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Abstract

Xanthohumol (XN) is a prenylated flavonoid found in hops (Humulus lupulus) and beer. The dose-
dependent effects of XN on glucose and lipid metabolism in a preclinical model of metabolic
syndrome were the focus of our study. Forty-eight male C57BL/6J mice, 9 weeks of age, were
randomly divided into three XN dose groups of 16 animals. The mice were fed a high-fat diet
(60% kcal as fat) supplemented with XN at dose levels of 0, 30, or 60 mg/kg body weight/day, for
12 weeks. Dietary XN caused a dose-dependent decrease in body weight gain. Plasma levels of
glucose, total triglycerides, total cholesterol, and MCP-1 were significantly decreased in mice on
the 60 mg/kg/day treatment regimen. Treatment with XN at 60 mg/kg/day resulted in reduced
plasma LDL-cholesterol (LDL-C), IL-6, insulin and leptin levels by 80%, 78%, 42%, and 41%,
respectively, compared to the vehicle control group. Proprotein Convertase Subtilisin Kexin 9
(PCSK-9) levels were 44% lower in the 60 mg/kg dose group compared to the vehicle control
group (p < 0.05) which may account for the LDL-C lowering activity of XN. Our results show that
oral administration of XN improves markers of systemic inflammation and metabolic syndrome in
diet-induced obese C57BL/6J mice.
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1. Introduction

Metabolic syndrome is a condition defined by clinical diagnosis of three or more of these
conditions: abdominal obesity, atherogenic dyslipidemia, insulin resistance and/or impaired
glucose tolerance, hypertension, pro-inflammatory state, and prothrombotic state [1]. An
estimated 25-34% of U.S. adults meet the criteria for metabolic syndrome which puts them
at significantly increased risk for cardiovascular disease and type 2 diabetes [2]. Direct
health care costs arising from obesity and/or related disorders account for ~7-10% of U.S.
health care expenditures annually [3]. Researchers are currently investigating several
complementary and alternative medicine-based therapies designed to target one or more
features of metabolic syndrome [4]. There is currently no single agent effective in treating
this disorder.

Studies published by us [5, 6] and others [7-9] suggest that it is both feasible to, and
potentially practical to, effectively and safely treat metabolic syndrome with xanthohumol
(XN, see structure in Table 1), a prenylated flavonoid found in hops. Based on animal and
cell culture studies, XN could be beneficial in treating or mitigating obesity, dysregulation of
glucose and lipid metabolism, atherosclerosis, and non-alcoholic fatty liver disease [10-13].
Rats fed a high-fat diet enriched with XN extract (1% w/w equivalent to a dose of 100
mg/kg body weight/day) gained less weight and had lower triacylglycerol levels in the
plasma and in the liver compared to the no-treatment control group [11]. In a diet-induced
animal model of non-alcoholic steatohepatitis, daily oral administration of XN at a dose
level of approximately 1000 mg/kg body weight exhibited anti-inflammatory and anti-
fibrogenic effects [9]. In ApoE ™'~ mice fed diets containing XN (300 mg/kg body weight/
day) for 8 weeks, there was a decrease in hepatic triglyceride and cholesterol content
accompanied by the activation of AMP-activated protein kinase, phosphorylation and
inactivation of acetyl-CoA carboxylase, and reduced expression of hepatic sterol regulatory
element-binding protein (SREBP) 1c mRNA [12]. In genetically obese KK-AY mice, XN
lowered fasting plasma glucose, plasma and hepatic triglyceride concentrations, and weights
of white adipose tissue [14].

In our previous study, we found that XN, orally administered to male Zucker fatty (fa) rats at
a dose of 16.9 mg/kg body weight/day, produced a reduction in body weight gain and fasting
plasma glucose levels compared to the control group [5]. Zucker (fa) rats lack physiological
control of appetite due to dysfunctional leptin signaling. Leptin exerts its actions on appetite
control via the cognate leptin receptor, Ob-R, but in Zucker (fa) rats, a missense A to C
mutation in the Lepr gene on chromosome 5 (Leprf) causes a Gln to Pro change in the Ob-R
protein making the receptor non-functional [15]. In the present study, we selected a diet-
induced obesity mouse model which more accurately reflects metabolic syndrome in
humans [16]. The C57BL/6J mouse develops a metabolic syndrome-like phenotype when
fed a high fat diet. They develop obesity, hyperglycemia, hyperinsulinemia, and
hypertension on a high-fat diet but remain lean when fed a low-fat diet [17, 18].

The goal of this study was to determine the effects of XN on various endpoints of metabolic
syndrome in male C57BL/6J mice fed a high fat diet. This study advances the knowledge on
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the /in vivo effects of XN because it establishes a dose-effect relationship in a non-genetic,
diet-induced rodent model of metabolic syndrome, it relates dose regimen to plasma and
hepatic concentrations of XN and its main metabolites, and it provides a mechanism for the
plasma LDLC-C lowering effect of XN through decreasing plasma levels of Proprotein
Convertase Subtilisin Kexin 9 (PCSK?9). PCSK9 is a negative regulator of plasma LDL-C
clearance that acts by promoting the proteolytic degradation of the LDL receptor. In recent
years, PCSKO9 has received much attention as a pharmacological target to treat
hypercholesterolemia. Induction of the expression of PCSK9 is now a recognized adverse
effect of statin therapy [19]. In 2015, the U.S. Food & Drug Administration approved the
first two monoclonal antibody inhibitors of PCSK9 for treating patients suffering from
familial hypercholesterolemia [20]. To date, no small molecule regulators of plasma PCSK9
have reached the market despite significant efforts of the pharmaceutical industry.

2. Materials and methods

2.1. Reagents

2.2. Animals

Xanthohumol (purity 99+ %) was provided by Hopsteiner, Inc., New York. Oleic acid was
purchased from TCI America, Portland, Oregon. Other chemicals were purchased from
Sigma-Aldrich, St. Louis, MO.

All animal studies were conducted with the approval from the Institutional Animal Care and
Use Committee of Oregon State University, Corvallis, Oregon, USA. Male C57BL/6J mice,
8 weeks of age, were purchased from The Jackson Laboratory, Bar Harbor, ME, USA, and
maintained on a 12 h dark/light cycle and on a regular mouse chow diet. After 1 week of
acclimation, the mice were randomly assigned into three groups of 16 animals each: Control,
Low XN and High XN. All the animals were fed high-fat diets (5.12 kcal/g of diet; with 60
kcal% fat, 20 kcal% carbohydrate and 20% kcal protein), with or without (control group)
XN. XN was first dissolved in a mixture of oleic acid:propylene glycol: Tween 80 (0.9:1:1 by
weight) before it was mixed into the diet at a concentration of 0.033% (Low XN) or 0.066 %
(High XN). The control diet contained an identical amount of the vehicle. The diets were
given to the mice as pellets (Diets were prepared by Dyets, Inc., Bethlehem, PA) ad libitum.
Food and water were supplied to the mice ad /ibitum. Food intake was measured three times
a week and body weight was recorded weekly. After 12 weeks of feeding, the animals were
sacrificed after an overnight fast and blood and liver were collected. Blood was centrifuged,
and plasma was collected and frozen at —80° C for various biochemical analyses and ELISA
measurements.

2.3. Measurement of plasma parameters

Plasma levels of glucose were measured by a test kit (Autokit Glucose) obtained from Wako
Diagnostics (Mountain View, CA). Plasma triglycerides (TGs) and total cholesterol were
analyzed by test kits purchased from Fisher-Scientific, Pittsburgh, PA. Plasma HDL
cholesterol was determined using MaxDiscovery "HDL Cholesterol Assay Kit (Bioo
Scientific Corporation, Austin, TX). Plasma LDL-C (in mg/dL) was estimated by the
Friedewald Equation [21]: LDL-C = total cholesterol — HDL cholesterol — (total
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triglycerides/5). Plasma insulin was determined using a mouse insulin ELISA kit (Alpco
Diagnostics, Salem, NH). Plasma Monocyte Chemoattractant Protein-1 (MCP-1 or CCL2)
and Interleukin (IL)-6 were analyzed by ELISA kits from Life Technologies (Carlsbad, CA).
Plasma leptin levels were estimated by an ELISA kit obtained from Crystal Chem, Inc.,
Downers Grove, IL. Mouse plasma Proprotein Convertase Subtilisin Kexin 9 (PCSK9) was
measured using an ELISA kit purchased from R&D Systems (Minneapolis, MN).

2.4. XN and metabolite quantitation in liver and plasma

To determine the levels of XN and its metabolites isoxanthohumol (1X), 8-prenylnaringenin
(8-PN), and 6-prenylnaringenin (6-PN), liver and plasma samples were analyzed using the
paper strip extraction technique and LC-MS/MS quantification method as described by
Legette et al. [22]. For plasma analyses, 50 uL of mouse plasma was combined with 430 uL
of 0.1 M sodium acetate (pH 4.7), 10 uL of methanol, and 100 uL of Helix pomatia 3-
glucuronidase (Sigma, St. Louis, MO) enzyme mixture (600 Units/100 pL of 0.1 M sodium
acetate buffer) in a 2 mL screw cap vial, for a total volume of 590 pL. Samples were then
incubated in a water bath at 37 °C for two hours. Following incubation, 10 uL of 2 uM 4,2’-
dihydroxychalcone (Indofine Chemical Company, Hillsborough, NJ) was added to each
sample as an internal standard, and a small pointed strip (0.8 cm x 4.5 cm, WxL) of
Whatman #1 filter paper was placed in each tube. The samples were then allowed to dry
completely in a vacuum dessicator over Drierite™".

After all samples were completely dry, 500 pL of methanol containing 0.1% formic acid was
added to each sample tube and then vortexed for 30 seconds. Sample tubes were then
agitated on a microplate shaker (Scientific Industries, Bohemia, NY, USA, model no.
S1-0400, speed 10) for 30 minutes. Following shaking, all samples were centrifuged at
15,700 xg for 10 minutes, and the supernatant was pipetted into 1.5 mL glass autosampler
vials (MicroSolve, Eatontown, NJ, Catalogue No. 9502S-1WCP). LC-MS/MS analysis was
conducted using a Shimadzu SIL-HTC liquid autosampler, LC-10AD pumps, and separation
was achieved with an Agilent 2x50 mm Zorbax 300SB-C8 (Agilent, Santa Clara, CA)
column coupled to an Applied Biosystems Sciex 4000 QTRAP mass spectrometer (Sciex,
Concord, ON, Canada).

Mouse liver samples were prepared by first homogenizing approximately 200 mg of liver
tissue from each mouse in methanol:water (90:10; 500 puL/200 mg) using a bullet blender
(Next Advance, Inc., Averill Park, NY) with 0.5 mm zirconium oxide beads (Next Advance,
Inc., Averill Park, NY, product #2rOB05). The homogenized tissue was then centrifuged at
15,700 xg for 10 minutes, and 100 uL of supernatant was used per sample for extraction of
XN and metabolites following the paper strip protocol described above.

2.5. Liver triglycerides by lipidomics analyses

C57BL/6J mice liver tissue (approximately 20 mg) was ground using a bullet blender (Next
Advance, Inc., Averill Park, NY) with 0.5 mm zirconium oxide beads (Next Advance, Inc.,
Averill Park, NY, product #ZrOBO05) in ice-cold methylene chloride:isopropanol:methanol
(25:10:65; 800 pL/20 mg) after adding internal standard (2.0 pL of 100 pg/mL of
tri(heptadecanoyl)glycerol (TG 51:0, Avanti Polar Lipids Inc. Alabaster, AL, USA). The
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homogenate was incubated at =20 °C for 1 h. The mixture was centrifuged at 15,700 xg at
4 °C for 10 min, and an aliquot (3 uL) of the supernatant subjected to UPLC-QTOF analysis
on a 5600 TripleTOF instrument (Sciex, Concord, ON, Canada) as described previously
[23].

2.6. Statistical analyses

Statistical analyses were performed with the GraphPad Prism 5.0 software. Group
differences were assessed by analysis of variance (ANOVA) followed by a post-hoc
Dunnett’s test unless otherwise stated. Statistical significance was set at p < 0.05. For
processing of lipidomics data, PeakView (version 1.2, Sciex), LipidView (version 1.2, Sciex)
and MetaboAnalyst 3.0 [24] were used.

3. Results

3.1. Mouse body weight and food intake

One week after feeding the test diets, body weights of mice fed low XN and high XN diets
were significantly lower compared to the control mice (Fig. 1A). Differences in body
weights between control mice and XN-fed mice continued to be significantly different at
weekly intervals throughout the 12-week feeding period (Fig. 1A). Liver weights expressed
as a percent of body weight (Fig. 1B) were significantly lower in mice fed the low or high
XN diets versus the control diet. Food intake was not significantly different among the three
treatment groups during the course of the study (data not shown).

3.2. Plasma metabolic profiles

Mice given the high XN diet had significantly lower levels of plasma glucose (Fig. 2A), TGs
(Fig. 2B), and total cholesterol (Fig. 2C) than the control mice. There was no significant
effect of low XN diet on these plasma levels. Low and high XN treatment significantly
increased plasma HDL-cholesterol (Fig. 2D) by 14.3% and 9.3%, respectively. Plasma LDL-
C (Fig. 2E) was decreased 50% by low XN and 80% by high XN. The levels of the
inflammatory marker, MCP-1 (Fig. 3A) were significantly reduced in mice fed the high XN
diet but not those fed the low XN diet. In contrast, low XN and high XN significantly
reduced plasma IL-6 levels (Fig. 3B) by 86% and 78%, respectively. Low and high XN
significantly decreased plasma insulin by 33% and 42%, respectively (Fig. 4A). Leptin
levels (Fig. 4B) were decreased 14% in the low XN and 41% in the high XN treatment
group (p < 0.05). Feeding mice low XN and high XN diets significantly reduced plasma
PCSK9 by 22% and 44%, respectively (Fig. 4C).

3.3. Triglycerides in liver

The XN-induced changes in liver triglycerides (TGs) are depicted as a heat map of the top
34 differentiating TGs, ranked by one-way ANOVA followed by Fisher’s LSD post-hoc
analysis (p<0.01) (Fig. 5A). Detailed analysis of TG profiles revealed that XN treatment did
not significantly affect the qualitative composition of TGs (data not shown). Total hepatic
levels of TGs were significantly lower in mice fed low or high XN diets than in the control
(Fig. 5B).
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3.4. XN and metabolites in plasma and liver

The plasma concentrations of XN in the low XN and high XN groups were 84.4 nM and
95.1 nM, respectively (Table 1). In the liver of the low XN group, the XN concentration was
0.477 nmol/g whereas XN concentration in the high XN group was 0.805 nmol/g of liver
tissue. IX was detected in plasma at concentrations of 3.1 nM and 13.6 nM for the low XN
and high XN groups, respectively. The concentrations of X in liver were 0.279 nmol/g and
0.746 nmol/g of liver tissue in low XN and high XN groups, respectively (Table 1). 6-PN
and 8-PN were not detected in plasma of XN-treated mice. However, small quantities of 8-
PN (close to 0.01 nmol/g of liver tissue) were detected in both low XN and high XN groups.
There were no detectable levels of 6-PN in liver. The total concentrations of plasma XN
(plus IX) in low XN and high XN groups were 87.5 and 109 nM, respectively (Table 1).
Total concentrations of XN plus metabolites in liver of low XN and high XN mice were
0.766 and 1.56 nmol/g of liver tissue, respectively (Table 1).

4. Discussion

We selected diet-induced obese (DIO) male C56BL/6J mice as a model to examine the
effects of XN on markers of metabolic syndrome. Obesity was induced by a high-fat diet
(60% kcal as fat) to mimic the nutritional conditions which lead to metabolic syndrome in
humans. This DIO mouse model has been well-studied for evidence of dysfunction of
glucose and lipid metabolism and for changes in body weight gain as compared to the same
strain of mice fed a normal or standard diet [25, 26]. Male C57BL/6J mice started on a high-
fat diet (60% kcal as fat) at 4 weeks gained a mean of 22.4 g after 20 weeks whereas the
mice on the control diet (10% kcal as fat) gained a mean of 12.8 g [26]. This difference in
body weight gain between mice on a normal diet and mice on a high-fat diet was likewise
observed as early as 12 weeks of age when feeding in both groups started at 5 weeks of age
[25]. Statistically significant differences were also observed between mice fed a normal diet
and high-fat fed mice in various biochemical parameters of carbohydrate and lipid
metabolism such as glucose (10.2 mM in the high-fat diet group versus 7.7 mM in the
normal diet group [25]), triglycerides, cholesterol, insulin, and leptin in serum [25, 26]. In
our study, the DIO mice gained approximately 19 g over 12 weeks, at which point their
fasting plasma glucose levels were 12.2 mM, indicating that the high-fat fed mice in our
study developed obesity and elevated fasting plasma glucose levels.

In the present study, dietary XN produced a reduction in body weight gain induced by a
high-fat diet. Based on a previous study [27], we used a food intake of 2.7 g for a 30-g
mouse to select the amounts of XN as 0.033% and 0.066% for the low XN and high XN
diets, respectively. At 0.033% and 0.066% in the diet, the dose of XN was estimated to be 30
mg/kg body weight/day and 60 mg/kg body weight/day, respectively. By using allometric
interspecies scaling of dose [28], the tested mouse doses of 30 and 60 mg/kg/day correspond
to human doses of 175 mg and 350 mg/day for a 70-kg person. Our doses of 30 and 60 mg
XN/kg body weight/day were lower than those used in a study conducted by Miyata and co-
workers [29], in which male C57BL/6J mice were given high-fat diets containing 0.2% XN
and 0.4% XN, corresponding to 150 and 300 mg/kg/day, respectively. In Miyata’s study
[29], 6-week old male mice were first fed a high-fat diet resembling our test diets (60%
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energy from fat) for 10 weeks and then fed the XN-supplemented diets for 50 days. With
this protocol, the mice fed high doses of XN exhibited lower weight gain than those fed the
high-fat diet alone. In our study, XN given at much lower doses during the 12-week feeding
study mitigated the increase of body weight induced by the high-fat diet. A study published
by Nozawa [14] demonstrated the anti-obesity effect of XN using genetically-altered (KK-
AY) mice which become obese even when fed a basal diet instead of a high-fat diet. In
Nozawa’s study [14], the mice were fed basal diets supplemented with 0.3% or 1% XN,
concentrations that are 10 times or greater compared to our XN diets. A feeding study with
Wistar rats [11] showed the anti-obesity effect of a XN-rich hop extract (as 1% of the high-
fat diet), but the hop extract also contained other flavonoids, so the actual effect of XN itself
on obesity cannot be evaluated with certainty in this study.

We measured total XN (XN plus metabolites) concentrations in mouse plasma of 87.5 nM
and 109 nM for the low XN and high XN treatment groups, respectively. In mouse liver, the
concentrations of XN in low XN and high-XN groups were 0.766 nmol/g and 1.56 nmol/g,
respectively (Table 1). These hepatic XN concentrations are proportionally similar to the
levels reported by Zamzow and co-workers [27] who detected XN concentrations in liver of
approximately 0.3 nmol/g in young mice and 0.5 nmol/g in old mice given an estimated
daily dose of 20 mg/kg body weight as part of a normal diet. In our study, IX was detected in
both mouse plasma and liver of mice treated with XN but the contribution of this XN
metabolite to the anti-obesity effect of XN treatment is not known at this time.

Stevens and co-workers [30] conducted a single-dose human pharmacokinetics study with
XN in men (n = 24) and women (n = 24) to determine dose-concentration relationships.
Subjects received a single oral dose of 20, 60, or 180 mg XN. The maximum plasma XN
concentrations (Crnax) increased linearly with dose and reached 0.37 uM following a single
human dose of 180 mg (see Table 5 in [30]). Comparison of the human plasma Cp,ax levels
with the (fasting) mouse plasma levels (Table 1) indicates that it is possible to reach human
plasma levels resulting from a daily dose of 175 mg XN/day (equivalent to 30 mg/kg in
mice) that exerts beneficial effects on several markers of metabolic syndrome in DIO mice
given the equivalent dose. In animal studies, these dose levels have not resulted in adverse or
toxic effects. Gerhauser and colleagues studied the safety of XN administered orally to
Sprague-Dawley rats for four weeks [31]. At a daily dose of 1000 mg XN/kg body weight,
equivalent to 11.7 g of XN per day for a 70 kg person, these authors reported a reduction of
liver weight, but found no macroscopic or histopathologic changes of the liver, kidney, lung,
heart, stomach and spleen. In a two-generation study of the teratogenic effects of XN,
Gerhauser’s group found no differences in development of SD rats treated lifelong with a
daily dose of 100 mg/kg body weight. Hellerbrand and coworkers [7] investigated the safety
profile of XN in female BALB/c mice fed XN via a standard diet for three weeks. The daily
dose was 1000 mg/kg bodyweight. They did not detect toxic effects of XN on liver, kidney,
colon, lung, heart, spleen, and thymus by histopathological examination.

Several mechanisms have been proposed for the anti-obesity effect of XN in rat models and
they include: inhibition of fat absorption from the intestine [11], reduced activity of enzymes
involved in fatty acid synthesis [11], enhanced fatty acid oxidation resulting from mild
mitochondrial uncoupling [6], and reduced SREBP-1c mRNA expression [11]. The anti-
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obesity effect of XN in mouse models might be explained by reduced SREBP1c mRNA
expression [12], by decreased de novo lipogenesis through the inhibition of SREBP
maturation in the mouse liver [29], and by reduced mRNA expression of hepatic genes
involved in fatty acid synthesis and gluconeogenesis [14]. The decreased production of
mature SREBPs was also demonstrated in cell culture studies using Huh-7 (a human
hepatoma cell line) cells [29]. In 3T3-L1 adipocytes, XN treatment inhibited differentiation
of preadipocytes and induced apoptosis in mature adipocytes [32]. Enhanced fatty acid
oxidation and decreased de novo lipogenesis would explain our observation that XN
treatment resulted in an overall reduction of hepatic TG content without altering the
qualitative composition of TGs (Fig. 5).

Obesity is associated with systemic inflammation in which inflammatory cells are increased
systemically and in adipose tissue of obese subjects [33]. There is an increased production of
inflammatory cytokines not only in adipose tissue but also in liver, brain, pancreas and
muscle tissue. These cytokines include TNF-a, IL-6, IL-18, and MCP-1. MCP-1 increases
the infiltration of macrophages into adipose tissues [34]. In our study, we showed for the
first time that dietary XN caused a significant decrease in plasma IL-6 and plasma MCP-1
levels in C57BL/6J mice fed a high fat diet. This effect of XN has important implications in
the prevention of inflammation associated with obesity and insulin resistance. Previously,
the anti-inflammatory effect of XN has been demonstrated in a mouse model of warm
ischemia/reperfusion injury of the liver [35], in western-type diet-fed apolipoprotein-E-
deficient (ApoE~") mice [12], and in various cell culture models of inflammation [36—38].
XN may exert its anti-inflammatory activity through Nrf2-ARE signaling and up- regulation
of downstream heme oxygenase-1 [38], or by suppressing LPS-induced TLR4 activation
partly by interfering with LPS binding to the TLR4 co-receptor MD-2 in LPS-treated human
monocytic THP-1 cells [36].

Inflammatory cytokines are implicated in insulin resistance in obesity by inhibiting insulin
signaling [39]. An increase in the circulating levels of MCP-1 contributes to insulin
resistance [40]. Obese diabetics are known to have higher levels of insulin compared with
lean individuals. I1L-6, secreted by adipose tissues, is elevated in plasma with increasing
body fat content and also contributes to insulin resistance [41]. Hyperinsulinemia ensues in
obesity and type 2 diabetes as a compensatory mechanism to remove glucose from the
circulation [33]. In our study, we found that feeding high XN caused a significant 42%
reduction in plasma insulin levels in mice on a high fat diet (Fig. 4A), suggesting that XN
may be beneficial in preventing insulin resistance in obese subjects with type 2 diabetes.

Leptin, a hormone produced mainly in white adipose tissue, is an important factor linking
obesity and metabolic syndrome. Leptin is a key regulator of body weight and food intake or
energy balance by suppressing appetite [42, 43] and increased circulating leptin is a marker
of leptin resistance and a common feature in obesity. Previous studies have shown that
plasma leptin levels are elevated in C57BL/6J mice fed high fat diets [44]. These mice fed a
normal diet had serum leptin levels below 3 ng/ml but those fed a high fat diet had serum
levels of 6 ng/ml or higher. In our study, plasma leptin levels of mice fed a high fat diet were
over 16 ng/ml as determined by ELISA (Fig. 4B) demonstrating a state of leptin resistance.
Feeding low and high XN produced a significant decrease in plasma leptin levels. This
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finding is consistent with other studies showing that leptin resistance is independently
associated with systemic inflammation and insulin resistance [45].

Hyperlipidemia, characterized by elevated levels of TGs in plasma or serum is one of the
metabolic disorders induced by feeding a high-fat diet to C57BL/6J mice [46—48]. In our
study, XN significantly decreased plasma TG levels in diet-induced obese C57BL/6J mice.
The reduction in plasma TG levels by XN is consistent with the results obtained in rats fed a
high-fat diet in which hepatic fatty acid synthesis is decreased possibly through the
reduction of hepatic SREBP1c mRNA [11]. SREBPs stimulate the expression of enzymes
involved in fatty acid biosynthesis and play a major role in the pathophysiology of metabolic
syndrome [49]. Suppression of SREBP activation is one of the mechanisms by which XN
reduces the de novo synthesis of fatty acid and cholesterol in diet-induced obese mice [29].
The reduction of liver TGs by XN further supports the anti-obesity effects of this compound
which is in agreement with the findings of Kirkwood et al. [6] and Miyata et al. [29].

Elevated levels of circulating LDL-C are a well-known major risk factor of atherosclerotic
cardiovascular disease which is the largest cause of premature death and morbidity
worldwide [50]. LDL-C plays a major role in the atherogenic process in that its oxidation in
macrophages in the arterial wall leads to inflammation and formation of foam cells
eventually resulting in atherosclerotic plaque [51]. Reduction of LDL-C levels by
cholesterol-lowering HMG-CoA reductase inhibitors (statins) has been shown to
significantly reduce cardiovascular events in clinical trials [52]. The development of PCSK9
antibody inhibitors, e.g., evolocumab and alirocumab, offers a new therapeutic approach in
the management of familial hypercholesterolemia. PCSK9 is a secreted protease that
interacts with the epidermal growth factor-like repeat A (EGF-A) domain of low density
lipoprotein receptor (LDL-R) to induce LDL-R degradation [53, 54]. Therefore, high levels
of plasma PCSK9 will reduce the abundance of LDL-R on the surface of hepatocytes
resulting in elevated levels of LDL-C. LDL-R clears LDL-C from the circulation by
facilitating cellular uptake of LDL-C. Serum PCSKQ levels are directly associated with
serum cholesterol levels [53, 54] and administration of PCSK9 neutralizing antibodies or
agents that block or inhibit PCSK9 lower serum cholesterol levels [55, 56]. In our study, we
found that XN is highly effective in lowering LDL-C and PCSKO levels in plasma of mice
fed a high-fat diet. In a previous study [29], XN (at dietary levels of 0.2% or 0.4%) was
found to significantly decrease the levels of total cholesterol and LDL-C in C57BL/6J mice
fed a high-fat diet for 50 days. In our study, XN at a much lower level (0.066% XN) in the
diet produced a significant reduction in the plasma levels of total cholesterol and LDL-C in
DIO mice, conceivably by lowering the production of PCSK9. Taken together, we have
discovered PCSK9 as a new molecular target of XN which provides an explanation for its
beneficial effects on LDL-C.

5. Conclusions

In conclusion, dietary XN reduced body weight gain and ameliorated hyperglycemia,
dyslipidemia, insulin resistance and leptin resistance in DIO mice. Furthermore, dietary XN
decreased the plasma levels of inflammatory cytokines which may contribute to the
mitigation of obesity and insulin resistance in these mice. XN lowers total cholesterol and
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LDL-C in DIO mice which is consistent with the XN-related reduction of plasma PCSK9.
Given the concentrations of XN found in beer (around 0.2 mg/L), it is unlikely that XN
taken in the form of beer will provide beneficial effects in metabolic syndrome. By
allometric interspecies scaling of dose, the two efficacious mouse doses administered daily
in this study translate to human doses of 175 mg/day and 350 mg/day for a 70-kg person.
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Fig. 1.

Control Low XN High XN

Weekly body weights (A) and liver/body weight ratios (B) of male mice fed a high-fat diet
with no XN (control), with 30 mg XN/kg body weight/day (low XN), or 60 mg XN/kg body
weight/day (high XN) for 12 weeks. Values are expressed as mean + SEM of 16 mice per
group. Asterisks denote significantly different from the control group, p < 0.05.
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Fig. 2.
Effects of dietary XN on plasma glucose (A), triglyceride (B), total cholesterol (C), HDL

cholesterol (D), and LDL-C (E) levels of male mice fed a high-fat diet for 12 weeks. Values
are expressed as mean + SEM of 16 mice per group. Asterisks denote significantly different
from the control group, p < 0.05.
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Effects of dietary XN on plasma levels of MCP-1 (A) and IL-6 (B) in male mice fed a high-
fat diet for 12 weeks. Values are expressed as mean + SEM of 16 mice per group. Asterisks
denote significantly different from the control group, p < 0.05.
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Fig 4.

Effects of dietary XN on plasma insulin (A), plasma leptin (B), and plasma PCSK9 (C)
levels of male mice fed a high-fat diet for 12 weeks. Values are expressed as mean + SEM of
16 mice per group. Asterisks denote significantly different from the control group, p < 0.05.
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Fig. 5.

Li%id profiling and data processing using MetaboAnalyst 3.0. (A) Heat map revealing XN-
induced changes in the relative levels of the top 34 triglyceride (TG) species ranked by one-
way ANOVA followed by Fisher’s LSD post hoc analysis (p<0.01) to retain the most
contrasting patterns. Data were normalized relative to the internal standard (TG51:0) and
then Pareto-scaled. Color in the heat map reflects the relative TG abundance level with red
being higher, and blue lower, than the mean value (the color-coded scale is derived from the
Z-score). (B) The sum of chromatographic peak intensities of TGs relative to the peak
intensity of the internal standard (Total TGs/TG51:0), averaged across liver samples within
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each treatment group (n=16/group, mean + SEM). Hepatic TG levels in low and high XN
groups are significantly different from controls (p<0.0001).
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Concentrations of xanthohumol (XN) and its metabolites isoxanthohumol (IX), 8-prenylnaringenin (8-PN),
and 6-prenylnaringenin (6-PN) in liver and plasma. 8-PN was only detected in the liver and then only in very

small amounts, and no 6-PN was detected in either the low or high dose group.
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Ry=isopent-2-enyl, Rz=H, Rz=Me

8-PN Ry=isopent-Z-enyl, Rz=H, Ry=H
6-PN Ry=H, Rz=isopent-Z-enyl, Ry=H

Plasma (nM)  Liver (nmol/g)
Low Dose (30 mg/kg BW/day) n=16 XN 84.4+85 0.477 £0.119
IX 31+12 0.279 £ 0.070
8-PN ND* 0.010 % 0.002
6-PN ND * ND*
Total 87592 0.766 £ 0.191
High Dose (60 mg/kg BW/day) n=16 =~ XN 95.1+134 0.805 + 0.201
IX 13621 0.746 £ 0.186
8-PN ND* 0.006 + 0.001
6-PN ND ™ ND*
Total 109 + 14 1.56 +0.39

*
ND, not detectable.
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