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Abstract: In the pursuit of bioactive phytochemicals as a therapeutic strategy to manage metabolic
risk factors for type 2 diabetes (T2D), aspalathin, C-glucosyl dihydrochalcone from rooibos
(Aspalathus linearis), has received much attention, along with its C-glucosyl flavone derivatives
and phlorizin, the apple O-glucosyl dihydrochalcone well-known for its antidiabetic properties. We
provided context for dietary exposure by highlighting dietary sources, compound stability during
processing, bioavailability and microbial biotransformation. The review covered the role of these
compounds in attenuating insulin resistance and enhancing glucose metabolism, alleviating gut
dysbiosis and associated oxidative stress and inflammation, and hyperuricemia associated with T2D,
focusing largely on the literature of the past 5 years. A key focus of this review was on emerging
targets in the management of T2D, as highlighted in the recent literature, including enhancing of the
insulin receptor and insulin receptor substrate 1 signaling via protein tyrosine phosphatase inhibition,
increasing glycolysis with suppression of gluconeogenesis by sirtuin modulation, and reducing renal
glucose reabsorption via sodium-glucose co-transporter 2. We conclude that biotransformation in the
gut is most likely responsible for enhancing therapeutic effects observed for the C-glycosyl parent
compounds, including aspalathin, and that these compounds and their derivatives have the potential
to regulate multiple factors associated with the development and progression of T2D.

Keywords: aspalathin; bioavailability; diabetes; C-glucosyl flavones; gut microbiota; hyperuricemia;
inflammation; insulin resistance; mitochondrial dysfunction; oxidative stress

1. Introduction

There are three main types of diabetes, namely, type 1 diabetes, type 2 diabetes (T2D),
and diabetes in pregnancy, with T2D accounting for approximately 90% of the total [1,2].
Diabetes, especially global prevalence of T2D, is increasing as reported by the International
Diabetes Federation. In 2019, it was estimated that 463 million people have diabetes, and
this number is projected to reach 578 million by 2030, and 700 million by 2045 [1]. The
rising trend can be attributed to aging, urbanization, and the obesogenic environment [2].
The estimated global direct health expenditure on diabetes in 2019 is USD 760 billion and is
expected to grow to a projected USD 825 billion by 2030 and USD 845 billion by 2045 [3].

Natural products from terrestrial and aquatic organisms still constitute huge sources
of biologically active factors for the development of drugs, cosmetics and nutraceuticals,
as well as functional foods and beverages. Phenolic constituents of plant origin have
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received extensive attention in recent years, as they are integral to a plant-based diet.
Although considered as non-nutritive food components, epidemiological studies suggest
that these phytochemicals contribute to general health and well-being [4]. Screening of
antidiabetic components from edible natural products and clarifying their modes of actions
are considered to be an intelligent policy from the aspects of safety and diabetes prevention,
because they have long histories of ingestion every day. This review describes recent
studies on preventive and/or alleviating effects of aspalathin, a flavonoid and C-glucosyl
dihydrochalcone from an endemic South African plant, Aspalathus linearis, better known as
rooibos, against T2D and diabetes-related disorders. Related flavonoids, some of which are
also rooibos constituents, but are also present in other dietary plant sources, are included.
Inclusion of the minor rooibos O-glucosyl dihydrochalcone, phloridzin [5] is motivated by
its structural similarity to aspalathin and potential in managing diabetes [6,7]. Section 2
covers dietary sources, compound stability during food and beverage processing and
product storage to contextualize dietary exposure. Furthermore, their bioavailability and
microbial biotransformation are addressed, as both are fundamental to the bioefficacy of
these compounds. In Section 3, the role of these compounds in alleviating insulin resistance,
oxidative stress and inflammation and factors such as gut dysbiosis and hyperuricemia
associated with T2D are discussed with the focus largely on the recent literature relating to
the bioactivity of the dihydrochalcones and flavones of interest. The antidiabetic, insulin
sensitizing, pancreatic β-cell and cardioprotective activities of aspalathin and other major
rooibos polyphenolic compounds were extensively reviewed by Muller et al. [8], Johnson
et al. [9] and Dludla et al. [10]. The databases that were searched are PubMed, Scopus,
Web of Science and Google Scholar with the search limited to the last 5 years, using as
search items the following: “aspalathin” or “nothofagin” or “orientin” or “isoorientin” or
“vitexin” or “isovitexin” or “phloretin” or “phloridzin” or “phlorizin” and “diabetes” and
“inflammation” and “oxidative stress” and “insulin resistance”.

2. Aspalathin and Related Compounds—Structures, Sources, Stability, Bioaccessibility
and Bioavailability

This section focusses on the rooibos flavonoids, aspalathin, a C-glucosyl dihydrochal-
cone, nothofagin, its 3-deoxy-derivative, their respective C-glucosyl flavones, orientin and
isoorientin, and vitexin and isovitexin. Contrary to the labile C-O bond of O-glucosyl
flavonoids, the C-C bond is highly resistant to hydrolysis and degradation. Biotransforma-
tion by gut microbiota is necessary to split this bond to release their respective, aglycones
luteolin and apigenin [11]. Phloridzin (also known as phlorizin), provides an example of
an O-glucosyl dihydrochalcone. It shares the same aglycone, phloretin, with nothofagin.
The compound structures are depicted in Figure 1.

Figure 1. Molecular structures of C- and O-glucosyl dihydrochalcones and C-glucosyl flavones
and aglycones.
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2.1. Dietary Sources

The herbal tea, rooibos produced from Aspalathus linearis, is the only dietary source to
date of aspalathin. ‘Fermented rooibos’ is the main product on the market, preferred for
its flavour. Commercialization of the unfermented (i.e., unoxidized) product, marketed as
green rooibos, commenced only after the turn of the 21st century when it was shown to
have much higher levels of antioxidants, in particular aspalathin [12]. Consumption of a
cup of rooibos (200 mL) would contribute 1.2–36 mg of aspalathin to the diet, depending
on the oxidation status of the leaf product, namely fermented or green rooibos (Table 1).
Furthermore, natural variation in aspalathin content of the leaves of individual plants
(60–135 g/kg dry weight (DW)) [13] manifested in a substantial variation in the aspalathin
content of different production batches of green rooibos [14] and, subsequently, extracts
(Table 1). The same trends were observed for nothofagin and the flavones. Hot water
extracts of fermented and green rooibos for use as food ingredients contain on average 5.8
and 110 g/kg aspalathin, respectively (Table 1). Another study on green rooibos extract
showed that the aspalathin content varied between 54 and 116 g/kg DW. The aspalathin
content of the extract from the same plant material could be increased to 171 mg/kg when
using an 80% ethanol-water mixture [15]. The nothofagin content of green rooibos extract
is ca 10 times that of fermented rooibos extract (8 g/kg vs. 0.7 g/kg DW), whereas these
extracts had similar orientin and isoorientin levels (≥8 g/kg DW). Vitexin and isovitexin
were less abundant than orientin and isoorientin (Table 1).

Table 1. Mean individual flavonoid content of infusions and extracts of fermented and green rooibos
with the range in brackets.

Compound Infusion (mg/L) 1 Extract (g/kg) 2

Fermented
(n = 114) 3

Green
(n= 29) 4

Fermented
(n= 74) 3

Green
(n = 10) 4

Aspalathin 5.8 (nd 5–15.7) 6 179 (76–255) 5.8 (1.6–15) 95 (54–116)
Nothofagin 1.0 (nd–2.8) 15 (7–25) 0.7 (0.3–1.8) 7.7 (3.6–12)

Orientin 11 (10–14) 15 (7.6–21) 7.9 (4.4–9.0) 8.6 (7.4–9.7)
Isoorientin 15 (7.4–21) 15 (7.6–21) 8.3 (4.7–10.3 9.1 (7.2–10.6)

Vitexin 2.3 (1.3–3.3) 2.4 (1.2–3.3) nq 5 1.6 (1.2–1.8)
Isovitexin 2.4 (1.4–3.3) 3.0 (1.6–4.4) nq 1.9 (1.5–2.2)

1 Prepared at ‘cup-of-tea’ strength (2.5 g/200 mL; infused in freshly boiled water for 5 min). 2 Hot water extract
prepared at 1:10 solid: solvent (m/v) ratio with 30 min extraction at 93 ◦C. 3 Data for fermented rooibos from
Joubert and De Beer [13]. 4 Data for green rooibos from Viraragavan et al. [15]. 5 ND—not detected; nq—not
quantified. 6 Minimum to maximum values for a sample set.

Nothofagin is not unique to rooibos, but also occurs in other plants, including medici-
nal plants, such as Leandra dasytricha [16] and fruit, namely guava, a tropical fruit, where it
occurs together with phloridzin [17]. No quantitative data for nothofagin in guava fruit
are available, although it is considered one of the major flavonoids of Psidium guajava,
commonly referred to as pink guava [17]. Tan et al. [18] reported a phloridzin content of
4.5 and 2.6 mg/kg DW for a white-fleshed and red-fleshed guava varieties, respectively.
Phloridzin is present in a variety of plants and fruits, including strawberry, peach, and
pomegranate [7]. Apples and apple juice are the main sources of dihydrochalcones in the
European diet, estimated at 0.7–7.5 mg phloridzin/day [19]. The Chinese herbal tea, also
known as sweet tea (Lithocarpus polystachus rehd.), is reported to contain high levels of
phloridzin [20].

Apart from rooibos, one or more of the C-glucosyl flavones, orientin, isoorientin, vi-
texin and isovitexin, occur in other dietary sources such as buckwheat [21], mung beans [22],
amaranth and quinoa seeds [23], passion fruit [24] and açaí fruit [25]. Vitexin and isovi-
texin are more abundant than orientin and isoorientin in buckwheat and the compounds
are present in much higher levels in the seed hull than the bran and endosperm [26]. A
soup from mung beans (Vigna radiata L. or previously Phaseolus radiatus L.), prepared
according to a traditional Chinese cooking method (30 g whole beans cooked for 30 min
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in 1000 mL water), contains 47.8 mg/L vitexin and 50.7 mg/L isovitexin [22]. The beans
are widely used in cuisine. The vitexin and isovitexin content of the bean could vary
substantially as demonstrated for commercial samples (0.4–1.5 g/kg and 0.4–1.1 g/kg,
respectively) [27]. The seeds of red amaranth (Amaranthus cruentus v. Rawa) contain vi-
texin (0.4 g/kg DW) and isovitexin (0.3 g/kg DW). Orientin and vitexin were present in
quinoa seeds (Chenpodium quinoa) at 1.1 and 0.7 g/kg DW, respectively [23]. The fruit pulp
of yellow passion fruit (Passiflora edulis Sims f. flavicarpa Degener) contains 16.2 mg/L
isoorientin [28], while the pulp of Passiflora setacea, a wild species found in Brazil, contains
198, 2116, 55 and 578 mg/kg of orientin, isoorientin, vitexin and isovitexin [29]. White
açaí (Euterpe oleracea) produces juice with much higher levels of orientin and isoorientin
than the purple type [25]. These flavones were the most abundant flavonoids (189 and
90 mg/kg, respectively) in white açaí juice.

2.2. Compound Stability during Processing and Product Storage

Processing of plants and fruits creates conditions which affects the stability of polyphe-
nols. Factors such as molecular structure, duration and extent of heat treatment [30],
presence of other compounds [31], the chemical potential of the environment and the
presence of catalysts such as metals plays a role [32].

Aspalathin is highly susceptible to oxidation, a processing step essential for the devel-
opment of the characteristic flavour and red-brown colour of ‘fermented’ rooibos [12]. Less
than 17% of aspalathin remained in the processed product [33]. Aspalathin is converted
to C-glycosyl flavanones and flavones (orientin and isoorientin), as well as dimers, benzo-
furans and tannin-like structures, as previously reviewed [13]. Conversion of nothofagin
to vitexin and isovitexin has not yet been studied, but in a study mimicking fermenta-
tion of rooibos, the nothofagin content of plant material was reduced at the same rate
as aspalathin [34]. Another processing step in the production of fermented rooibos is
steam-pasteurization, employed to reduce microbial loads to an acceptable level. The short
steam-pasteurization treatment (96 ◦C/1 min) has little effect on the flavonoid compo-
sition of ‘cup-of-tea’ infusions with only a small, but significant reduction in aspalathin
content [13].

Interest in aspalathin as a bioactive constituent in rooibos stimulated investigation
of its stability during extract production and the heat processing and/or storage of the
convenience products, i.e., ready-to-drink (RTD) rooibos iced tea and single-serve and
ready-to-use powdered rooibos. Spray-drying of green rooibos extract for production
of powdered extract, an ingredient for such convenience products, has little effect on as-
palathin degradation as more than 95% was retained in the powder [35]. Factors playing a
role in aspalathin stability are the specific formulation of the convenience product, in partic-
ular the presence of citric acid and/or ascorbic acid, pH, heating and storage temperature,
packaging materials (semi-permeable to moisture and oxygen vs impermeable), and the
carrier/ bulking agent [13,36]. Heat processing and storage of RTD rooibos iced tea also
reduced the isoorientin content, and to a lesser extent, the orientin content of the beverage
with temperature and presence of other food ingredients playing a role [13].

Other studies indicated the relative stability of the C-glycosyl flavones and the effect
of heat treatment during processing. Pasteurization of passion fruit pulp degrades orien-
tien, isoorientin, vitexin and isovitexin, depending in the severity of the treatment [32].
However, orientien, isoorientin and and isovitexin remained stable during pasteurization
(80 ◦C/60 min) of açaí pulp [37]. Zielinska et al. [21] reported that a hydrothermal treat-
ment of buckwheat which entailed steam treatment and heating (160 ◦C/30 min) decreased
its orientin, isoorientin, vitexin and isovitexin content by 42–47%.

Studies on the stability of phloridzin are limited to apple products. This compound
showed high thermal stability in heated apple juice [38,39] and blanched and dried apple
pomace [40]. The presence of an extra hydroxy group at C-3 on the B-ring of the dihydrochal-
cone structure of the 3-hydroxy derivatives of phloridzin decreased their stability compared
to phloridzin, while an increase in the degree of glycosylation (from an O-monoglucosyl
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to an O-diglycosyl compound) increased stability [38]. Phloridzin was also shown to
be more stable than the 3-hydroxyphloretin derivative, 2′-O-(6-β-D-xylopyranosyl-β-D-
glucopyranosyl)-3-hydroxyphloretin during storage of dried apple powder [41] and during
drying and storage of apple slices [42].

2.3. Bioaccessibility and Bioavailability

Phenolic compounds occur in plants either as soluble conjugates or in an insoluble
form [43] and they must be released from the plant matrix to be bioaccessibile for intestinal
adsorption. They can be released from the plant matrix before ingestion by solvent extrac-
tion as in the preparation of tea infusions, by food processing or as part of the digestive
process by enzymes, secreted from the intestinal mucosa. Various factors play a role in their
bioaccessibility, amongst others the composition of the food matrix and interaction with
other food constituents such as macronutrients, as well as gut microbiota. In turn, for the
released compounds to be bio-effective, they must be bioavailable and must reach their site
of action [44,45].

Poor absorption of flavonoids is predicted by Lipinski’s Rule of Five, the number of
rotatable bonds and the polar surface area of the molecule as previously discussed for
aspalathin [9], however, as pointed out by Lipinski [46], many natural products, especially
natural products from plant origin, do not follow these rules. It is generally accepted that
C-glycosyl flavonoids such as the rooibos dihydrochalcones and their flavone derivatives
are poorly bioavailable compared to O-glycosyl flavonoids since the C-C bond, linking the
sugar moiety to the aglycone, is resistant to acid hydrolysis and hydrolysis by enzymes
that readily cleave O-glycosidic linkages. As a result, deglycosylation, considered a critical
step in the “activation” of flavonoids following human consumption [47], only occur in the
colon due to the action of specific gut microbiota [11]. Despite this caveat, intact C-glycosyl
flavonoids have been found in the urine of humans following oral ingestion, indicating
that their deglycosylation is not a prerequisite for absorption in the small intestine [47].
Microbial biotransformation and catabolism of the flavonoids will be discussed separately
from adsorption and liver metabolism.

2.3.1. Aspalathin, Nothofagin and Their Flavones

The in vivo oral bioavailability of aspalathin from rooibos has been the subject of three
human studies [48–50], following a study on an aspalathin-enriched green rooibos extract,
using the pig as model [51]. Vervet monkeys have also been used in a preliminary study
on the bioavailability of aspalathin from an aspalathin-enriched green rooibos extract [8]
and Bowles et al. [52] investigated the oral bioavailability of pure aspalathin in the mouse.
Table 2 was adapted from the review of Johnson et al. [9] and summarizes results for the
human studies (Table 2). The human studies showed that aspalathin is predominantly
present in the glucuronidated, sulphated and/or methylated form in the urine following
phase II liver metabolism after ingestion of a rooibos beverage or aspalathin-enriched
green rooibos extract (Table 2). Courts and Williamson [49] showed that 0.74% of the
aspalathin from a green rooibos infusion, containing 91 mg per 300 mL, was excreted over
a 12 h period in the urine in the form of 3-O-methylaspalathin and 3-O-methyl aspalathin
glucuronide with their concentrations, peaking within 2 h after ingestion of the beverage.
Stalmach et al. [50] used the same human subjects to determine aspalathin bioavailability
when consumed either in green or fermented ready-to-drink rooibos beverages (500 mL
each). It is not clear whether the beverages contained other ingredients normally added to
ready-to-drink rooibos such as sugar and citric acid or were in ‘natural’ form. Aspalathin
metabolites were excreted in the urine, mainly within 5 h of consumption of the beverages.
The presence of non-conjugated aspalathin in the plasma and urine was demonstrated
following consumption of a green rooibos infusion delivering 287 mg aspalathin [48].
Subjects also received an isolated fraction of green rooibos, reconstituted in water to a
comparable flavonoid content. Blood was sampled from 9 subjects at 0, 1.5 and 3 h after
ingestion. Non-conjugated nothofagin was detected in the urine, but not in the plasma.
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Higher levels of aspalathin were detected in the plasma after ingestion of the rooibos
infusion than the isolated fraction, amounting to recovery rates 0.17 and 0.10%, respectively.
Some subjects showed no aspalathin in the plasma.

Table 2. Bioavailability studies of aspalathin (ASP) and nothofagin (NOT) in human subjects after a
single dose.

Dosage Form ASP
(mg) 1

NOT
(mg) 1

Compound and Metabolites 2 ASP Excretion in
Urine

Ref.
Plasma Urine

Green rooibos infusion
(300 mL; 14 g/L, added

to boiling water and
infused for 10 min)

91 nq 3 nd 4 Methylated ASP; methylated
and glucuronidated ASP

Max. conc. reached <2
h after ingestion; 0.74%
excreted during 0–24 h

[49]

Green rooibos
‘ready-to-drink’

beverage (500 mL)
41 7 nd

Glucuronidated ASP (2);
methylated and

glucuronidated ASP (3);
methylated and sulphated

ASP; sulphated ASP;
NOT & metabolites not

detected

Most excreted <5 h
after ingestion; 0.22%

excreted during 0–24 h
[50]

Fermented rooibos
‘ready-to-drink’

beverage (500 mL)
3.6 0.8 nd

methylated and
glucuronidated ASP (3);

methylated and sulphated
ASP; sulphated ASP;

NOT & metabolites not
detected

0.09% excreted during
0–24 h [50]

Green rooibos infusion
(20 g/L; 10 min infused
in freshly-boiled water)

287 34 ASP

ASP; glucuronidated ASP;
methylated ASP; methylated
and glucuronidated ASP (3);
methylated and sulphated

ASP; sulphated ASP;
glucuronidated

3-hydroxyphoretin;
NOT; glucuronidated NOT;
glucuronidated phloretin

0.17% recovery rate at
tmax

[48]

Isolated fraction 5 of
green rooibos,

reconstituted in 500 mL
water to similar

phenolic content as
green rooibos infusion

ASP As for infusion, except for
glucuronidated nothofagin

0.10% recovery rate at
tmax

[48]

1 Dose. 2 Number in brackets indicate number of metabolite derivatives. 3 Not quantified. 4 Not detected.
5 Fraction was isolated by high-speed counter-current chromatography; contained 0.3 g ASP/0.5 g fraction added
to 500 mL water; fraction also contained nothofagin, orientin, isoorientin and isovitexin.

The study of Breiter et al. [48] also provided insight into the absorption of orientin,
isoorientin, vitexin and isovitexin after consumption of rooibos. As for aspalathin, the time
at which maximum absorption (tmax) occurred varied between 1.5 and 3 h, depending on
the individual and the beverage that was ingested. Their recovery rates varied between
0.18% for isoorientin after consumption of the rooibos tea infusion to 3.45% for vitexin
after consumption of the beverage prepared with the isolated fraction. The recovery
rates for orientin and vitexin after ingestion of the rooibos beverage was higher than
their 6-C-glucosyl counterparts, isoorientin and isovitexin, indicating that position of the
sugar moiety affects bioavailability. It is worth noting that the content values of the
flavonoids in the green rooibos infusion fall within the range obtained for green rooibos
infusions prepared from a large number of production batches (Table 1) when compensated



Int. J. Mol. Sci. 2022, 23, 356 7 of 22

for the higher leaf-to-water ratio (10 g/500 mL as opposed to 6.25 g/500 mL) used by
Breiter et al. [48].

An interesting finding is that the absorption of the rooibos flavonoids after consump-
tion of the isolated fraction was less than when the same subjects consumed the green
rooibos infusion [48]. This was despite comparable intake of total flavonoids, suggesting
that the composition of the beverage played a role in the absorption of the flavonoids, an
aspect worthy of further investigation, especially in view of a relatively new practice in
Japan to brew rooibos using cold water instead of hot water [53].

Transport of aspalathin across the intestinal epithelial layer was postulated to be
likely via diffusion [47]. Bowles et al. [52], also using the Caco-2 monolayer cell model,
investigated the role of active glucose transporters such as sodium-glucose co-transporter-1
(SGLT1) and glucose transporter 2 (GLUT2), by performing experiments in the presence
and absence of the SGLT1, GLUT2 and efflux (P-glycoprotein; P-gp) inhibitors, namely
phloridzin, phloretin and verapamil, respectively. These transporters exhibited no effect
on aspalathin and its transepithelial flux occurred without evidence of the formation of
metabolites [47,52].

In vivo studies on extracts of other plants provided additional insight into the bioavail-
ability of these C-glucosyl flavones. A number of studies were performed on the pharma-
cokinetics of one or more of these compounds. They were mainly detected in the feces of
rats, following oral gavage of a single dose of a 10% aqueous solution of bamboo extract
(1 g/kg body weight (BW)) [54]. The compounds were excreted after 24 h with cumulative
excretions as the parent amounting to 24.04, 24.05, 9.72 and 20.97%, respectively, of the
dose for orientin, isoorientin, vitexin and isovitexin. None was detected in the blood and
tissues (brain, liver, kidney and thigh muscle). Metabolites indicating microbial degrada-
tion in the colon were present in the feces. Intravenous administration of pure orientin to
rabbits produced a substantially higher area under the curve (AUC0–t) than when present
as constituent of Trollius chinensis Bunge extract at the same orientin dosage level [55]. This
was attributed to the effect of other constituents in the extract, in particular O-glycosides
of orientin, which were postulated to be transformed to orientin in vivo. Intravenous
injection of orientin to rats at 20 mg/kg BW showed its rapid distribution (within 5 min) to
various tissues, including the kidney, liver and lungs, followed by a decline. Orientin was
eliminated from the plasma within 90 min [56]. Vitexin cleared more rapidly from the blood
than orientin when Trolius ledebourii extract was administered intravenously to rats [57]. A
metabolomics study, using an extract of Tetrastigma hemsleyanum leaves administered to
rats through oral gavage at a high dose (5 g/kg BW), showed that (iso)vitexin underwent
glucuronidation, hydroxylation and methylation. These metabolites were detected in both
the plasma and urine [58]. Methyl-(iso)orientin and (iso)orientin-sulphate were detected
in the urine, but not the plasma. Several conjugates of the aglycones were detected in the
plasma and urine, but their presence could be the result of the aglyones being constituents
of the extract.

Tremmel et al. [59] performed in vitro metabolism of the pure C-glucosyl flavonoids,
using the Caco-2 monolayer model, to gain insight into their metabolites. Vitexin showed
limited metabolism and only phase I hydroxylated/methoxylated metabolites were ob-
served. However, orientin, isoorientin and isovitexin were extensive metabolised, with
formation of both phase I and phase II metabolites. Cleavage of the C-C glucosidic bond
of the latter compounds also occurred, as metabolites of their corresponding aglyones,
luteolin and apigenin were detected. Most of the detected metabolites were detected in the
apical compartment, suggesting the role of efflux transporters.

2.3.2. Phloridzin and Phloretin

Phloridzin is an O-glucosyl dihydrochalone of phloretin (Figure 1), which makes it
a substrate for deglycosylation in the small intestine by the epithelial cell β-glucosidase,
lactase-phloridzin hydrolase (LPH), releasing phloretin and glucose [60]. Phloretin is
rapidly absorbed in the small intestine as shown in rats, reaching maximum plasma
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concentration (Cmax; 952 ng/mL) after 15 min, when administering 100 mg/kg BW. It had
an elimination half-life (t 1

2
) of 242 min. Phloretin was detected in the heart, lung, liver and

kidney, but not the brain [61]. In another study on rats, phloretin appeared in the plasma
10 min after oral administration (100 mg/kg BW), taking at least 5.49 h to eliminate 63.2%.
Its oral bioavailability was 8.68% [62]. Crespy et al. [63] reported that when phloridzin is
fed to rats in a supplemented diet, it took longer for phloretin to be detected in the plasma
than when the diet contained phloretin, but after 10 h, the phloretin concentration was the
same, irrespective of the compound ingested. Phloridzin was not detected in the plasma
and 85–95% of the circulating forms were glucuronidated and/or sulphated phloretin
with the remainder the unconjugated aglycone. Ingestion of either the glucoside or the
aglycone resulted in the excretion of 10.4% of the dose in the urine. Oral administration of
phloridzin to normal and type 2 diabetic rats demonstrated that the health status of the
animals affected its pharmacokinetics [64]. The bioavailability of phloridzin was ca. 5% in
the diabetic rats, while it was almost 0% in the normal rats, with only traces detected in
the blood. Phase II metabolites were the main forms in the blood of both the normal and
diabetic rats. The other pharmacokinetic parameters were also affected, with AUC0-t and
Cmax increased and t 1

2
decreased for diabetic rats. Wang et al. [64] postulated that changes

in the intestinal tract permeability may be due to up-regulation of lipopolysaccharides
(LPS) and down-regulation of P-gp. Zhao et al. In addition, [62] showed that phloretin is a
substrate of P-gp and multidrug resistance protein 2 (MRP2).

The plasma concentration of phloretin in human subjects reached a maximum after
3 h, following consumption of apples [65]. Human consumption of a polyphenol-rich juice
beverage, containing polyphenols from different sources, including apple, showed the
presence of phloretin-2′-O-glucuronide in the plasma and urine, while another phloretin-O-
glucuronide and three phloretin-O-glucuronide-O-sulphates were detected in the urine [66].

2.3.3. Microbial Biotransformation and Catabolism

A complex symbiosis exists between polyphenols and gut microbiota. Polyphenols
promote the growth of beneficial gut bacteria, while gut microbiota play an essential role
in the bioavailability of unabsorbed polyphenols [67]. The resistance of the C-C bond
of rooibos C-glucosyl dihydrochalcones and flavones to hydrolysis by LPH in the small
intestine requires liberation of their aglycones by colonic microbiota. In a previous review
paper by our group [8], we proposed a metabolic degradation pathway for aspalathin based
on evidence available in the literature, in particular by Braune and co-workers. New infor-
mation has since come to light, such as the oxygen-sensitive NADH-dependent reductase,
flavanone- and flavanonol-cleaving reductase (Fcr) (previously described as enoate reduc-
tase), isolated from Eubacterium ramulus, that is able to cleave the flavanones, naringenin
and eriodictyol, for the formation of phloretin and 3-hydroxyphloretin, respectively [68].
Their presence in the colon may be from the flavone precursors, vitexin/isovitexin and ori-
entin/isoorientin. Another source of eriodictyol could be the flavanone oxidation products
of aspalathin, (R/S)-6-β-D-glucopyranosyleriodictyol (dihydro-isoorientin), and (R/S)-8-
β-D-glucopyranosyleriodictyol (dihydro-orientin), formed under oxidative conditions in
solution, especially at slightly acid to neutral pH, found in the small intestine [69]. An up-
dated and revised scheme that includes nothofagin is proposed in Figure 2. The conversion
of nothofagin to flavanones and flavones is supposition, based on that of aspalathin, dis-
cussed in Section 2.2. To date, no evidence of the conversion of nothofagin to its naringenin
derivatives and their conversion to vitexin/isovitexin exist. Furthermore, evidence of the
conversion of phloretin to naringenin under mild oxidative conditions is also lacking.
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Figure 2. Proposed microbial degradation of aspalathin, nothofagin and their flavones, following
non-microbial oxidative conversion at high pH conditions, found in the small intestine [69] (shaded
area). The figure was adapted from Muller et al. [8]. Glc = glucose; R = OH for aspalathin and
metabolites; R = H for nothofagin and metabolites.

Several human colonic bacteria are able hydrolyze the C-C bond of a variety C-glycosyl
compounds (reviewed by Braune and Blaut [11] and Wei et al. [70]). Bacteria identified
to deglycosylate the rooibos C-glucosyl flavones are Eubacterium cellulosolvens and the
bacterial strain CG19-1. Eubacterium cellulosolvens removes the glucose in the C-8 position
(isoorientin and isovitexin), but not in the C-6 position (orientin and vitexin) [71]. The
bacterial strain CG19-1 was, however, able to remove the C-6 sugar moiety [72]. The
rate of biotransformation would depend on the specific molecular structure of the C-
glucosyl flavone as demonstrated by Zheng et al. [73] for orientin, vitexin and isovitexin.
Enterococcus faecalis W12-1A transformed isovitexin to apigenin within 6 h, but deglyco-
sylation of isovitexin and orientin took much longer (14 and 16 h, respectively). Recent
analysis of the Unified Human Gastrointestinal Protein catalogue for genes encoding puta-
tive flavonoid-modifying enzymes [74], identified gut bacteria not previously considered
to modify flavonoids such as Agathobacter faecis. Genes from these bacteria encode enzymes
involved in C-deglycosylation.

Other bacterial conversions of the flavones include reduction to flavanones (naringenin
and eriodictyol), followed by degradation to corresponding chalcones by C-ring fission
by chalcone isomerase. The chalcones are reduced to the dihydrochalcones, phloretin
and 3-hydroxyphloretin by Fcr. The hydrolysis of the dihydrochalcones by phloretin
hydrolase produces amongst others, 3-(4-hydroxyphenyl)-propionic acid (phloretic acid)
and 3-(3,4-dihydroxyphenyl)-propionic acid (hydrocaffeic acid), respectively, in addition
to phloroglucinol, which is further degraded to the short-chain fatty acids (SCFA), acetate
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and butyrate. Eubacterium ramulus produces the enzymes chalcone isomerase, Fcr and
phloretin hydrolase [75–77]. It also rapidly degrades phloroglucinol to butyrate and/or
acetate [78]. Direct reductive cleavage of the flavanones by Fcr (isolated from E. ramulus) to
form dihydrochalcones, instead of via a chalcone as intermediate, can also occur (Figure 2).
This reaction by NADH-dependent reductase was stereospecific, showing preference for
the (R)-enantiomer of naringenin and eriodictyol [68]. Bacteria involved are E. ramulus and
Flavonifractor plautii (originally assigned as Clostridium orbiscindens [79]), shown to catalyze
the degradation of luteolin and eriodictyol to hydrocaffeic acid and phloroglucinol [80,81].
A flavone reductase was isolated from Flavonifractor plautii (ATCC 49531), which specifically
catalyzes the hydrogenation of the C2-C3 double bond of flavones [79]. It is thus clear that
irrespective of the parent compound ingested, ultimately the same microbial degradation
products, namely phloretic acid/hydrocaffeic acid and organic acids, will form in the colon.

3. The Therapeutic Potential of Aspalathin and Related Compounds in Targets for
Diabetes from Recent Literature

Phytochemicals, specifically the dihydrochalcones and related compounds, have been
shown to target several pivotal pathways associated with glucose and energy metabolism in
metabolic disease and diabetes. Recent research into these pathways include the discovery
of several key target molecules associated with insulin resistance, muscle metabolism,
insulin signaling and sensitivity, glucose reabsorption, gut dysbiosis and pancreatic β-cell
protection. These mechanisms are discussed in this section.

3.1. Insulin Resistance and Hyperuricemia

The risk factors for T2D include a genetic predisposition, metabolic permutations such
as hyperglycemia, dyslipidemia and hyperinsulinemia and environmental factors such
as diet and exercise. The main causal factors that fuel T2D development include insulin
resistance (IR), inflammation and oxidative stress [82]. Insulin resistance is a metabolic
aberration causing an impairment of insulin to achieve its physiological effects, including
the stimulation of glucose uptake and inhibition of hepatic glucose output. Recently, IR
has also been strongly associated with mitochondrial dysfunction related to defective
peroxisome proliferator-activated receptor γ co-activator 1α (PGC 1α) signaling, a key
regulator of oxidative metabolism genes [83]. In T2D, disruption of PGC 1α signaling
disrupts substrate oxidation [84], resulting in the accumulation of lipotoxic lipid metabolite
intermediates such as ceramides and diacylglycerol (DAG) that differentially affects tissues
such as muscle, fat, kidney and liver via pro-inflammatory processes and the generation
of reactive oxygen species (ROS) [83]. In addition, to compensate for IR, the pancreatic
β-cells produce more insulin, but this is at the expense of the negative physiologic effects
of hyperinsulinemia such as promoting hepatic steatosis, atherogenesis profile, and, in the
kidney, increased sodium retention and reduced renal excretion of uric acid by the proxi-
mal tubules, leading to increased blood pressure and hyperuricemia, respectively [85–87].
Aspalathin has been shown to ameliorate insulin resistance by enhancing insulin signaling
via protein kinase B (AKT) and 5′-Adenosine monophosphate-activated protein kinase
(AMPK) activation and by reducing inflammation via protein kinase C (PKC) and nuclear
factor-κB (NFκB) pathways. These effects have been demonstrated in both in vitro and
in vivo models and has been extensively reviewed by Muller et al. and Johnson et al. [8,9].

Hyperuricemia is the high uric acid state in blood/plasma /serum and is known as
the cause of gout [88]. High uric acid levels directly inhibit insulin signaling (Figure 3) by
insulin receptor modification and induces IR [89]. Hyperuricemia also induces endothelial
insulin resistance [90]. Aspalathin has been already reported to suppress hyperuricemia by
inhibiting xanthine oxidase activity in vitro and inosine-5′-monophosphate (IMP)-induced
hyperuricemia in vivo [91]. T2D model KK-Ay/Ta mice have been found to show hy-
peruricemia as well as hyperglycemia [92], and taxifolin was demonstrated to suppress
these spontaneous hyperuricemia and hyperglycemia, and hence an index of IR such as
homeostasis model assessment of insulin resistance (HOMA-IR) [93], as well as purine
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bodies-induced hyperuricemia [94]. Recently, human serum uric acid concentration was
shown to be associated with IR in adults as risk for T2D [95]. Thus, it is of interest to
know whether or not aspalathin has the potential to suppress the spontaneous hyper-
uricemia in T2D model KK-Ay/Ta mice as an animal model of preclinical trial [92]. The
T2D model KK-Ay/Ta mice seem to be useful for clarifying modes of actions of aspalathin
on hyperuricemia, as well as those for the onset of spontaneous hyperuricemia in the
whole-body levels.

Figure 3. Schematic representation of basic insulin signaling pathways and effects of phytochemicals
and uric acid. Phytochemicals, including phenolic compounds described in this review, modu-
late cellular energy usage by enhancing insulin activity via AKT activiation and activation of the
metabolic regulator, AMPK, cumulating in the translocation of GLUT4 to the plasma membrane and
increasing glucose uptake and utilization by insulin responsive tissues such as skeletal muscle cells
(modified from [93]).

Quercetin and isorhamnetin have been reported to promote glucose uptake in my-
ocytes [96,97]. Quercetin could lower the plasma uric acid concentration in pre-hyperuricemic
human males [98]. Quercetin and isorhamnetin [99] also suppressed purine bodies-induced
hyperuricemia in mice. Likewise, urolithin A, a gut microbial metabolite of ellagic acid with
anti-inflammatory effect [100], suppressed the increase in plasma uric acid concentration in
purine bodies-treated mice [101]. Thus, these phytochemicals and metabolites have a possi-
bility to alleviate IR through hypouricemic actions in the T2D state. Quercetin, apigenin and
luteolin as aglycons significantly and dose-dependently suppressed uric acid production
in cultured AML16 hepatocytes in vitro. However, vitexin and orientin failed, but rutin
(quercetin-3-O-rutinoside) succeeded in suppressing both uric acid production in cultured
hepatocytes and hyperuricemia induced by purine bodies administration in mice [102].
These differences may be due to cleavage of the C-O-C bond in the buffer or the C-C bond
in the intestine of mice as discussed in Section 2. Thus, enzyme(s) produced by bacteria
able to cleave the C-C bond may be useful, at least, in the screening test for inhibitors
of uric acid production in vitro. In addition to IR [89], hyperuricemia is associated with
metabolic syndrome, cardiovascular diseases and chronic kidney diseases [103], as well as
β-cell dysfunction [104]. Thus, these studies on the effect of aspalathin on hyperuricemia
in the T2D state are of value and interest to metabolic diseases.

3.2. Muscle Metabolism

In glucose metabolism, the skeletal muscles account for the majority (~75%) of insulin-
mediated glucose uptake in the post prandial state, and hence plays an important role
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in maintaining glucose homeostasis [105,106]. Skeletal muscle cells and tissues are also
involved in metabolism of nutrients such as amino acids and lipids [105] and are, therefore,
important for studying effects and mechanisms of various biofactors, including aspalathin
and other phytochemicals. Aspalathin was the first phytochemical found to increase glu-
cose uptake in a rapid glucose uptake assay system, which was contrived without the
use of radioisotope-labeled glucose in L6 myotubes [107]. In a follow-up screening, as-
palathin was found to suppress the increase in fasting blood glucose levels and improve
the intraperitoneal glucose tolerance test (IPGTT) of 2TD model db/db mice [107]. In further
experiments, aspalathin dose-dependently increased glucose uptake in cultured L6 my-
otubes at concentrations of 0–100 µM. This aspalathin-induced increase in glucose uptake
was completely suppressed by 10 µM of Compound C, an inhibitor of AMPK. Thereafter,
aspalathin was found to activate (phosphorylate) AMPK, while it did not activate AKT,
another promotor of GLUT4 translocation, indicating that aspalathin promoted the translo-
cation of GLUT4 to the plasma membrane of L6 myotubes via the AMPK pathway. In ob/ob
mice, aspalathin significantly suppressed the increase in fasting blood glucose levels and
improved glucose intolerance, and decreased expression of hepatic genes related to gluco-
neogenesis and lipogenesis, these leading to antihyperglycemic and antihyperlipidemic
effects [108]. Aspalathin also reduced the levels of liver triglycerides, serum thiobarbituric
acid-reactive substances and tumor necrosis factor-α (TNF-α) in T2D ob/ob mice. Although
the adiponectin levels were decreased in ob/ob mice compared to normal mice, aspalathin
prevented this reduction [108,109]. Together these findings strongly suggest that aspalathin
has potential antidiabetic value.

A green rooibos extract also increased glucose uptake in cultured L6 myotubes and
induced phosphorylation of AMPK [110], similar to aspalathin. In addition to AMPK, the
extract also promoted phosphorylation of AKT in L6 myotubes unlike aspalathin, suggest-
ing involvement of extract constituent(s) other than aspalathin in AKT phosphorylation
(Figure 3). Promotion of GLUT4 translocation to the plasma membrane in L6 myotubes by
the rooibos extract was demonstrated by Western blotting analysis. Subchronic feeding of
T2D model KK-Ay/Ta mice with the same extract suppressed the increase in their fasting
blood glucose levels. These results strongly suggest that green rooibos extract has antidia-
betic potential through multiple modes of action [110]. Recently, the flavanonol, taxifolin
(aslo known as dihydroquercetin), has been reported to activate both AMPK and AKT, to
promote GLUT4 translocation to the plasma membrane, and to increase glucose uptake in
L6 myotubes, leading to reduction of fasting blood glucose levels in KK-Ay/Ta mice [93].

3.3. Molecular Therapeutic Targets for Glucose Homeostasis, Insulin Signaling and Pancreatic
β-Cell Protection

Identifying key regulatory metabolic proteins relevant to glucose and energy metabolism
has become the focus for new therapeutics that alleviate metabolic dysfunction. In this
section, rooibos-related compounds that inhibit or enhance the activity of key modulators
of cellular metabolic processes are discussed as potential therapeutics.

Mammalian sirtuins, and most specifically sirtuin 6 (SIRT6) are essential regulators
of glucose homeostasis and insulin sensitivity in peripheral tissues [111]. Suppression of
SIRT6 improves insulin activation of AKT and increases glycolysis, whilst suppressing glu-
coneogenesis by non-repressed protein 5 (GCN5) and PGC-1α activation [112]. However,
SIRT6 regulates glucose sensing in pancreatic β cells, and by suppressing SIRT6, in pancre-
atic β-cells, forkhead box protein O1 (FOXO1) is deacetylated and pancreatic and duodenal
homeobox 1 (PDX1) and GLUT2 expression is diminished inducing systemic glucose intol-
erance [113]. Interestingly, quercetin and luteolin regulated SIRT6 activity by inhibiting its
activity at low concentrations (IC50 values of 24 and 2 µM, respectively) whilst stimulating
SIRT6 activity at high concentrations (EC50 values of 990 and 270 µM, respectively) [114].
Rutin, a glycoside derivative of quercetin, showed 60% inhibition SIRT6 in a deacetylation
assay at a concentration of 200 µM [115]. Further SIRT6 inhibition by quercetin derivatives,
diquercetin and 2-chloro-1,4-naphtoquinone-quercetin (IC50 values of 130 µM and 55 µM,
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respectively), differed by their binding and substrate interactions. However, further studies
are still needed to unravel the therapeutic potentials of compounds that selectively target
SIRT6 in age-associated diseases including T2D [115].

Protein tyrosine phosphatases (PTPs) modulate signaling pathways by dephospho-
rylating phosphorylated tyrosine residues. PTP1B is a key negative regulator of insulin
receptor and insulin receptor substrate 1 signaling intensity and duration [116]. In diabetics,
PTP1B expression, is increased, and insulin signal is attenuated resulting from increased
serine/threonine phosphorylation and decreased tyrosine phosphorylation of the insulin
receptor [117]. Thus, PTP1B inhibitors are pursued as insulin sensitizing antidiabetic tar-
gets against type 2 diabetes mellitus and obesity. Clinically, reducing PTP1B expression
enhances insulin signaling, improves glucose tolerance and reduces adipose tissue storage
of triglyceride under conditions of over-nutrition. For these reasons, the pharmaceutical
development of PTP1B inhibitors may serve as a novel type of insulin sensitizer in the
management of type 2 diabetes and other cardiovascular syndrome or obesity [117]. Vitexin
and isovitexin, the flavone derivatives of nothofagin, inhibited PTP1B activity with IC50
value of 7.62 ± 0.21 and 17.76 ± 0.53 µM, respectively, and apigenin with an IC50 value
of 24.76 ± 2.17 µM [118]. A comparative study of aqueous and ethanolic green rooibos
extracts showed potent PTP1B inhibitory activity with average IC50 values of 7.5 µg/mL
and 7.7 µg/mL for the 80 and 60% ethanol-based extracts and 10 µg/mL for aqueous green
rooibos extracts, respectively [119]. Principal component analysis of the flavonoid composi-
tion of the extracts and their PTP1B inhibitory activity indicated an association between
inhibition of PTP1B and luteolin-7-O-glucoside, and this is supported by a study that
demonstrated the inhibitory effect of luteolin on PTP1B with an IC50 value of 6.7 µM [120].

In addition to PTP1B, inhibition of megakaryocyte protein tyrosine phosphatase
2 (PTP-MEG2) enhances AMPK phosphorylation. Phloridzin inhibited PTP-MEG2
(IC50 = 32 ± 1.06 µM), enhanced AMPK and AKT activation and increased glucose uptake
in 3T3-L1 adipocytes and in C2C12 skeletal muscle cells. Phloridzin also restored insulin
signaling in palmitate-treated insulin resistant C2C12 and 3T3-L1 cells [121].

By modulating the physiological function of the kidney to promote glucosuria, SGLT2
inhibitors provide an alternative mechanism to control postprandial glucose. Suppressing
glucose reabsorption by inhibiting SGLTs in the kidneys is an effective therapeutic strat-
egy for treating type 2 diabetes. Selective inhibition of SGLT2 over SGLT1 is critical for
minimizing adverse gastrointestinal side effects associated with SGLT1 inhibition [122].
Various modifications to phloridzin as lead compound for the development of synthetic
analogs include a benzofuran ring moiety and aryl C-linked glycosides that alter the SLGT2
selectivity and increased selectivity towards SGLT2 [123,124]. Natural C-glucosyl dihy-
drochalcones such as nothofagin thus hold promise as they more potently inhibit SGLT2
than SGLT1 [125]. Molecular docking and dynamics simulations carried out on aspalathin,
nothofagin, dapagliflozin (a synthetic C-aryl glucoside and analog of phloridzin) and
SGLT2 complexes demonstrated similar results in terms of binding energies and binding
modes for aspalathin and nothofagin to that of dapagliflozin [126].

Aspalathin was found to promote insulin secretion from cultured RIN-5F cells, a
rat-derived pancreatic β-cell line. In these cells, aspalathin suppressed the increase in ROS,
induced by advanced glycation end products (AGEs) and protected the cells from oxidative
stress [108]. In a more recent study, the antioxidative effect of aspalathin was confirmed,
with β-cell protection against glucotoxicity demonstrated as a result of increased expression
of nuclear factor erythroid 2-related factor 2 (NRF2)-regulated antioxidant enzymes in the
β-cell line, insulinoma 1E. Interestingly, aspalathin also suppressed the proapoptotic genes,
Thioredoxin interacting protein (Txnip) and the DNA damage-inducible transcript 3 (Ddit3),
and increased the expression of the protective antioxidant response gene, heme oxygenase
1 (Hmox1) [127]. TXNIP has recently emerged as a potential pancreatic β-cell-specific
therapeutic target for T2D [128].
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3.4. Targeting Gut Microbiota to Reduce Inflammation and Oxidative Stress

An underpinning factor in the anti-inflammatory and anti-oxidative properties of
vitexin, phloretin and isoorientin is their capacity to modulate gut microbiota. The role
of gut microbiota has come to the fore as a major role player in the development and
progression of diabetes and other metabolic related diseases. Several reviews extensively
discuss the significant role of microbial gut dysbiosis whereby host (human) intestinal
barrier function is affected and disruption of metabolic homeostasis occurs; diet has been
described as being an essential regulator of this process [129–132]. As much as a poor diet
can result in damage to intestinal barrier function and dysregulation of gut microbiota,
so too can nutritional factors such as natural flavonoids play a positive role. In fact, the
commonly prescribed antidiabetic drug metformin, which was originally derived from
Galega officinalis, has been shown to mediate its antidiabetic activity, in part, by increasing
the abundance of probiotic and SCFA-producing microbiota species [133,134].

A recent study investigating the effect of isoorientin on the gut microbiota of BALB/c
mice showed the compound to inhibit the growth of pathogenic gut microbes, including
Alistipes, Helicobacter, and Oscillibacter [135]. These pathogenic species of gut microbiota
are strongly associated with inflammation usually through the suppression of Th17 cells,
which play a key role in antibody production and immune cell recruitment [136,137]. The
BALB/c mice treated with isoorientin showed improved hepatic metabolism and oxidative
parameters [135]. Isoorientin, at a concentration of 20 mg/kg BW, was also shown to reduce
gut dysbiosis induced by a global food-borne pollutant (benzo[a]pyrene) by inducing
changes in the abundance of Faecalibaculum, Lactobacillus, Acinetobacter, Desulfovibrio and,
again, Alistipes [138].

Phloretin is renowned for its anti-bacterial and anti-inflammatory activities [139,140].
Again, this flavonoid was found to regulate, amongst others, Alistipes and Oscillibacter
abundance in ulcerative colitis mice, with a concomitant improvement in colon inflamma-
tion, reduction in oxidative stress and maintenance of intestinal barrier integrity via the
inhibition of NF-κB and NLRP3 inflammasome activation [141].

Vitexin has garnered interest in its anti-oxidative function and, specifically, protection
against neuro-inflammation [130]. Although poorly absorbed in the gastro-intestinal tract,
vitexin was shown to reduce the release of pro-inflammatory cytokines, TNF-α, interleukin-
1β (IL-1β) and increase the release of the anti-inflammatory cytokine interleukin-10 (IL-10)
in mice and immune cells stimulated with LPS [142,143]. The effect observed in mice
has now been largely attributed to the effect of vitexin on gut microbiota modulation. In
high-fat diet fed mice, vitexin (10 mg/kg BW) modulated five main microbial phyla, namely
Firmicutes, Verrucomicrobiota, Desulfobacterota, Bacteroideta and Actinobacteriota [144]. In par-
ticular, the Firmicutes are prominent in obesity related disorders, and the Verrucomicrobiota
species, Akkermansia, is closely related to glucose tolerance, intestinal barrier dysfunction
and dyslipidemia [145,146]. The modulation of microbiota induced by vitexin in the high-fat
diet fed mice correlated with a reduction in malondialdehyde content, increased antioxi-
dant activity as manifested in increased activity and expression of superoxide dismutase
and catalase. Furthermore, pro-inflammatory cytokine expression was reduced.

A distinct relationship exists between the regulation of gut microbiota and the reduc-
tion of both oxidative stress and inflammation, creating a niche area for natural flavonoids,
such as vitexin, phloretin and isoorientin to exert further beneficial effects on glucose
and lipid metabolism. In fact, an aspalathin-rich green rooibos extract was shown to
increase the abundance of beneficial microbiota species (e.g., Faecalibacterium prausnitzii,
Eubacterium spp., Sutterella spp., and Dorea longicatena) and suppress pathogenic species
such as Salmonella enterica [147]. Interestingly, aspalathin on its own did not have as promi-
nent an effect as the extract, suggesting a causative role for biotransformation of flavonoids
by the gut microbiome, but also additive activity of other flavonoids.
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3.5. Mitochondrial Dysfuction

Aspalathin, and its flavone derivatives, isoorientin, and orientin (10 µM) increased
endogenous GSH and superoxide dismutase antioxidant levels and ameliorated the produc-
tion of intracellular ROS resulting from antimycin A induced mitochondrial dysfunction
in C2C12 myotubes. The expression of genes involved in mitochondrial function, such
as uncoupling protein 2 (Ucp 2), mitochondrial complex 1/3, Sirt1, nuclear respiratory
factor 1 (Nrf 1), and mitochondrial transcription factor (Tfam) suggests that aspalathin and
its flavone derivatives could protect against mitochondrial dysfunction in C2C12 skeletal
muscle cells [148]. Treatment of palmitate-induced insulin resistant HepG2/C3A liver
cells with aspalathin (10 µM) effectively increased free fatty acid and glucose uptake fa-
cilitated by increased GLUT2 protein expression. Mechanistically, aspalathin enhanced
the activation of insulin stimulated AKT, and increased AMPK, and carnitine palmitoyl
transferase 1 (CPT1) protein. Seahorse assessment of mitochondrial bioenergetics showed
that aspalathin treatment increased the oxygen consumption rate, thereby enhancing ATP
production and basal, maximal and spare respiration capacity in these insulin-resistant
cells [149]. Interestingly, a fermented rooibos extract with low levels of aspalathin (0.4%),
and other antioxidants, induced similar ameliorative effects on impaired mitochondrial
function in H9c2 cardiomyocytes under high glucose (33 mM) culture conditions. It was
suggested that the rooibos extract (1 µg/mL for 6 h) enhanced mitochondrial energetics by
increasing intracellular co-enzyme Q9 levels and reduced oxidative stress [150]. Although
a direct correlation cannot be drawn between these experimental conditions, alternate
mechanisms could account for these observed effects.

4. Conclusions

This review provided new insights into the potential antidiabetic activities of as-
palathin and related compounds, focusing on recently published therapeutic targets, which
include enhancing insulin signaling via AMPK and AKT activation and improving mito-
chondrial function. We also describe the capacity of these compounds to modulate insulin
receptor and insulin receptor substrate 1 via PTP inhibition, to promote glucosuria via
SGLT2 inhibition and to suppress hyperuricemia. Furthermore, selected compounds of
interest suppress SIRT6 specifically, thereby improving insulin activation of AKT and in-
creasing glycolysis and suppressing gluconeogenesis. The C-glycosyl parent compounds
are active in cell models, but poor bioavailability would limit the therapeutic effects in vivo.
Biotransformation in the gut is most likely responsible for enhancing therapeutic effects
observed in animal models, and the gut microbiome has been shown to be an important
mediator in the anti-inflammatory and antioxidative effects of these compounds. C-glycosyl
compounds and their derivatives have the potential to regulate multiple factors associ-
ated with the development and progression of T2D; future research should focussed on
compound derivatives and analogs with enhanced bioactivity.

Author Contributions: C.J.F.M., N.C., E.J., Y.M. and K.Y.; writing—original draft preparation;
writing—review and editing. All authors have read and agreed to the published version of the
manuscript.

Funding: The Research Cooperation Program of the Japan Society for the Promotion of Science
(2011–2018) and National Research Foundation of South Africa (NRF grants 75425, 85105, 95520,
108667) supported collaboration and research visits.

Acknowledgments: Dalene de Beer of the Plant Bioactives Group is acknowledged for proof-reading
of Section 2 and assistance with preparation of Figures 1 and 2.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2022, 23, 356 16 of 22

Abbreviations

AKT Protein kinase B
AMPK 5′-Adenosine monophosphate-activated protein kinase
ASP Aspalathin
AUC0-t Area under the curve
BCAAs Branched-chain amino acids
BW Body mass
Cmax Maximum plasma concentration
DAG Diacylglycerol
Ddit3 DNA damage-inducible transcript 3
DW Dry weight
Fcr Flavanone- and flavanonol-cleaving reductase
FOXO1 Forkhead box protein O1
GCN5 Non-repressed protein 5
GLUT2/4 Glucose transporter 2/4
Hmox1 Heme oxygenase 1
HOMA-IR Homeostasis model assessment of insulin resistance
IL-1β Interleukin 1 beta
IL-10 Interleukin 10
IMP Inosine-5′-monophosphate
IPGTT Intraperitoneal glucose tolerance test
IR Insulin resistance
LPH Lactase-phloridzin hydrolase
LPS Lipopolysaccharide(s)
MRP2 Multidrug resistance protein 2
NFκB Nuclear factor-κB
NLRP3 Nod-like receptor family pyrin domain containing 3
NOT Nothofagin
Nrf1 Nuclear respiratory factor 1
NRF2 Nuclear factor erythroid 2-related factor 2
PKC Protein kinase C
PDX1 Pancreatic and duodenal homeobox 1
PGC 1α Peroxisome proliferator-activated receptor γ co-activator 1α
P-gp P-glycoprotein
PTPs Protein tyrosine phosphatases
PTP-MEG2 Megakaryocyte protein tyrosine phosphatase 2
ROS Reactive oxygen species
SGLT1/2 Sodium-glucose co-transporter-1/2
Sirt1 Sirtuin 1
SIRT6 Sirtuin 6
SCFA Short-chain fatty acid
t 1

2
Elimination half-life

tmax Time at maximum absorption
Tfam Mitochondrial transcription factor
TNF-α Tumour necrosis factor-α
T2D Type 2 diabetes
Txnip Thioredoxin interacting protein
Ucp2 Uncoupling protein 2
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