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Adipose tissue accumulation of d-limonene 
with the consumption of a lemonade 
preparation rich in d-limonene content 
Jessica Miller, MS  
Doctoral Candidate at the University of Arizona

Epidemiological evidence suggests 
that diets high in fruits and 
vegetables may be protective 
against certain cancers.1 This 
protective effect has been attributed 
to a number of compounds found 
in food that have pharmacological 
effects, called bioactive food 
components (BAFC).2 d-Limonene 
is a BAFC commonly found in high 
concentration in citrus peel oil. In 
animal models, d-limonene and 
structural analogs demonstrate 
strong chemopreventive effects 
in lymphomas, mammary, gastric, 
liver, and lung cancers.3-7 Of these 
cancers, the preclinical evidence 
is strongest for a potential 
chemopreventive role in mammary 
carcinogenesis,8-13 however, research 
investigating its disposition in 
humans is limited. d-Limonene 
is bioavailable in humans after 
oral administration. The two 
major circulating metabolites of 
d-limonene are perillic acid and 
dihydroperillic acid.14-15 Perillic 
acid and dihydroperillic acid have 
been shown to be more potent 
inhibitors of protein isoprenylation 
than limonene,16 and perillic acid is 
also a more potent inhibitor of cell 
growth.17, 18 However, d-limonene 
is likely to have a favorable tissue 
distribution for exerting biological 
activities due to its high lipophilicity 
while the tissue distribution of the 
oxygenated metabolites may be 
limited by their polarity. 

Data from animal studies suggest 
that d-limonene might distribute 
preferentially into anatomical sites 
rich in fatty tissue such as breast. 
In female rats given an oral dose 
of radiolabeled d-limonene, the 

radioactivity concentrates in adipose 
and mammary tissues suggesting 
accumulation of d-limonene and/or 
its derived metabolites.18 In a cancer 
therapeutic trial,15 d-limonene and 
its metabolites were identified and 
quantified in metastatic lymph node 
tissue collected from two breast 
cancer patients receiving d-limonene 
(8 g/m2 per day) for 21 days. The 
intratumoral d-limonene levels were 
found to exceed the corresponding 
plasma levels by 1.9 and 5.5 fold 
whereas most metabolites of 
d-limonene were trace constituents 
in tissue with tissue-to-plasma ratios 
of d-limonene 4-10 times higher than 
its major metabolite, perillic acid.15 
Based on these limited data, we 
hypothesized that d-limonene has 
favorable tissue distribution and will 
distribute extensively to anatomical 
sites rich in fatty tissue. To test this 
hypothesis, we conducted a pilot 
study to determine the systemic 
and adipose tissue disposition of 
d-limonene following consumption 
of d-limonene-rich lemonade. 

Following a one-week washout 
period devoid of citrus, healthy 
adults consumed 40 oz. of freshly 
prepared lemonade, containing 
500-600 mg d-limonene, daily 
for 4 weeks. On the first and last 
consumption days, blood and a 
buttock fat biopsy were collected. 
Matched pre- and post-intervention 
fat biopsies (n = 7), and matched 
pre- and post-intervention plasma 
samples (n = 6) were analyzed 
for d-limonene levels using gas 
chromatography-mass spectrometry. 
There was a significant increase in 
d-limonene levels in the fat biopsies 
after 4 weeks (P = 0.009); initial 

levels ranged from non-detectable 
to 7.79 μmol/kg-tissue and post-
intervention levels ranged from 
53.6 to 294 μmol/kg-tissue. Plasma 
d-limonene levels increased from 
0.35 to 0.72 μmol/L initially to post 
intervention levels of 0.54 to 1.65 
μmol/L (P = 0.016). Post-intervention 
adipose d-limonene levels were 51.0 

– 195 times higher than plasma levels 
(P = 0.009). 

The primary objective of this pilot 
feeding study was to determine 
whether d-limonene partitions 
extensively to human adipose 
tissue after oral consumption. Daily 
dietary lemonade intervention was 
met with high adherence and was 
well tolerated and did not affect 
body weight, blood chemistry or 
hematology. After the single dose 
of lemonade, adipose d-limonene 
levels averaged 7.6 fold higher 
compared to time-matched plasma 
samples. This finding is consistent 
with data from animal studies 
where peak adipose tissue levels 
of d-limonene/metabolite were 6.6 
times greater than those achieved 
in plasma whereas the peak level 
in mammary tissue was 5 times 
greater than the plasma levels.17 
After the four-week intervention, an 
average adipose tissue d-limonene 
concentration of 137 μmol/kg was 
achieved. These pilot data suggest 
that d-limonene concentrations 
may reach biologically relevant 
levels with a dietary lemonade 
intervention.12 It is worth noting 
that the amount consumed was 
strongly correlated with the 
adipose d-limonene concentration, 
but was not correlated with the 
plasma concentration. Our study 



The chi-square statistic is then used 
to compare the observed values and 
the expected values as in the previous 
example. The null hypothesis is then 
rejected if the observed and expected 
values are too different. 

The chi-square is 1.78 with 1 degrees 
of freedom so, the probability P(X2 > 

1.78) = 18. 
Again, this 
value is 
found in a 
chi-square 
distribution 
table. 
Since the 

P value is > 0.5 it indicates there is 
not enough evidence to reject the 
null hypothesis. This study doesn’t 
provide enough evidence to suggest 
a significant difference in completing 
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further illustrates the importance 
of measuring agent levels in the 
target tissue (or surrogate target) 
because plasma concentrations may 
not always reflect the target tissue 
distribution and accumulation. Our 
data suggests that d-limonene may 
accumulate in the breast, given 
the high adiposity of breast tissue. 
Further research is needed to 
determine the effects of d-limonene 
on the expression and secretion 
of adipose derived cytokines and 
hormones and its effects in breast 
tissue and thus its potential as a 
cancer preventive agent.
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Test of Association and Test of 
Equality Proportions
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independence (association) between 
variables. Note that there are two 
samples drawn from two populations 
whereas the test of association was for 
two variables in a single population. 
The first thing to do is calculate the 
task completion rate:

 Breakfast  No Breakfast Total

Complete tasks 91.0% 9.0% 224 (or 54.9% of 408)

Not complete tasks 86.9% 13.1% 184 (or 45.1% of 408)

Total 89.2% 10.8% 408 (or 100%)

Then, following the formula (as 
before) for the expected values are:
(224)(364)/408 = 199.84 (224)(44)/408 
= 24.16
(184)(364)/408 = 164.16 (184)(44)/408 
= 19.84

tasks at school between students who 
eat breakfast and those who do not.
 
The way to distinguish between a test 
of association and a test for equality 
of proportions is to know about the 
sample. The test of association is for 
a single population study with one 
sample while the test for equality of 
proportions is for a study with more 
than one sample. That is it. But this 
cannot be determined by looking 
at the two-way table. It is necessary 
to know whether the data was 
taken from one population or two 
populations.
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