






Isohumulones Reduced Insulin Resistance in High Fat Diet-
fed C57BL/6N Mice—Female C57BL/6N mice were fed a high
fat diet for 12 weeks. On their last 14 days on the diet, they
were orally administered isocohumulone. OGTTs and ITTs
were performed on their 10th and 14th day of isocohumulone
treatment, respectively. After glucose loading, plasma glucose
levels in the mice treated with isocohumulone at 10 and 100
mg/kg/day were significantly reduced compared with mice
treated with vehicle at all time points except for the mouse
treated with 100 mg/kg of isocohumulone at 120 min (Fig. 4A).
Fasting plasma insulin levels were significantly reduced in
animals treated with 100 mg/kg isocohumulone (2396 � 520
and 1605 � 570 (pg/ml) for vehicle-treated and 100 mg isoco-
humulone-treated mice, respectively). Plasma insulin levels
during the OGTT were also reduced in the isocohumulone-
treated animals (Fig. 4B). The insulin resistance indices of
mice treated with isocohumulone (1094.4 � 259.2 and 1034.0 �
259.2 for 10 mg of isocohumulone-treated and 100 mg of isoco-
humulone-treated mice, respectively) were significantly (p �
0.01 using the Dunnett’s test) lower than that seen in the
control group (2217.3 � 792.9), indicating that isocohumulone
improved insulin sensitivity in mice fed a high fat diet. Im-
provement in insulin sensitivity was also observed by the treat-
ment with isohumulone; significant decrease in IR was ob-
served in the group receiving 100 mg/kg of isohumulone
(1240.2 � 259.5, p � 0.01 using the Dunnett’s test, data not
shown). Results of the ITT showed a greater glucose lowering
effect in mice treated with isocohumulone for 10 days than in
vehicle-treated animals (Fig. 4C). Plasma glucose levels in mice
treated with 5 or 50 mg/kg of isocohumulone were significantly
reduced to 76.8 and 69.3% of controls after 60 min and to 82.8
and 69.3% of controls after 120 min.

Isohumulones Up-regulated the Expression of Genes Involved
in Fatty Acid Oxidation in the Liver—Quantitative real time
RT-PCR analysis of the mRNAs for ACO and fatty acid trans-
locase/CD36 (FAT) genes in the liver of KK-Ay mice treated
with isohumulone, isocohumulone, or pioglitazone were per-
formed (Fig. 5A). ACO and FAT, whose expressions are regu-
lated by PPAR�, are involved in peroxisomal �-oxidation of
fatty acids and in the uptake of long chain fatty acids through
the cell membrane, respectively (24, 25). Treatment of mice
with isohumulone, isocohumulone, or pioglitazone increased
ACO and its mRNA levels by 1.6-, 1.7-, and 2.7-fold, and FAT
mRNA levels by 2.9-, 3.3-, and 2.8-fold, compared with the
control mice, respectively. The significant increase in ACO and
FAT mRNA levels in the pioglitazone-treated mice was likely
due to activation of PPAR� by pioglitazone because induction of

PPAR�/GAL4 chimera transactivation with pioglitazone was
observed in our reporter assay (date not shown). An increase in
the activity of ACO was observed in the liver of C57BL/6N mice
treated with isohumulone or isocohumulone (Fig. 5B).

Isohumulones Reduced Adipocyte Hypertrophy in White
Adipose Tissue—Isohumulone treatment unexpectedly re-
sulted in only a fairly small increase in the expression of
PPAR�-regulated adipocyte-ADRP and LPL genes, which are
involved in lipid uptake and storage in the epididymal white
adipose tissue (WAT) (26) of KK-Ay mice; only the LPL mRNA
level in the mice treated with isocohumulone significantly in-
creased by 1.2-fold, although treatment with pioglitazone did
increase the adipocyte-ADRP and LPL mRNA levels by 2- and
1.7-fold, respectively (Fig. 5C). Histological analysis of subcu-
taneous WAT of the high fat diet-fed C57BL/6N mice treated
with isohumulone, isocohumulone, or pioglitazone for 10 days
revealed an increase in the number of small adipocytes by
treatment with all three of these compounds compared with
vehicle-treated mice (Fig. 5D). We also examined whether iso-
humulones induced apoptosis in adipocytes. Our results indi-
cated that the treatment of high fat diet-fed mice with isohu-
mulones for 10 days induced the apoptosis of hypertrophic
adipocytes, which was also observed in the mice treated with
pioglitazone (Fig. 5E).

The Effects of Oral Isohumulones in Type 2 Diabetics in a
Placebo-controlled Pilot Study—The ability of IHE to transac-
tivate PPAR� and -� and to improve glucose tolerance in KK-Ay

mice was identical to that seen with isohumulones isolated
from the extract (data not shown). Supplementation of 10 mild
diabetic patients with IHE over 8 weeks resulted in a signifi-
cant reduction in their blood glucose and hemoglobin A1c levels
by 10.1 and 6.4%, respectively; most interesting, a weak but
significant reduction in blood glucose levels (7.3%) was also
observed in the placebo control group. Furthermore, significant
reductions in systolic blood pressure and blood levels of glu-
tamic pyruvic transaminase, glutamic oxaloacetic transami-
nase, and �GTP were observed in the IHE-treated group (7.2,
33.4, 21.3, and 25.6% reduction, respectively) (Table I).

DISCUSSION

Metabolic syndrome, which is particularly relevant to insulin
resistance, is characterized by glucose intolerance, hyperinsu-
linemia, dyslipidemia, and hypertension and is frequently as-
sociated with visceral obesity. The clustering of these multiple
cardiovascular risk factors increases the risk of developing
atherosclerotic vascular disease. Pharmacological treatment of
this syndrome aims to reduce insulin resistance and other risk

FIG. 4. Isocohumulone ameliorated insulin resistance in high fat diet-fed C57BL/6N mice. Female C57BL/6N mice were fed a high fat
diet for 10 weeks. For glucose tolerance testing, isocohumulone (IcH) was orally administered to mice at a dose of 10 or 100 mg/kg body weight for
14 days. The mice were then subjected to an OGTT. Control (Ctrl) mice received buffer alone. Plasma glucose (A) and insulin (B) concentrations
were plotted on the graph (mean � S.D., n � 5–6). For insulin tolerance testing, high fat diet-fed mice were administered isocohumulone at a dose
of 5 or 50 mg/kg body weight for 10 days. Blood glucose concentrations during the ITT were plotted on the graph (mean � S.D., n � 6) (C). *, p �
0.05; **, p � 0.01 for vehicle versus treatment with isocohumulone at each indicated time.
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factors by modulating PPARs, nuclear hormone receptors that
play a key role in regulating energy metabolism. Fibrate drugs,
which act as ligands for PPAR� and thiazolidinedione drugs,
which are ligands for PPAR�, are often used to treat hyperlip-
idemia and hyperglycemia, respectively. The combination ther-
apy of these medications is an attractive option for the treat-
ment of obese type 2 diabetics (10, 11). Compounds that have
dual agonistic activity on both of these receptors have been
shown to improve insulin sensitivity and dyslipidemia in obese
diabetic animals (6, 27). In the present study, we showed that
isohumulones, the bitter compounds present in beer, activated
PPARs � and � ameliorated insulin resistance and dyslipi-
demia in diabetic animals and reduced hyperglycemia in pa-
tients with type 2 diabetes.

Our experiments using an in vitro reporter assay indicated
that isohumulones activated transcription that was mediated

by PPAR� and PPAR�, suggesting that isohumulones may
modulate reactions that are regulated by these transcriptional
activators. When KK-Ay mice, a model of noninsulin-dependent
diabetes, were treated with isohumulone and isocohumulone,
their hyperglycemia and hyperlipidemia improved, as they also
did following treatment with pioglitazone, a thiazolidinedione
drug. However, treatment did not cause significant body
weight gain nor marked increases in mRNA levels of PPAR�-
regulated adipocyte-ADRP and LPL genes, which are involved
in lipid uptake and storage in adipose tissue, in contrast to
pioglitazone. It has been suggested that Fmoc-L-leucine, a po-
tent insulin-sensitizing compound, acts as a selective PPAR�
modulator and improves insulin resistance in diabetic mice
despite only marginally inducing adipocyte-ADRP and LPL
gene expression in adipose tissue (28). It should be noted that
treatment with this compound also had no effect on body

FIG. 5. Effects of isohumulone and isocohumulone on liver and white adipose tissue. A and C, total RNA was isolated from liver and
subcutaneous adipose tissue of KK-Ay mice fed diets containing 0.18% isohumulone (IH), 0.18% isocohumulone (IcH), or 0.05% pioglitazone (pio).
Quantitative RT-PCR was performed to measure the mRNA levels of liver ACO and FAT (A), and adipocyte-ADRP and LPL in white adipose tissue
(WAT) (C). LPL, lipoprotein lipase. Results are presented as relative expression levels normalized to the expression in the control (Cont) group
(mean � S.D., n � 6). B, ACO activity in the liver of C57BL/6N mice treated with isohumulone or isocohumulone at 100 mg/kg weight for 6 days.
Data are presented as the amount of hydrogen peroxide produced by oxidation of palmitoyl-CoA in the homogenates. *, p � 0.05; **, p � 0.01 versus
control (Ctrl). D, histological analysis and cell-size distribution of subcutaneous WAT in C57BL/6N mice. High fat diet-fed mice were orally
administered vehicle (Cont), isohumulone, isocohumulone (100 mg/kg weight), or pioglitazone (Pio) (10 mg/kg weight) for 2 weeks. E, terminal
deoxynucleotidyltransferase-mediated dUTP nick end-labeling staining of representative sections of white adipose tissue from D. Bar indicates
100 �m.

TABLE I
Results of the placebo-controlled pilot study of the effects of hop extract in type 2 diabetic patients

Data are indicated as the mean � S.D.

Hop extract Placebo

0 week 8 weeks 0 week 8 weeks

Blood glucose (mg/dl) 127.1 � 10.9 114.3 � 10.4a 130.5 � 12.0 122.3 � 8.37b

HbA1c (%) 7.14 � 0.36 6.68 � 0.68a 7.00 � 0.38 6.76 � 0.65
Systolic blood pressure (mm Hg) 137.1 � 13.6 128.6 � 15.5a 129.0 � 16.4 127.5 � 15.3
GPTc (IU/liter) 40.8 � 26 27.2 � 11.0a 25.4 � 18.0 24.8 � 23
GOTd (IU/liter) 28.6 � 13 22.5 � 6.30b 25.7 � 10.0 27.0 � 16
�GTP (IU/liter) 48.1 � 41 35.8 � 26.0b 75.3 � 91.0 78.3 � 110

a p � 0.01 versus 0 week of each group.
b p � 0.05.
c GPT indicates glutamic pyruvic transaminase.
d GOT indicates glutamic oxaloacetate transaminase.
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weight. A low affinity PPAR� antagonist, i.e. LG100,641, has
also been shown to improve insulin sensitivity in 3T3-L1 adi-
pocytes in vitro without markedly up-regulating PPAR�-medi-
ated gene expression and adipocyte differentiation (29). Thus,
it is likely that an increase in body weight and up-regulation of
PPAR�-mediated gene expression in adipose tissue are not
always observed in rodents treated with PPAR� agonists.

Mice fed a high fat diet develop hyperglycemia and obesity
and are used as a model of noninsulin-dependent diabetes
mellitus (17). Insulin resistance and glucose intolerance in high
fat diet-fed obese mice improved after short term oral admin-
istration of isohumulone and isocohumulone. Their adipocyte
hypertrophy also responded to treatment, with an increase
seen in the number of apoptotic adipocytes in the isohumulone-
treated groups; similar results were found with pioglitazone. It
has been suggested that treatment of obese diabetic mice with
thiazolidinediones might stimulate adipocyte differentiation
and apoptosis and thereby prevent adipocyte hypertrophy. In
fact, such treatment was shown to be associated with reduced
insulin resistance that may have been due to reductions in free
fatty acid and tumor necrosis factor-� levels, and up-regulation
of adiponectin (2, 30). Taken together, these results suggest
that isohumulones improve insulin sensitivity by acting on
adipose tissues.

Our in vitro reporter assay results showed that isohumulone
and isocohumulone activated PPAR�-mediated gene expres-
sion. It was therefore likely that the increase in the mRNA
levels of ACO and fatty acid translocase/CD36 genes, which are
involved in fatty acid oxidation, in the liver of KK-Ay mice
treated with isohumulones was due to the activation of PPAR�.
The mRNA for medium chain acyl-CoA dehydrogenase, an
enzyme involved in fatty acid �-oxidation, was also increased in
the liver by this treatment (data not shown). An increase in the
enzymatic activity of ACO was observed in the liver of
C57BL/6N mice treated with isohumulones. These results may
indicate that isohumulones facilitate lipid metabolism in the
liver. It has been reported that fenofibrate reduced plasma
insulin and glucose levels in high fat diet-induced C57BL/6
mice and obese Zucker and OLETF rats, whereas it prevented
weight gain and expansion of adipose tissue mass (4, 31). The
activation of hepatic �-oxidation in isohumulone-treated obese
C57BL/6N mice may have been the mechanism by which adi-
pocyte hypertrophy was reduced and at least partly responsible
for the amelioration of insulin resistance. However, it should be
noted that no improvement in hyperglycemia and hyperlipi-
demia was observed in KK-Ay mice that were treated with
fenofibrate, suggesting that activation of PPAR� alone was not
sufficient to ameliorate insulin resistance in this model (data
not shown). Anti-diabetic effects of dual PPAR� and PPAR�

agonists have been reported over the past several years. Ra-
gaglitazar, a PPAR� and -� agonist, was shown to reduce
plasma triglyceride and glucose levels in high fat diet-fed ani-
mals in the absence of weight gain (5); similar results were
observed in Zucker fa/fa rats (32). Another PPAR�/� co-ligand,
KRP-297, was shown to reduce plasma glucose and insulin
levels in ob/ob and db/db mice (22). The co-activation of
PPAR� and -� by isohumulones, leading to the activation of
fatty acid �-oxidation in the liver and the normalization of
adipocyte hypertrophy, may be responsible for the amelioration
of insulin resistance in diabetic mice. Recently, it was reported
(33, 34) that the activation of PPAR� increased fatty acid oxi-
dation and resulted in the prevention of obesity. It should be
noted that the activation of PPAR� with isohumulones was not
observed in in vitro reporter assays (data not shown).

Natural constituents in plants that are present in folk rem-
edies as well as traditional foods have been reported to be

effective for the treatment and prevention of lifestyle-related
diseases (7, 35). A recent study demonstrated that the plant
sterol guggulusterone, derived from Commiphora mukul (gug-
gulu in Sanskrit), which has been used in Ayurvedic medicine,
acts as an antagonist for the nuclear hormone receptor, farne-
soid X receptor, and lowers low density lipoprotein levels in
rodents and humans (36). Hops, which have been used as an
herbal medicine for many years, were shown to contain several
compounds that have significant biological effects, such as
8-prenylnaringenin, which has estrogenic activity (37), and
xanthohumol and hexahydro-colupulone, which were shown to
inhibit the growth of cancers (38). Humulone was also shown to
have anti-tumor effects (10, 11, 39). Isohumulones, which are
isomerized humulones, are present in beer. To date, most stud-
ies of the therapeutic effects of isohumulones have focused on
their ability to inhibit bacterial growth (12). In our study,
isohumulone and isocohumulone were shown to activate
PPAR� and -�, whereas isoadhumulone only activated PPAR�;
the reason for the differing effects of these compounds is un-
clear. Further studies are required to determine the molecular
basis of the interaction between isohumulones and PPARs.

In conclusion, our results suggest that isohumulones, the
bitter compounds derived from hops in beer, activate both
PPAR� and -� and improve insulin sensitivity and lipid metab-
olism. The simultaneous activation of PPAR� and -� with iso-
humulones may be an effective approach for the treatment of
metabolic syndrome in which glucose and lipid metabolism are
both impaired. Results of a preliminary clinical study indicated
that isohumulones improved insulin sensitivity in type 2 dia-
betic patients. Most interesting, in this latter study, patients
also showed a significant reduction in systolic blood pressure
and in the levels of serum markers of liver disorder. Thus,
isohumulones in beer are worth investigating further as ther-
apeutic agents for the treatment of metabolic syndrome asso-
ciated with insulin resistance.
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