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Abstract

Butein, a rare chalcone found in the toxic plant Toxicodendron vernicifluum, has been shown to regulate glucose homeostasis via
inhibition of the nuclear factor kappa-B kinase subunit beta (IKKf)/nuclear factor kappa B (NF-kB) pathway in the brain. Here,
we investigated whether the nonpoisonous plant Dahlia pinnata could be a source of butein as a potential treatment for type 2
diabetes (T2D). In mice fed a high-fat diet (HFD) to induce glucose intolerance, an oral D. pinnata petal extract improved glucose
tolerance at doses of 3.3 mg/kg body weight and 10 mg/kg body weight. Surprisingly, this effect was not mediated by butein
alone but by butein combined with the closely related flavonoids, sulfuretin and/or isoliquiritigenin. Mechanistically, the extract
improved systemic insulin tolerance. Inhibition of phosphatidylinositol 3-kinase to block insulin signaling in the brain abrogated
the glucoregulatory effect of the orally administered extract. The extract reinstated central insulin signaling and normalized
astrogliosis in the hypothalamus of HFD-fed mice. Using NF-kB reporter zebrafish to determine IKKB/NF-kB activity, a potent
anti-inflammatory action of the extract was found. A randomized controlled crossover clinical trial on participants with predia-
betes or T2D confirmed the safety and efficacy of the extract in humans. In conclusion, we identified an extract from the flower
petals of D. pinnata as a novel treatment option for T2D, potentially targeting the central regulation of glucose homeostasis as a
root cause of the disease.
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Introduction the phosphatidylinositol 3-kinase (PI3K)—protein kinase B (AKT)
pathway, which mediates most of the metabolic effects of insulin
[8,9].

Glucose intolerance and insulin resistance are key features in
the pathogenesis of T2D. Hypothalamic inflammation has been
shown to play a key role in the development and progression of
hypothalamic insulin resistance through inhibition of the nuclear
factor kappa-B kinase subunit beta (IKKf)/nuclear factor kappa
B (NF-kB) inflammatory pathway [10, 11]. NF-kB is a transcrip-
tion factor that regulates the expression of proinflammatory
cytokines such as interleukin (IL)-1 and tumor necrosis factor-
alpha (TNF-a). We and others have shown that inhibition of this
pathway in neurons of the arcuate nucleus (ARC) in the hypo-
thalamus attenuates glucose intolerance in diet-induced obese
(DIO) and glucose-intolerant mice [10-12]. Pharmacological inhi-
bition of this pathway using the potent and specific IKKf inhibitor
butein, administered either centrally or systemically, had marked
glucose-lowering and insulin-sensitizing effects in diet-induced
obese and glucose-intolerant mice [10].

Type 2 diabetes (T2D) is a leading cause of death and an increas-
ingly serious threat to global health. Worldwide, the number of
people suffering from T2D has increased 4-fold since 1980 and is
predicted to increase to 552 million by 2030 [1]. Poorly managed
T2D leads to decreased quality of life and shorter life expectancy.
Serious complications of T2D include kidney failure, cardiovas-
cular disease, and blindness, and the cost of treating diabetes
accounts for 12% of global health expenditure [2].

In 1855, Claude Bernard made the remarkable discovery that
the brain can control blood glucose [3], but it took almost 150
years before this finding was revisited. It is now widely accepted
that glucose homeostasis is tightly regulated by central pathways
mainly residing in the hypothalamus [4-7]. In a healthy state, cir-
culating insulin reaches the hypothalamus and binds to its recep-
tor, which is then autophosphorylated. The autophosphorylation
of the receptor leads to the recruitment and phosphorylation of
the insulin receptor substrate (IRS). This induces the activation of
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These results suggested that a nontoxic, natural source of
butein could be a novel treatment that targets hypothalamic
inflammation as a root cause of T2D. However, yellow chalcone
butein is a rather rare flavonoid [13]. One of the best described
natural sources of butein is the bark of the Chinese lacquer tree
(Toxicodendron vernicifluum). Although this plant has been used in
traditional herbal medicine to treat a range of conditions, such as
inflammatory diseases, its medicinal use has been limited because
of its toxicity [14]. Interestingly, the yellow petals of the ornamen-
tal flower varieties of nontoxic Dahlia pinnata Cav. (Asteraceae)
have also been shown to contain butein [15]. This current study
aimed to establish whether an extract of the yellow petals of D.
pinnata could be a novel therapy for the treatment of T2D from a
cultivatable source. We found that acute and chronic oral treat-
ment with this extract improved glucose tolerance in high-fat
diet (HFD) fed mice. A closer examination of the extract revealed
that, even though butein was found in high concentrations in the
extract, it was only effective in combination with either one or
two other flavonoids, sulfuretin and/or isoliquiritigenin, which
were also isolated from the dahlia extract. We established that
the glucoregulatory effects of the extract were dependent on
PI3K signaling as a marker of central insulin action and that it
reverses markers of hypothalamic inflammation. In a “first in
human” clinical study on the dahlia extract in people with pre-
diabetes and T2D, we confirmed its promising glucose-lowering
action.

Results

Dahlia extract improves glucose tolerance and
insulin sensitivity in DIO mice

HPLC analysis on an ethanol (EtOH) extract of fresh yellow pet-
als of D. pinnata (flower shown in Fig. 1a) showed a high con-
centration of butein (Supplementary Tables S1 and S2). To test
whether the dahlia extract could improve glucose tolerance, we
next tested the effect of different doses of the extract in HFD-
fed mice. This is a well-established animal model for the study
of glucoregulation [16-18]. Doses of 1, 3.3, and 10 mg/kg body
weight were administered orally 1 h before an intraperitoneal
glucose tolerance test (ipGTT). The extract improved glucose tol-
erance, with 10 mg/kg body weight being the most effective dose,
as reflected by the area under the curve (AUC) (P < 0.05, Fig. 1b).
Thirty minutes after the ipGTT glucose load, there were signifi-
cant decreases in glucose levels compared with the HFD vehicle
group, at extract doses of 3.3 mg/kg body weight (P = 0.02) and
10 mg/kg body weight (P = 0.04) (Fig. 1b). To demonstrate the
reproducibility of the effect, we repeated the experiment using
the 10 mg/kg body weight dahlia extract dose and tested its
effects on glucose and insulin tolerance (ITT). Oral application
of the dahlia extract (10 mg/kg body weight) to HFD-fed mice
consistently improved glucose tolerance (P = 0.008; Fig. 1c), con-
firming its effectiveness, and this improvement was associated
with an increase in insulin sensitivity (P = 0.04; Fig. 1d). The
extract did not affect blood sugar levels in healthy control mice
fed a low-fat diet (LFD) (Supplementary Fig. S1).

Dahlia extract improves glucose homeostasis
after long-term administration in mice

To test sustained glucoregulation and possible adverse effects of
long-term treatment with the dahlia extract, we treated a cohort
of HFD-fed mice daily with oral dahlia extract (10 mg/kg body
weight) or vehicle for 5 weeks.

HFD feeding led to an increase in body weight from 29.3+0.5¢g
t035.3 £ 0.9 gover 5 weeks (P < 0.001 compared with mice fed the
LFD, Fig. 2a). Chronic administration of the dahlia extract did not
alter the body weight of mice fed the HFD (HFD 35.3 + 0.9 g vs HFD
extract 36.1 + 1.2 g). Mice fed the HFD showed increased cumu-
lative food intake compared with mice fed the LFD (1584 + 117 kJ
vs 1285 + 20 kJ, P < 0.0001), and this was unaffected by daily treat-
ment with the extract (Fig. 2b). An ipGTT performed after 4 weeks
of HFD feeding showed that HFD feeding led to impaired glucose
tolerance compared with mice fed the LFD (P < 0.001, Fig. 2c).
HFD-fed mice that received long-term treatment with the extract
showed improved glucose tolerance compared with mice fed the
HFD that received vehicle (P = 0.02, Fig. 2c).

To assess toxicity, we measured total liver weight and liver fat
content and assessed liver morphology. Chronic daily adminis-
tration of the dahlia extract did not alter liver morphology, liver
fat content, and total liver weight (Supplementary Fig. S2). This
proved the safety of the dahlia extract at the tested dose in mice
over a prolonged treatment period.

Butein, isoliquiritigenin, and sulfuretin are the
bioactives in the dahlia extract that mediate the
glucose-lowering effect in certain combinations

We next sought to identify the bioactives that elicit the glucoreg-
ulatory effects of the dahlia extract. Our group previously showed
that pure butein improved glucose homeostasis through intracer-
ebroventricular (ICV) administration in DIO mice or when admin-
istered orally to obese, leptin-deficient mice [10]. Intriguingly, oral
butein did not improve glucose homeostasis in DIO mice in the
current study (Fig. 3a).

This finding led us to revisit our HPLC analysis, and we
found that the dahlia extract contained two other yellow fla-
vonoids besides butein. These flavonoids were purified and
identified as the chalcone isoliquiritigenin and the aurone sul-
furetin (Supplementary Fig. S3, Supplementary Tables S1 and S2).
Neither isoliquiritigenin nor sulfuretin alone (10 mg/kg body
weight) significantly improved glucose tolerance in HFD-fed mice
that exhibited impaired glucose tolerance (Fig. 3a). However, an
equimolar mixture of all three flavonoids, referred to as a bioac-
tive mixture (BM; 3.3 mg/kg body weight of each flavonoid), pro-
foundly improved glucose tolerance (P = 0.001; Fig. 3a).

We next tested whether any combination of two of these
three flavonoids improves glucose tolerance. Combinations of
butein with isoliquiritigenin (AUC; P = 0.004) or sulfuretin (AUC;
P = 0.005) significantly improved glucose tolerance, whereas the
combination of isoliquiritigenin and sulfuretin (AUC; P = 0.445)
was ineffective (Fig. 3b). Therefore, we can conclude that butein
is required in combination with one or both of the other yellow
flavonoids to elicit the glucoregulatory effect.

The glucoregulatory effect of the dahlia extract
depends on PI3K, a marker of central insulin
signaling, and the extract reverses diet-induced
hypothalamic inflammation

Having established that the dahlia extract exhibited glucose-
lowering effects in mice, we next investigated if this was a cen-
trally mediated effect. Since the central insulin signaling pathway
is crucial for the regulation of blood glucose levels [6-8, 19, 20],
we assessed the effect of the dahlia extract on glucose tolerance
mediated via this pathway. Central insulin signaling was inhib-
ited by selective inhibitors of the PI3K catalytic subunits, p110a
and pl110p (PIK75 and TGX221), that mediate insulin signaling
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Figure 1 The dahlia extract improved glucose and insulin tolerance in DIO mice. (a) Dahlia pinnata flower as the source of the dahlia extract. C57BL/6
mice were fed HFD or LFD for 4 weeks and treated with the extract orally (1, 3.3, or 10 mg/kg) 1 h before an ipGTT or ITT. (b) ipGTT blood glucose
response curve (left panel) and corresponding AUC (right panel; n = 6-7). C57BL/6 mice were fed the HFD or the LFD for 4 weeks and followed by oral
administration of either dahlia extract (10 mg/kg body weight) or vehicle before ipGTT or ITT. (c) ipGTT blood glucose response curve (left panel) and
corresponding AUC (right panel; n = 6-7). (d) ITT blood glucose response curve (left panel) and corresponding AUC (right panel; n = 7-8). Data are repre-

sented as the mean + SEM. P < 0.05, "P < 0.01, "P < 0.001.

in the brain [9]. Treating HFD-fed mice with the dahlia extract
restored their glucoregulation to the level of LFD-fed controls (P =
0.55, Fig. 4a). But when insulin signaling was blocked by ICV injec-
tion of PI3K inhibitors, the glucose-lowering effect of the dahlia

extract was abolished, and glucose tolerance in mice fed the HFD
remained significantly impaired compared with mice fed the LFD
(P=0.007, Fig. 4a), showing a central mode of action of the dahlia
extract.
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Figure 2 The dahlia extract remained effective after long-term treatment. C57BL/6 mice were fed the HFD or the LFD ad libitum and treated with the
extract (10 mg/kg/d) or vehicle by oral gavage once a day for 4 weeks. (a) Body weight (n = 10). Indicated significance refers to the difference between
the HFD Vehicle (Veh) or HFD Extract treatment group and the LFD Veh treatment group. (b) Cumulative food intake for each treatment group (n = 10).
(c) GTT blood glucose response curve (left panel) and corresponding AUC (right panel) (n = 7-10). Data are represented as the mean + SEM. P < 0.05,

"P<0.01, "P < 0.001.

The ARC of the hypothalamus is an essential brain region
for the regulation of glucose homeostasis, so we tested whether
the dahlia extract affected insulin signaling in this region. Mice
were fed the LFD or the HFD for 5 weeks. During this period, the
HFD-fed mice were treated daily with dahlia extract (10 mg/kg
body weight) or vehicle by oral gavage. At baseline without insu-
lin treatment, mice fed the LFD or the HFD had few pAKT-pos-
itive cells in the ARC (Fig. 4b and c). Insulin injection markedly
increased the number of pAKT-positive cells in the ARC of mice
fed the LFD (35-fold increase, P < 0.001), but to a lesser degree
in mice fed the HFD (6-fold increase, P < 0.001). The increase of
PAKT-positive cells upon insulin injection was 37% greater in LFD-
fed mice compared to HFD-fed mice (P = 0.05). This indicates the
presence of central insulin resistance in the latter group. When
treated with the dahlia extract, the total number of pAKT-positive
cells in mice fed the HFD following insulin injection was restored
to levels of the LFD group (P = 0.03). The extract did not lead to
a significant increase in the number of pAKT cells in the ARC of
mice fed HFD in the absence of exogenous insulin. These results
suggest normalization of central insulin signaling by the extract
(Fig. 4b and c).

Impaired central insulin sensitivity is linked to hypotha-
lamic inflammation [21, 22], therefore, we counted glial fibrillary
acidic protein (GFAP)-positive, activated astrocytes, a marker

of inflammation, within the ARC of mice fed the HFD following
chronic treatment with the dahlia extract or vehicle. The num-
ber of GFAP-positive cells in the ARC was markedly increased in
vehicle-treated mice fed the HFD compared with vehicle-treated
mice fed the LFD (73% increase, P = 0.004; Fig. 4d and e). This find-
ing is consistent with previous research [23]. The dahlia extract
reversed this effect. Mice fed the HFD treated with the extract
showed fewer GFAP-positive astrocytes than mice fed the HFD
treated with the vehicle (30% reduction, P = 0.05; Fig. 4d and e).
This suggests that dahlia extract can reduce hypothalamic
inflammation.

Since butein is a specific IKKf inhibitor [24, 25], we next tested
whether the dahlia extract can inhibit activation of the proinflam-
matory IKKB/NF-kB pathway. We utilized a zebrafish reporter line
that carries a green fluorescent protein (GFP) reporter gene [26],
allowing visualization of NF-kB activity, the downstream target of
IKKpB. HFD feeding for 5 h at the fifth day post fertilization (dpf)
increased fluorescence intensity relative to the control group
(P < 0.05), as did treatment with the positive control lipopolysac-
charide (LPS) (P < 0.001; Fig. 4f and g). LPS was used as a positive
control as it induces NF-xB activity [27], and the use of LPS showed
that this zebrafish model can detect a known NF-kB response.
Incubation with the dahlia extract for the last hour of HFD or LPS
treatment reversed NF-xB pathway activation to levels observed
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Figure 3 Yellow dahlia flavonoids show glucose-lowering effects in combination. C57BL/6 mice were fed the HFD or the LFD for 4 weeks, and flavonoids
were administered orally individually or in combination 1 h before an ipGTT. Shown are ipGTT blood glucose response curves (left panels) and corre-
sponding AUCs (right panels). (a) Mice received butein (B, 10 mg/kg), isoliquiritigenin (I, 10 mg/kg), sulfuretin (S, 10 mg/kg), or a mixture of all three (BM,
3.3 mg/kg each); (n = 10-30). (b) Mice received isoliquiritigenin+sulfuretin (I + S), butein+isoliquiritigenin (B+I), or butein+sulfuretin (B+S), 3.3 mg/kg for
each flavonoid (n = 6-17). Data are represented as the mean + SEM. P < 0.05, "P < 0.01, "P < 0.001.

in the control groups (P < 0.001; Fig. 4f and g). These data confirm
that the extract inhibits the IKKB/NF-kB pathway and has marked
anti-inflammatory properties.

Taken together, these results suggest that the glucose-lowering
properties of the dahlia extract are mediated via its central
anti-inflammatory action, specifically the ability to inhibit the
IKKB/NF-xB pathway.

Dahlia extract improves glucose tolerance in
humans

Having shown the glucose-lowering effects of the dahlia extract
and a potential mechanism of action in preclinical animal mod-
els, we tested the safety and efficacy of the extract in humans. We
conducted a randomized controlled crossover trial of 13 partici-
pants with prediabetes or T2D (WHO criteria) [28] who fulfilled
the inclusion criteria (Fig. 5a). The mean age of these participants
was 55.9 + 7.2 years, with HbAlc of 46.5 = 4.5 mmol/mol. The
participants’ body weights were 64.2-178.1 kg, and their BMI were
22.8-54.4 kg/m?.

The dahlia extract improved glucose tolerance in the patients
with prediabetes or T2D, and the dahlia extract showed a dose-de-
pendent improvement in glucose tolerance, as reflected by the
AUC during an oral glucose tolerance test (0GTT) for each dose
(Fig. 5b; 15 mg/m? P = 0.0021, 30 mg/m2 P = 0.0079, and 60 mg/
m? P =0.0002). When examining the only five participants meet-
ing the WHO criteria for established T2D (HbAlc > 48 mmol/mol),
the glucose-lowering effect of the highest dahlia extract dose
(60 mg/m?) was more pronounced (Fig. 5¢; 15 mg/m? P = 0.0061,
30 mg/m* P = 0.0213, and 60 mg/m?* P = 0.0008), suggesting an
increased effect of the dahlia extract in patients who had already
progressed to T2D.

Blood parameters that reflected liver function (bilirubin,
alkaline phosphatase, gamma-glutamyl transferase, alanine
transaminase, total protein, albumin, and globulin), renal func-
tion (sodium, potassium, and creatinine), and overall health
(hemoglobin, mean corpuscular volume, platelets, white blood
cells, and neutrophils) did not differ between pretreatment meas-
urements and those taken during or after any dose of the dahlia
extract (Fig. 5d).
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Discussion

An EtOH extract of fresh petals of yellow dahlia contained a high
concentration of butein. This extract, administered orally, acutely
improved glucose tolerance, and improved insulin sensitivity
in DIO mice. Following chronic treatment, the glucose-lowering
properties of the dahlia extract were retained. This is important
regarding the potential long-term use of dahlia extract to improve
and sustain glucoregulation. Dahlia extract had a dose-dependent
glucose-lowering effect in a “first in human” study undertaken
in people with prediabetes and T2D, in which a more prominent
effect was observed in those diagnosed as having “established”
T2D. These are the first results on the antidiabetic properties of
dahlia flower extract.

We previously found that oral butein improves glucose tolerance
and central insulin signaling in obese and glucose-intolerant mice
that are deficient for the body weight and glucoregulatory hormone
leptin [10]. While butein was also effective in DIO mice when it was
administered ICV [10], the current study revealed that oral applica-
tion of butein in DIO mice was ineffective. This apparent depend-
ence on the route of butein application may reflect the effect of
leptin on intestinal barrier function, altering the absorption rate of
specific compounds [29], or differences in blood-brain barrier (BBB)
function between HFD-fed and leptin-deficient mice [30].

Since oral administration of the dahlia extract but not puri-
fied butein improved glucose tolerance in DIO mice, our data
further suggest that the high concentration of butein in the
dahlia extract is not solely responsible for mediating the glyce-
mic effects of the extract. We isolated two other yellow flavo-
noids from the extract, the chalcone isoliquiritigenin and the
aurone sulfuretin. Isoliquiritigenin has been shown to decrease
adipose tissue inflammation in mice [31] via modifying gut bac-
teria composition [32], and sulfuretin appears to protect mice
against cytokine-induced p-cell damage and prevent streptozotocin-
induced diabetes [33]. However, without co-administration of
butein, these flavonoids, administered in isolation or combined,
did not improve glucose tolerance. These apparent differences
may be due to different routes of application, e.g., intraperitoneal
injection vs oral gavage application in our study. Even though
butein did not exhibit glucose-lowering properties when adminis-
tered orally in isolation, combinations of butein with isoliquiriti-
genin and/or sulfuretin did, confirming that butein is essential to
elicit the glucose-lowering effect of the dahlia extract. This might
be due to functional interactions between the flavonoids or their
metabolites in vivo. The individual compounds may exhibit differ-
ent modes of action, e.g., by influencing brain accessibility which
needs to be evaluated in future studies. While our current results
show that butein, isoliquiritigenin, and sulfuretin are the main
bioactives of the dahlia extract, mediating its in vivo glucose-
lowering effects, we cannot rule out contributions of other sec-
ondary plant metabolites in the dahlia extract.

The flavonoids may be processed by microbiota, intestinal
cells, or in the liver before reaching the target tissues. For exam-
ple, isoliquiritigenin is converted into seven Phase-I metabolites
by human liver microsomes in vitro [34]. Only small amounts of
unmodified sulfuretin were found in the plasma of rats after oral
administration of a sulfuretin-rich plant extract, with most of the
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sulfuretin being present in the form of conjugates [35]. Further
studies are needed to investigate whether the beneficial effects
on glucose homeostasis induced by the dahlia extract are medi-
ated through the flavonoids present in the extract or by their
metabolites.

The brain plays a pivotal role in the regulation of glucose
homeostasis, with impaired central insulin signaling considered
a primary factor in the development of T2D [36, 37]. Within the
brain, the hypothalamus plays a fundamental role in glucor-
egulation [38]. It was shown that unlike peripheral inflamma-
tion, hypothalamic inflammatory signaling and reactive gliosis
develop very rapidly in response to HFD feeding before substan-
tial weight gain. While this initial response subsided after several
days, by 4 weeks of HFD consumption, inflammation, and reac-
tive gliosis were fully established and considered a permanent
characteristic of this state. For these reasons, we investigated the
glucoregulatory effects of the extract and the bioactives in this
well-established model of DIO [39]. Hypothalamic inflammation
and central insulin signaling are tightly linked, and therefore
treatments targeting hypothalamic inflammation would address
a primary cause of dysregulated glucose metabolism and improve
glucose tolerance in the long-term. To act in the hypothalamus,
bioactive compounds must cross the BBB, a highly selective semi-
permeable barrier that separates the cerebrospinal fluid from the
bloodstream [40]. Various phytochemicals can traverse the BBB
independently of their route of administration [41-46]. Within the
brain, phytochemicals are associated with the inhibition of oxi-
dative stress and signaling pathways related to inflammation. For
example, epigallocatechin-3-gallate, the major catechin in green
tea, induces the nuclear factor erythroid-related factor 2 (Nrf2)
pathway in hippocampal neurons, protecting them against oxida-
tive damage [47]. The flavanone hesperetin and two of its metab-
olites, hesperetin-7-O-B-D-glucuronide and 5-nitro-hesperetin,
inhibit oxidative stress-induced apoptosis in cortical neurons
via activation of AKT and extracellular signal-regulated kinases
1/2 (ERK1/2). These are also important components of the IRS-
AKT pathway involved in glucose homeostasis [48]. Our findings
show that hypothalamic insulin signaling is a target of the dahlia
extract. At the molecular level, HFD feeding leads to low-grade
inflammation in this brain area, contributing to insulin resist-
ance and ultimately to the development of T2D [39]. HFD feed-
ing promptly leads to reactive astrogliosis in the hypothalamus,
reflecting the proinflammatory nature of the diet. This is believed
to contribute to the functional impairment of neuronal circuits
controlling energy homeostasis [39]. The complete loss of effec-
tiveness of the dahlia extract after blocking central insulin sign-
aling suggests that the extract has a central mode of action. Our
data further suggest that the dahlia extract prevents the onset
of astrogliosis after HFD feeding, and the improvement of glu-
cose tolerance is associated with the suppression of inflamma-
tory signaling pathways within the hypothalamus. Whether the
improved insulin sensitivity, as reflected by increased activation
of hypothalamic AKT, is a result of decreased inflammation or a
direct activation by the flavonoids requires further investigation.

The improvement in glucose homeostasis observed in response
to the extract was not accompanied by adverse effects in pre-
clinical models and clinical trial. Hypoglycemia did not occur in

(10 mg/kg) by oral gavage once a day for 5 weeks. (e) Quantification of GFAP immunoreactive cells. GFAP immunoreactive cells were counted in three
region-matched sections for each animal (n = 8-10). Data show means + SEM. P< 0.05, "P < 0.01. (f and g) Anti-inflammatory action of the extract. NF-xB
reporter zebrafish were either fed with an LFD, fed with egg yolk to induce HFD conditions, or treated with LPS (10 umol/L) for 4 h followed by incubation
with the extract (10 pmol/L) for one additional hour (n = 8 per group). (f) Representative images of fish of the treatment groups. (g) NF-xB activity was
measured by quantitative analysis of fluorescence intensity. Data are represented as the mean + SEM. P < 0.05, "P < 0.01, "P < 0.001.
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Figure 5 “First in man” clinical trial of the dahlia extract. (a) Study summary flow chart. (b) GTT blood glucose response curves (left panel) and cor-
responding AUCs (right panels) for all participants with prediabetes or T2D (n = 13). The extract (15, 30, or 60 mg/m?) was given 1 h before the GTT.
(c) GTT and AUC results for participants (n = 5) with established T2D (HbA1c >48 mmol/mol). (d) Liver function, full blood count, and renal function were
unchanged by treatment with the dahlia extract. Data are represented as the mean + SEM. P < 0.05, "P < 0.01, "P < 0.001. Abbreviations: Alb, albumin;
ALT, alanine aminotransferase; AP, alkaline phosphatase; Bi, bilirubin; GGT, gamma-glutamyl transpeptidase; Glo, globulin; Hb, hemoglobin; MCV, mean
corpuscular volume; neutr, neutrophils; plts, platelets; TP, total protein; WBC, white blood cells.

any mouse treated with the dahlia extract. Chronic daily admin-
istration of the dahlia extract did not alter liver morphology, liver
fat content, or liver weight. Furthermore, in zebrafish, the dahlia
extract reduced hyperactivity of NF-xB induced by HFD feeding
or LPS, but did not reduce NF-xB activity to levels below controls.
Many poisonous compounds affect body weight and food intake
[49, 50], but the chronic treatment of mice with the extract did not
reveal differences in these parameters. This supports the safety of
the dahlia extract at the tested doses over a prolonged treatment
period. Evidence for the absence of toxicity in humans is provided
by the safety parameter analysis of the blood obtained from the
clinical study. No differences were detected after administration

of the dahlia extract in liver and renal function. Results of full
blood count were identical between different treatments.

In summary, we have shown that a yellow dahlia flower extract,
or its isolated yellow flavonoids in certain combinations, can
restore glucoregulation in mice fed HFD to induce glucose intol-
erance. In humans, the dahlia extract improved glucoregulation
in people with prediabetes and T2D. The glucoregulatory effect
of the extract is dependent on central PI3K, a key component in
insulin signaling. The improvement in glucose tolerance is asso-
ciated with an anti-inflammatory effect of the dahlia extract and
increased insulin signaling in the hypothalamus, the major glu-
coregulatory region of the brain.



Materials and methods

Flower extracts and flavonoids

Yellow dahlia flowers from a cultivar of D. pinnata Cav. (synonym
D. variabilis Desf., detailed information can be acquired via the
website of The World Flora Online) were grown in Southland (46°
South, New Zealand). Extracts and flavonoids were prepared from
these flowers as detailed in the Supplemental Material. HPLC
analyses showed the flavonoid composition (Supplementary
Table S1). HPLC analysis further confirmed that butein, sulfure-
tin, and isoliquiritigenin were stable in an EtOH extract of the
dahlia petals when stored at —18°C for at least 3 years and in
the capsules stored for at least 6 months. For mouse trials that
utilized flavonoids and flavonoid mixtures, commercial samples
of butein (Sigma Aldrich, purity 98%) and isoliquiritigenin (AK
Scientific, purity 97%) were used. Sulfuretin was purified from the
dahlia extract as it was not commercially available (Supplemental
Material, purity >98% by HPLC and 'H NMR analyses).

Mice

For all mouse experiments, 12-14 weeks old male C57BL/6 mice
were obtained from the University of Otago (UoO) animal facil-
ity. Mice were housed individually under a 12 h light/12 h dark
cycle at 23°C. To induce DIO, mice were fed an HFD (60% fat; Cat.
No. D12492; Research Diets). Mice fed an LFD (10% fat; Cat. No.
D12450B; Research Diets) served as controls.

ipGTT

After 4 weeks of either HFD or LFD feeding, mice were fasted
overnight for 16 h and received dahlia extract (1, 3.3, or 10 mg/kg
body weight) or vehicle (0.9% NaCl containing 5% EtOH) by oral
gavage. Glucose (1.5 g/kg body weight; dissolved in 0.9% NacCl)
was injected intraperitoneally, and an ipGTT was performed 60
min after dahlia extract or vehicle administration. Blood glucose
levels were measured using a commercially available glucometer
(Accu-Check Performa; Roche) after truncating the tip of the tail
with a fresh scalpel blade. The AUC was calculated. In a separate
cohort of mice, an ipGTT was performed 60 min after oral gavage
with either 10 mg/kg butein, sulfuretin, isoliquiritigenin, or com-
binations of each flavonoid (3.3. mg/kg of each flavonoid).

ITT

After 4 weeks of either HFD or LFD feeding, mice were fasted over-
night for 16 h and received dahlia extract (10 mg/kg body weight)
or vehicle through oral administration. Insulin (Sigma Aldrich, 1
mg/kg body weight; dissolved in 0.9% NaCl) was injected intra-
peritoneally 60 min after oral gavage with the dahlia extract or
vehicle, and blood glucose measurements were performed as
described above.

Chronic treatment studies

Mice were fed the HFD or the LFD ad libitum for 5 weeks and
received daily dahlia extract (10 mg/kg body weight, oral gavage)
or vehicle (0.9% NaCl containing 5% EtOH) treatment. Body weight
and food intake were measured daily. After 4 weeks of treatment,
mice were subjected to an ipGTT as described above. At the end of
the treatment period, mice were sacrificed, and their livers were
weighed. Liver morphology was assessed as described in [51].

ICV infusion of PI3K inhibitors

Mice were fed the HFD or the LFD for 2 weeks, after which ICV sur-
geries were performed under isoflurane anesthesia as described
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previously [52]. Following surgery, mice were fed the HFD or the
LFD for an additional 2 weeks. After a 16 h overnight fast, a PI3K
inhibitor cocktail [0.1 nmol in 2% DMSO/artificial spinal fluid
(aCSF)], PIK-75 and TGX-221, Sigma Aldrich, both isoforms are
required for insulin signaling in the central nervous system (CNS)
[9] or vehicle (2% DMSO/aCSF) was infused ICV. After 60 min, the
dahlia extract (10 mg/kg body weight) or vehicle (0.9% NaCl con-
taining 5% EtOH) was administered by oral gavage and animals
were subjected to an ipGTT 60 min later, as described above.

Immunohistochemistry

Mice were fed the LFD or the HFD for 5 weeks and treated with
the dahlia extract (10 mg/kg body weight) once daily by oral
gavage. After 5 weeks, mice were fasted overnight for 16 h. They
received a final administration of the extract (10 mg/kg body
weight) or vehicle (0.9% NaCl containing 5% EtOH) by oral gav-
age 60 min before transcardial perfusion. Additionally, they
received insulin (1 mg/kg body weight; dissolved in 0.9% NacCl)
or vehicle (0.9% NacCl) injections 15 min before transcardial per-
fusion. Immunohistochemistry was carried out on mouse brain
coronal cryosections as described previously [52], using an anti-
phospho-AKT Ser473 antibody (Cat. No. 4058; Cell Signaling
Technology).

In a different cohort of mice, astrocytes were stained after a
long-term treatment to identify potential anti-inflammatory
properties in the ARC. Mice were fed the LFD or the HFD for 5
weeks while treated with the extract (10 mg/kg/d) or vehicle (0.9%
NaCl containing 5% EtOH) once daily by oral gavage. After 5 weeks,
mice were fasted overnight for 16 h and sacrificed by transcar-
dial perfusion. Immunohistochemistry was carried out on mouse
brain coronal cryosections as described previously [23], using an
anti-GFAP antibody (Cat. No. ab53554; Abcam). Immunoreactive
cells within the ARC were counted by two investigators blinded
to the treatment.

Measurement of IKKB-NF-«B activity in zebrafish

Zebrafish (NF-kB responsive reporter zebrafish, pSGNluc/Tg
(8xHsa.NFxB:GFP, Luciferase) strain) were maintained in 3.5 L
tanks on a Palletized Centralized Life Support System (Tecniplast)
on a 14 h light:10 h dark cycle. The water was kept at 26-30°C,
with pH 7.6-8.0 and a conductivity of 300-600 pS. Only larvae
at 5 dpf were used for this study. At 5 dpf, larvae (n = 8) were
incubated for 6 h in HFD (vortexed chicken egg yolk, 2% final
concentration in E3 medium), LPS (10 pmol/L in E3 medium), or
vehicle (E3 medium). After 5 h, either dahlia extract (2.75 pg/mL)
or vehicle (E3 medium) was added, and fish were incubated for
an additional hour before imaging. Images were taken using a
Leica M205 FA epifluorescence microscope and analyzed using
ImageJ. Activation of the IKKB-NF-kB pathway was quantified by
manually drawing a region of interest around the larva, followed
by measurement of average fluorescent intensity in the region of
interest as described in Ref. [53].

Clinical study

A double blind, crossover clinical study in people with prediabe-
tes or T2D was run on 13 male patients aged 18-70 years with
HbAlc concentrations 40-65 mmol/mol. Potential participants
underwent screening blood tests for HbAlc, full blood count,
electrolytes, creatinine, and liver function tests. Exclusion crite-
ria were: glucose-lowering medication, previous bariatric surgery,
liver disease with aspartate (AST) or alanine aminotransferase
(ALT) greater than three times the upper limit of normal, renal
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disease with an eGFR <60 mL/min/1.73 m? or known cardiac
disease.

Dahlia extract doses were calculated using a standard con-
version from mouse results: Human Equivalent Dose (mg/kg) =
Animal dose (mg/g) x (Animal K_/Human K_) [54]. This was then
converted for body surface area for the human subjects to adjust
for the volume of distribution: 0.007184 x (Weight in kg)*** x
(Height in cm)®/? [55]. The mouse trial beneficial dose of 10 mg/kg
was converted to a human dose of 30 mg/m?. Additional half and
double doses were chosen, i.e., 15 and 60 mg/m?.

The study supplementation consisted of capsules containing 5,
20, or 50 mg of powdered dahlia extract. We performed a sequen-
tial, random order crossover study. Each participant underwent a
baseline standardized 75 g oGTT. After a 12 h overnight fast, partic-
ipants drank 75 g of anhydrous glucose dissolved in H,0 at 0 min.
Venous blood samples were drawn at 0 min, then every 30 min until
3 h post ingestion. If the fasting plasma glucose was <6.1 mmol/L
and the 2 h post-oral glucose load plasma glucose concentration
was </.8 mmol/L, the participant was withdrawn from the study.

At least 72 h after the initial baseline oGTT, participants took
one of three doses of dahlia extract, selected in random order,
and then underwent another oGTT after 1 h. Both participants
and researchers were blinded to the dose and order. Venous blood
was taken to measure glucose, C-Peptide, and insulin at 0 min
and then every 30 min for 3 h following glucose ingestion. Wash-
out periods of 1 week separated subsequent visits, at which the
participants underwent the same procedure with the remaining
two doses.

Participants were monitored for adverse reactions, with half-
hourly observations of heart rate, blood pressure, respiratory rate,
oxygen saturation, and temperature during the oGTTs. The follow-
ing blood parameters were determined the day before and after
each oGTT: bilirubin, alkaline phosphatase, gamma-glutamyl
transferase, alanine transaminase, total protein, albumin, globu-
lin for liver function, sodium, potassium, and creatinine for renal
function and hemoglobin, mean corpuscular volume, platelets,
white blood cells, and neutrophils for a full blood count. The pri-
mary outcome of the human study was the AUC of the oGTT over
3 h for the three selected doses of the dahlia extract compared
with the AUC of the baseline oGTT. Secondary outcomes included
safety monitoring of renal and hepatic function and a full blood
count.

Statistics

The data are presented as means + SEM. Statistical analysis was
conducted using Graphpad Prism software (Graphpad Prism,
Version 7, Graphpad Software). Where appropriate, the data were
subjected to unpaired one-way ANOVA followed by a Holm-Sidak
comparison test, or repeated measures one-way ANOVA, followed
by uncorrected Fischer’s LSD test as appropriate. Differences
were considered significant if P < 0.05.

Supplementary data

Supplementary material is available at Life Metabolism online.
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