (Ulrich-Merzenich et al.
2009). We confirm in this study previous findings suggesting more
beneficial effects of the whole extract than, probably, individual,
isolated compounds. We also support a change in paradigm in this
field and the search for possible synergies may constitute an appro-
priate research effort (Wagner and Ulrich-Merzenich 2009).

We add Rooibos extract and its metabolic effects to such effort
and suggest the combination with other bioactive extracts in order
to attenuate the metabolic abnormalities associated to human dis-
eases.
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