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Figure 2:
BPA plasma concentrations before (pre) and 
at the end (post) of a single dialysis treatment 
with LF-PS, HF-PS and PUR-H compared 
with the healthy controls. The figure depicts 
mean values ± standard deviation. *p<0.01 
vs. LF-PS pre, HF-PS pre, and PUR-H pre. 


Figure 1:
Mean values ± standard deviation of BPA 
concentrations eluted from the blood and  
dialysate compartment of LF-PS, HF-PS and 
PUR-H during in vitro recirculation. *p<0.01 
vs. LF-PS; ** p<0.001 vs. LF-PS; #p<0.01 vs. 
HF-PS; ##p<0.001 vs. HF-PS.


Figure 3:
BPA plasma concentrations at the start  
(baseline) and the end (week 4) of each 
treatment period with LF-PS, HF-PS and  
PUR-H compared with healthy controls.  
Mean values ± standard deviation are shown. 
*p<0.01 vs. LF-PS pre, HF-PS pre, and PUR- 
H pre.


BPA (2,2-(4,4’-dihydroxy-diphenyl)propane) is a 
ubiquitous compound present in numerous 
consumer plastic products, such as the dialyzer 
materials polysulfone (membrane) and  
polycarbonate (housing). BPA binds to the 
estrogen receptor α


 


and β


 


with relatively low 
affinity. In rodents, several harmful effects have 
been demonstrated. As a consequence of the 
accumulation of BPA in renal failure, carcinogenic/ 
mutagenic and estrogenic effects have been 
discussed particularly for dialysis patients, which 
are frequently exposed to BPA leaching products 
during renal replacement therapy. Purpose of the 
present study was to demonstrate if BPA  
extractable from different dialyzers has an impact 
on the plasma levels of patients with chronic renal 
failure stage 5.


Introduction


Initially, the BPA amounts eluted from different dialyzers were identified 
by in vitro experiments (n=6). The blood and dialysate compartments of 
the dialyzers were recirculated with 400 ml of sterile water for 180 min 
and the amount of eluted BPA was measured by ELISA (Eiken Chemical 
Co., Ltd., Tokyo, Japan). In a subsequent prospective, randomized, 
cross-over study, 18 maintenance dialysis patients (3 female, 15 male; 
age 60±14 years; dialysis vintage 46±29 months) were subjected to 4 
weeks of dialysis treatment with each a low (high-flux polyethersulfone 
PUREMA H® (PUR-H); 1.7 m2; Membrana GmbH, Wuppertal, Germany), 
a medium (high-flux polysulfone (HF-PS); 1.8 m2; Fresenius Medical 
Care AG, Bad Homburg, Germany) and a high (low-flux polysulfone (LF- 
PS); 1.8 m2; Fresenius Medical Care AG, Bad Homburg, Germany) BPA 
eluting dialyzer. Plasma BPA concentrations were determined at 
baseline and at the end of each 4-week period before and after dialysis. 
In addition, BPA levels were assessed in plasma of 16 healthy volunteers 
(7 female, 9 male; 54±9 years) as a control group. Statistical analysis 
was performed using an ANOVA.


Methods


The BPA concentrations eluted from the blood and dialysate compartments differed significantly between the dialyzers (Figure 1). 
The total BPA amounts averaged at 0.4 µg, 4 µg and 11.2 µg for PUR-H, HF-PS and LF-PS, respectively. Plasma BPA did not 
change significantly during a single dialysis treatment with any of the dialyzers (PUR-H 10.0±4.9 to 8.4±5.8 ng/ml; HF-PS 9.1±4.5 to 
8.3±3.9 ng/ml; LF-PS 12.0±6.0 to 10.5±7.1 ng/ml) (Figure 2). Furthermore, a 4-week period neither with PUR-H (10.0±4.9 vs. 
11.3.±8.9 ng/ml) nor with HF-PS (9.1±4.5 vs. 11.0±5.3 ng/ml) and LF-PS (12.0±6.0 vs. 10.1±5.1 ng/ml) resulted in a change of pre- 
dialysis BPA plasma levels (Figure 3). In contrast, the BPA plasma concentration of the control group was significantly lower 
(2.2±1.4 ng/ml; p<0.01) compared to the pre-dialysis values of the patients (10.0±4.9, 9.1±4.5, and 12.0±6.0  ng/ml, respectively) 
(Figures 2 and 3).


Results


Because of differences in chemical structure, the extractable 
BPA amounts differ considerably between dialyzers being very 
low for PUR-H, which is polyethersulfone-based, as compared 
to polysulfone filters. In stage 5 chronic kidney disease  
patients on hemodialysis, the BPA plasma concentrations are 
much higher compared to subjects with normal renal function. 
These increased levels are the result of the impaired renal 
function and the totality of environmental BPA sources. 


Conclusion


Dialyzers are only one source for BPA since large differences in 
the extractable BPA content seem to not adding significantly to 
the accumulation of BPA in the plasma of dialysis patients. Other 
sources are e.g. package materials etc., which release BPA into 
food and beverages ingested by the patients. The use of low 
BPA eluting dialyzers and waiving BPA containing food  
packages represent measures to reduce the daily BPA load, 
which finally accumulates in patients on maintenance  dialysis.
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significantly increased after a dialysis session. However, in 
the Ce dialyzer users, the BPA level decreased. Since accumu-
lation of BPA could affect the endocrine or metabolic system 
of the human body, it is important to perform further inves-
tigations on dialysis patients. 
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 Introduction 


 The hormone-like action of some chemical substanc-
es existing in wild animals, which are called endocrine 
disrupters, has been indicated to be associated with re-
productive dysfunction, immune abnormality, and in-
creased incidence of cancer. Recently, the effect of endo-
crine disrupters on the human body has drawn attention 
as a social issue. Bisphenol A [BPA, 2,2-bis(4-hydoxy-
phenyl)propane] is a chemical produced by the combi-
nation of two phenol radicals and one acetone molecule. 
It is an endocrine-disrupting chemical and its effects on 
the human body are of great concern. The toxicities of 
BPA include reproductive toxicities  [1, 2] . When preg-
nant female mice were fed BPA, their male offspring had 
a decreased sperm count per day, decreased ability to 
generate sperm, and a prostate with increased weight  [3] . 
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 Abstract 


 Bisphenol A [BPA, 2,2-bis(4-hydoxyphenyl)propane], an in-
dustrial chemical used in the production of polycarbonate, 
epoxide resin, and polyarylate, is considered to be an endo-
crine-disrupting chemical. BPA may be present in some hol-
low-fiber dialyzers used in hemodialysis. In this study, we 
tested the amounts of BPA eluted from various hollow fibers. 
Furthermore, we measured the BPA concentration in the 
sera of 22 renal disease predialysis patients, as well as 15 pa-
tients who were receiving hemodialysis, to see if there is BPA 
accumulation in these patients. The elution test of BPA 
showed that a much larger amount of BPA was eluted from 
polysulfone (PS), and polyester-polymeralloy hollow fibers. 
Among renal disease patients who had not undergone he-
modialysis, the serum BPA concentration increased as the 
renal function deteriorated, showing a significant negative 
association. In a crossover test between PS and cellulose (Ce) 
dialyzers, the predialysis serum BPA concentration of PS dia-
lyzer users decreased after changing to a Ce dialyzer, and the 
serum BPA increased again after switching back to PS dialyz-
ers. In patients who were using PS dialyzers, the BPA level 
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When male rats were exposed to BPA, testosterone pro-
duction was suppressed in association with decreased 
LH- �  and increased estrogen receptor- �  pituitary mRNA 
levels  [4] . There have been several reports on the carci-
nogenicity  [5] , chronic toxicity  [6, 7]  and the effect of 
BPA on the immune system  [8]  of rats and mice. In ad-
dition, some reports have demonstrated the effect of BPA 
on bone metabolism  [9, 10] ; BPA increased alkaline 
phosphatase activity and enhanced bone mineralization 
in a mouse calvaria osteoblast-like cell line  [9] . BPA 
could be eluted from dentin-bonding agent  [11, 12] . The 
effects of BPA on the human body are still awaited to be 
evaluated. BPA is contained in polycarbonate that is used 
both in hollow fibers and in the housing or potting of 
dialyzers.


  In the present study, we eluted BPA from hollow fibers 
made of various materials, and also measured the accu-
mulation of BPA in the sera of patients with renal fail-
ure.


  Patients and Methods 


 Experiment 1 
 We performed experiments in vitro using hollow fibers taken 


out of individual dialyzers as experimental materials. We used 
hollow fibers made of the following materials: polymethylmeth-
acrylate (PMMA) (Toray Co., Ltd, BK-U, Tokyo, Japan), polysul-
fone (PS) (Fresenius Kawasumi, Co., Ltd, PS-UW, Tokyo, Japan), 
cellulose triacetate (CTA) (Nipro Co., Ltd, FB-U, Osaka, Japan), 
cellulose (Ce) (Asahi Kasei Medical Co., Ltd, AM-BC, Tokyo, Ja-
pan) and polyester-polymeralloy (PEPA) (Nipro Co., Ltd, FLX, 
Osaka, Japan). 10 mg of the hollow fiber were frozen, crushed and 
dissolved in hexane. After evaporating the solvent, the residue 
was redissolved in dimethylsulfoxide. The concentration of BPA 
was measured by enzyme-linked immunosorbent assay (BPA 
ELISA Eiken; Eiken Chemical Co., Ltd, Tokyo, Japan).


  The sensitivity of this kit for BPA was  1 0.3 ng/ml. Six samples 
of each material were tested.


  Experiment 2  
 The serum BPA concentration was measured in 22 patients (14 


men and 8 women; age 64.7  8  13.1 years (mean  8  SD)) with re-
nal disease who had not undergone hemodialysis. In 6 of the 22 
patients, the serum creatinine level was  ! 1.0 mg/dl and the glo-
merular filtration rate (GFR) assessed by the MDRD method was 
 1 90 ml/min, and they were considered to have normal renal func-
tion. In addition, we measured the serum BPA concentrations in 
15 patients (8 men and 7 women) who were undergoing hemodi-
alysis chronically at our hospital. Their mean age was 69.1  8  8.4 
years and the mean period during which they had undergone he-
modialysis was 8.44  8  2.77 years. Their general condition was 
stable. Although the patients took usual meals every day, they 
took no meals just before and during hemodialysis. In addition, 
the BPA concentration was measured before and after hemodi-


alysis sessions, accompanied by a 1-month crossing over between 
using Ce (Asahi Kasei Medical Co., Ltd) and PS dialyzers (Frese-
nius Kawasumi, Co., Ltd) ( fig. 1 ). Prior to commencement of this 
study, all 15 patients had undergone hemodialysis for at least 3 
months with the same PS dialyzer examined in this study. All 
blood specimens were collected before and after hemodialysis was 
carried out at the beginning (Monday or Tuesday) of the week im-
mediately before a series of dialyses with one type of dialyzer dur-
ing 1-month crossing over was concluded. Serum BPA concentra-
tions before and after hemodialysis with one or the other of the 
dialyzers were compared. In addition, the serum BPA concentra-
tions before and after dialysis with the PS dialyzer were compared 
with those before and after dialysis with the Ce dialyzer.


  All values were expressed as the mean  8  SD of duplicated ex-
periments. Data were evaluated statistically with Student’s t test. 
A value of p  !  0.05 was considered to be statistically significant.


  Results 


 Experiment 1 
 BPA was eluted from all tested hollow-fiber materials. 


In particular, a large amount of BPA was eluted from PS 
and PEPA hollow fibers, in which the BPA concentration 
was 83.8  8  5.1 and 122.5  8  6.1 ng, respectively ( fig. 2 ). 
A significantly larger amount of BPA was eluted from 
PEPA than from PS hollow fibers (p  !  0.01), and signifi-
cantly larger amounts of BPA were eluted from PS and 
PEPA hollow fibers than from hollow fibers made of oth-
er materials (p  !  0.01).  Figure 2  shows the comparisons 
with other hollow-fiber materials.


1st PS Ce 2nd PS


1 month 1 monthAt least 3 months


1 2 3 54 6


  Fig. 1.  Method (experiment 2). Cross-over test among patients 
who were undergoing chronic hemodialysis. 15 patients under-
went hemodialysis with a PS dialyzer for at least 3 months, fol-
lowed by hemodialysis with a Ce dialyzer for 1 month, and then 
again hemodialysis with a PS dialyzer. Blood samples were ob-
tained before and after three hemodialysis sessions ( d ). Blood 
samples were obtained on a Monday or Tuesday at 4-week inter-
vals, and the serum BPA concentration was determined: � = pre-
HD (PS-dialyzer), � = post-HD (PS-dialyzer), � = pre-HD (Ce-
dialyzer), � = post-HD (Ce-dialyzer), � = pre-HD (PS-dialyzer), 
� = post-HD (PS-dialyzer). 
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  Experiment 2 
 In   the 22 patients with renal disease who had not un-


dergone hemodialysis, the serum BPA level was 0.40  8  
0.23 ng/ml. The serum BPA level increased as renal func-
tion deteriorated. The 6 patients who had normal renal 
function (i.e., Cr level  ! 1.0 mg/dl and GFR (assessed by 
the MDRD method)  1 90 ml/min/1.73 m 2 ) did not have a 
detectable level of BPA (no more than 0.3 ng/ml). A sig-
nificant positive correlation was observed between BPA 
level and serum creatinine among the 22 patients (r = 
0.45; p  !  0.05) ( fig. 3 ). A significant negative correlation 
was noted between the BPA level and GFR evaluated by 
the MDRD method (p  !  0.05).


  Fifteen patients who had undergone chronic hemodi-
alysis with a PS dialyzer for at least 3 months underwent 
the cross-over test ( fig. 1 ). The serum BPA level increased 
significantly after dialysis with a PS dialyzer, from 4.83 
 8  1.94 to 6.62  8  3.09 ng/ml after dialysis with a PS dia-
lyzer (1st) and 3.78  8  2.57 to 4.27  8  2.98 ng/ml after 
dialysis with a PS dialyzer (2nd). On the contrary, the se-
rum BPA level decreased from 2.01  8  2.10 to 1.48  8  1.41 
ng/ml after dialysis with a Ce dialyzer, although there 
was no significant difference. In addition, the serum BPA 
concentrations before and after hemodialysis were sig-
nificantly higher in patients using a PS dialyzer than in 
those using a Ce dialyzer ( fig. 4 ). The BPA concentration 
in the 15 patients who were undergoing hemodialysis reg-
ularly was significantly higher than that in the 22 patients 


who were not undergoing dialysis (p  !  0.01). No signifi-
cant correlation was observed between the BPA level and 
the period during which individual patients had been 
treated with dialysis. 
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  Fig. 2.  Amount of BPA eluted from hollow fibers made of various 
materials. Data are shown as mean and SD (n = 6). PMMA = poly-
methylmethacrylate; PS = polysulfone; CTA = cellulose triace-
tate; Ce = cellulose; PEPA = polyester-polymeralloy. Amounts of 
BPA eluted from PMMA, PS, CTA, Ce, and PEPA were 0.08  8  
0.01 ng, 83.8  8  5.1 ng, 0.08  8  0.01 ng, 0.16  8  0.02 ng and 122.5 
 8  6.1 ng, respectively. 
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  Fig. 3.  Correlation of serum BPA concentration and serum cre-
atinine concentration among the 22 patients with renal disease 
who had not undergone hemodialysis. 
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  Fig. 4.  Comparison of serum BPA concentrations pre- and post-
hemodialysis sessions for PS and Ce dialyzers in the cross-over 
test among patients who were undergoing chronic hemodialysis. 
BPA levels in serum increased significantly, from 4.83  8  1.94 to 
6.62  8  3.09 ng/ml after dialysis with a PS dialyzer (1st) and 4.09 
 8  2.78 to 4.27  8  2.98 ng/ml after dialysis with a PS dialyzer 
(2nd). On the contrary, serum BPA levels decreased from 2.01  8  
2.10 to 1.48  8  1.41 ng/ml after a session of dialysis with a Ce dia-
lyzer. All values are expressed as the mean  8  SD (n = 15). 
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  Discussion 


 BPA, which is mainly contained in polycarbonate, ep-
oxide resin, and polyarylate, is considered to be an endo-
crine-disrupting chemical that acts mainly as a female 
hormone. When BPA enters the body, BPA is   initially lip-
id-soluble. As long as BPA remains soluble in lipid, it has 
toxicity as an endocrine-disrupting chemical. Once it be-
comes water-soluble after glucuronization in the liver, 
however, its toxicity decreases.


  In rats, BPA is transformed to glucuronide in the liver, 
and thereafter the BPA is excreted in the bile to enter the 
enterohepatic circulation  [13] . In humans, orally ingested 
BPA would not accumulate in the body because it is rap-
idly conjugated in the liver to a water-soluble form and 
excreted in the urine and partly in the feces, within 18 h 
after systemic absorption  [14] . Therefore, the possibility 
of BPA accumulation might be small if renal function is 
normal.


  Although there are a few reports on the accumulation 
of BPA in patients with renal dysfunction, the numbers 
of cases studied were very small  [15, 16] .


  In the present study, the serum BPA concentration was 
determined in a larger number of renal disease patients 
who were either on or not yet on hemodialysis. The serum 
BPA concentrations found in these patients were higher 
than those found in healthy subjects   reported previously 
 [17] . BPA was not detected in 6 subjects with normal renal 
function in the present study. The BPA level in non-di-
alysis renal failure patients increased in parallel with the 
serum creatinine level. This positive correlation between 
serum creatinine and BPA demonstrates that deteriora-
tion of renal function may cause accumulation of BPA.


  The ELISA kit used in our study measures mainly lip-
id-soluble BPA, but has partial cross-reactivity with the 
water-soluble form  [17] . The cross-reactivity of the lipid-
soluble and water-soluble forms is 100 and 56.6%, respec-
tively. Therefore, water-soluble BPA may also have been 
measured in the current study.


  Thus, the increased serum BPA concentration in renal 
disease patients who had or had not undergone hemodi-
alysis could partially have been due to the measurement 
of water-soluble BPA as well as lipid-soluble BPA.


  Some hollow fibers used in hemodialyzers are known 
to contain BPA, and there might be concern about the 
possibility of BPA elution  [18, 19] . The present in vitro 
study revealed marked elution of BPA in hollow fibers 
made of PS and PEPA, which consist of raw materials con-
taining BPA. Furthermore,   the   in vivo study showed that 
the BPA level was significantly higher in hemodialysis 


patients than in patients with renal failure without hemo-
dialysis (p  !  0.01), particularly when the dialysis device 
was made of PS.


  The BPA level, however, was also increased in patients 
with renal failure without hemodialysis since these pa-
tients had impaired excretion of BPA. Also, in patients  


 who undergo hemodialysis with hollow fibers containing 
BPA, the serum BPA level markedly increases further due 
to both elution of BPA from the hollow fiber and delay in 
its metabolism.


  Even when the dialysis apparatus was made with the 
Ce dialyzer, in which the hollow fibers did not contain 
BPA, the serum BPA concentration in the patients was 
higher than that in patients who did not undergo hemo-
dialysis. This observation might be related to the fact that 
almost all patients in this study had anuria, and conse-
quently excretion of BPA was prevented. It was also found 
that the serum BPA concentration tended to decrease af-
ter dialysis with the Ce dialyzer, although there was no 
significant difference. This tendency might have resulted 
from the fact that BPA could be removed during dialysis 
with the Ce dialyzer, because BPA has a molecular weight 
of 228.3 kDa. 


  The maximum tolerated amount of BPA taken orally 
is 0.05 mg/kg/day according to the Food Sanitation Law 
of Japan. When the weight of the patient is assumed to be 
50 kg, the tolerated amount of orally-administered BPA 
is 2.5 mg/day. Since about 5% of orally-administered BPA 
enters into the circulating blood, about 125  � g of the 2.5 
mg BPA taken orally enters the bloodstream  [13] . When 
a patient undergoes hemodialysis once with a PS dialyzer, 
about 8  � g of BPA is considered to enter into the blood 
on the assumption that BPA does not enter into other 
bodily partitions. This amount cannot be ignored in view 
of the additional oral intake of BPA and also the fact that 
the metabolism of BPA slowed down in patients who re-
quired hemodialysis.


  When BPA-containing hollow fibers are used over a 
long period   of time, BPA is considered to persistently and 
continuously migrate to the serum and accumulate there 
since elimination of BPA is delayed in these patients with 
deteriorated renal function. In addition, the BPA that 
leaks from the hollow fibers passes through the heart and 
lungs via a venous shunt and enters the general circula-
tory system. Therefore, metabolism in the liver could be 
delayed when compared to that after BPA ingestion. Lip-
id-soluble BPA has the potential to be distributed to mul-
tiple organs. As a result, there is concern that BPA in the 
state of lipid solubility may accumulate in body tissue 
without being metabolized in the liver. Furthermore, in 
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tissues, BPA could accumulate in more concentrated 
amounts compared to that in serum  [20] .


  It is assumed that a large amount of BPA actually en-
ters the patient’s body during a hemodialysis session. 
When using the dialyzer made of PS, the BPA level in the 
serum increased after the hemodialysis session. It is dif-


ficult to assess the risk in patients with chronic exposure 
to small amounts of BPA  [21] . Also, the maximum safe 
level of BPA in the serum is still not known.


  Since BPA accumulation could affect the endocrine or 
metabolic system of hemodialysis patients, further inves-
tigations on these issues are necessary.
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Effects of Endocrine Disrupting Substance on Estrogen
Receptor Gene Transcription in Dialysis Patients


Yoshihiko Kanno, Hirokazu Okada, Tatsuya Kobayashi, Tsuneo Takenaka,
and Hiromichi Suzuki
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Abstract: Bisphenol A (BPA) and phthalate diesters, two
well-described endocrine-disrupting substances (EDSs),
were shown to elute out of the dialysis tubing used by
patients who underwent hemodialysis (HD) and peritoneal
dialysis (PD). Since these patients require dialysis for sur-
vival, they may be exposed to potentially harmful levels of
these compounds. In this study, serum BPA levels were
quantified in HD (n = 45) and PD (n = 43) patients, and
healthy controls (n = 12) using an enzyme-linked immun-
osorbent assay (ELISA) kit. Our results showed that serum
BPA levels were significantly elevated in both HD
(5.3 � 0.3 ng/mL) and PD (3.8 � 0.2 ng/mL) patients com-
pared to controls (2.6 � 0.1 ng/mL; P < 0.05); levels in the
HD patients were significantly greater than in the PD


patients (P < 0.05). To investigate the potential effects of
these higher serum BPA levels, the patients’ serum samples
were examined for their effects on estrogen receptor gene
transcription levels using a luciferase assay system. MCF-7
cells that were transfected with estrogen response element
(ERE) cDNA were cultured with our patients’ sera or a
solution of BPA. Our results showed that our patients’ sera
induced higher levels of ERE transcription than did the
same dose of BPA; this higher expression may have been
due to the presence of other EDSs in the dialysis patients,
such as phthalate diesters (DEHP), though this remains
to be determined. Key Words: Bisphenol A, Dialysis
therapy, Estrogen response element.


The number of patients undergoing hemodialysis
(HD) and peritoneal dialysis (PD) has been increas-
ing exponentially. In Japan, the number of patients
undergoing dialysis treatment has reached 230 000,
with 30 000 new patients added each year (1).


Endocrine disrupting substances (EDSs) consist of
a wide array of chemicals that have diverse effects on
growth, development and reproduction in humans
and other animals (2).Two such substances, bisphenol
A (BPA) and phthalate diesters (DEHP) were
reported over 30 years ago to be elutable from dia-
lyzing connecting tubes (3). Since that time, other
tests suggested that these substances did not pose any
health risks to dialysis patients. The foregoing not-
withstanding, since knowledge of EDSs has only
recently come to the fore, the effects of these eluted


compounds on the human endocrine system of dialy-
sis patients, medical staff, and those in the general
population who might be exposed to these substances
needs to be assessed.


The objectives of this study were to assess the
exposure of dialysis patients to BPA and to investi-
gate the effects of such exposure on estrogen recep-
tor gene transcription.


PATIENTS AND METHODS


Forty-five HD and 43 PD patients were enrolled in
this study from Saitama Medical University Hospital
and Saitama Social Insurance Hospital. Among these
were patients that had been receiving HD or PD for
more than 10 and 5 years, respectively. Patients that
were on any type of hormone therapy and/or medi-
cations that could influence sex hormones were
excluded from this study.


Our patients’ serum BPA concentrations were
measured by enzyme-linked immunosorbent assay
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(ELISA) (Cosmic Corporation, Inc. Tokyo, Japan)
(4) after solid phase extraction (Empore disk car-
tridges, GL Science, Inc. Tokyo, Japan).


For the estrogen receptor gene assay, a plasmid
containing estrogen response elements and the
luciferase reporter gene (5) (ERE-tk109 luc, ERE2-
tk109 luc, ERE-tk81 luc, kindly provided by Dr Barry
M. Gehm, Department of Biochemistry, Case
Western Reserve University, Cleveland, OH, USA)
was transfected into MCF-7 cells (kindly provided
by Dr Akira Orimo, Department of Biochemistry,
Saitama Medical School, Saitama, Japan). The effects
of transfection on gene transcription were evaluated
using a Luciferase assay system (Promega K.K.
Tokyo, Japan). Bisphenol A standards were obtained
from Wako Pure Chemical Industries, Ltd, Osaka,
Japan and 17b-estradiol standards were obtained
from Sigma-Aldrich (St. Louis, MO, USA).


Statistics
Data are expressed as the mean � SEM.An analy-


sis of variance (anova) followed by a Scheff’s post
hoc test was used to compare values between groups.
A P-value of <0.05 was considered to be statistically
significant.


RESULTS


Serum BPA concentration
Serum BPA levels were significantly higher in HD


(5.3 � 0.3 ng/mL) and PD (3.8 � 0.2 ng/mL) patients
compared to healthy controls (2.6 � 0.1 ng/mL,
P < 0.01 and P < 0.05, respectively) (Fig. 1). Further-
more, serum BPA levels in HD patients were signifi-
cantly higher than in PD patients (P < 0.05). Finally,
there was no relationship between serum BPA levels


and the number of years that the patients had under-
gone HD and PD (Fig. 2).


The effects of BPA on estrogen receptor
gene expression


Sera from HD and PD patients induced higher
levels of ERE transcription than did the same dose of
BPA; serum BPA levels in our dialysis patients ranged
between 10-8 and 10-7 M (Fig. 3). This higher expres-
sion may have been due to the presence of other EDSs
in the dialysis patients, such as phthalate diesters
(DEHP), though this remains to be determined.


DISCUSSION


In this study, we report two new and interesting
findings. First, serum BPA levels are significantly
elevated in both HD and PD patients and second, the
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FIG. 1. Serum bisphenol A (BPA) concentrations in dialysis
patients. Serum BPA levels were significantly higher in hemodialy-
sis (P < 0.01) and peritoneal dialysis (P < 0.05) patients compared
to healthy controls. Furthermore, BPA levels in hemodialysis
patients were significantly higher than in peritoneal dialysis
patients (P < 0.05).


FIG. 2. There was no correlation
between serum bisphenol A (BPA)
levels and the number of years
the patients were on dialysis.
(A) Hemodialysis (HD). Serum
BPA Conc = -0.126 ¥ years + 58.106,
r2 = 0.003. (B) Continuous Ambura-
tory Peritoneal Dialysis (CAPD).
Serum BPA Conc = 1.167 ¥ years +
42.92, r2 = 0.194.
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sera from such patients induce higher levels of ERE
transcription than the same dose of BPA. There has
only been one report that described the BPA levels in
dialysis (HD) patients (n = 3) (6), and only two papers
that reported on BPA levels in normal individuals
(7,8). It should be noted that the technique that we
used to measure BPA levels was different than the one
used in these studies. BPA and other EDSs are gener-
ally measured by chromatography or mass spectrom-
etry (7,9).While these methods are generally accurate,
they are labor intensive, expensive to use, and may
exhibit interassay variability; problems not associated
with the use of the ELISA technique (10).


Several reasons for the high concentration of BPA
in HD patients were considered. Since the molecular
weight of BPA (228.29) is mostly similar to the one of
glucose (180), BPA is likely to move blood through
the dialyzer membrane more than the peritoneal


membrane. In addition, BPA as well as DEHP may
be eluted from the HD blood line since the tube is
heated during HD sessions at the pump, resulting in
an increase in serum level of BPA in HD patients
(11,12).Another reason for the high concentration of
BPA in patients receiving HD and PD might be low
Kt/V in each treatment. As shown in Table 1, weekly
Kt/V results were 1.2 in HD and 1.1 in PD patients.
This might have come from a long history of receiv-
ing dialysis therapy in each group, however, this small
amount of removal has been enough and Japanese
patients of that body weight were relatively light.


Dialyzers used in the present study were mainly
made of polysulfone. Yamasaki et al. reported
recently on the differences among dialyzers and
interestingly, there was a significant difference in the
eluted BPA among several polysulfone dialyzers in
their study (6). Because the dialyzer is made from
many chemical substances, it is considered to be dif-
ficult to specify any material to elute BPA.


Even during its first decade of use, investigators
were concerned about the potential exposure of
patients to chemicals in dialysis tubing, such as phtha-
late esters in the polyvinyl chloride circuit system
used in the mid-70s (13). Nassberger et al. also
reported in 1987 that the serum concentrations of
phthalate diester in peritoneal dialysis patients were
significantly elevated (14). On the other hand, there
are no published reports concerning the effects of
such chemicals on sexual function in dialysis patients,
though clinical sexual dysfunction has been reported
in dialysis patients. Recently, Kimmel et al. proved
that the existence of a sex partner was the factor that
contributed to better survival of dialysis patients
(15). Thus, fulfillment in sexual life could be very
important and might influence the prognosis of
patients. This is might be particularly the case in
peritoneal dialysis patients, as they tend to be
younger and more active in sexual life than those on
hemodialysis.
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FIG. 3. The effects of BPA on estrogen receptor gene expression:
Sera from HD and peritoneal dialysis (PD) patients induced
higher levels of estrogen response element (ERE) transcription
than did the same dose of BPA; serum BPA levels in our dialysis
patients ranged between 10-8 and 10-7 M. There were significant
differences (P < 0.01) between all comparative pairs except
between the HD patients’ serum and BPA (10-6 M). NS, not
significant; RLU, relative light unit.


TABLE 1. Subject demographic data


HD patients PD patients Control


Number 45 43 12
Age (years) 65 (10)* 54 (11) 38 (6)
Sex (M/F) 30/15 25/18 8/4
Period of dialysis therapy (years) 13 (3)* 8 (3) –
BUN (mg/dl) 66.3 (15.7)* 57.4 (16.9) 15.2 (4.0)*,**
SCr (mg/dl) 11.4 (2.3) 11.1 (3.5) 1.0 (0.2)*,**
RRF (mL/day) 0 8013 (2472) Not measured
Weekly Kt/V 1.2 (0.2) 1.1 (0.3) Not measured


Data are expressed as the mean (SD). *P < 0.01 versus peritoneal dialysis (PD) patients;
**P < 0.01 versus hemodialysis (HD) patients. BUN, blood urea nitrogen; RRF, residual


renal function (creatinine clearance); SCr, Serum creatinine.
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As mentioned above,sera from our dialysis patients
induced higher levels of ERE transcription than did
the same dose of BPA. It should be noted that the
ELISA kit that we used only recognizes free, active
BPA, and not BPA conjugated to glucuronic acid. Of
course, while serum contains endogenous sex hor-
mones, albeit at low concentrations in both sexes, (16)
this may have also influenced our findings since the
effects of our dialysis patients’ sera was comparable to
that seen with a very high dose of BPA. However,
these endogenous levels were not likely to be respon-
sible for our findings. On the other hand, there are
other EDSs, such as DEHP and its metabolites, in
dialysis patients’ serum, that may have influenced our
results. It is noteworthy that these latter compounds
were reported to contribute to sexual dysfunction and
isomerization in uremic patients (17).


It was interesting that high levels of serum BPA
were also detected in healthy individuals, probably as
a result of their exposure to BPA in the environment,
such as in polycarbonate table ware, wrapping, epoxy
resin glue, and paints. Since the subjects in this study
were all selected from the same area of Japan, their
individual variation in BPA exposure from environ-
mental sources was probably quite limited.


In conclusion, the serum BPA concentration in
dialysis patients was significantly elevated. Further-
more, the sera from these patients induced signifi-
cantly higher levels of ERE transcription than did the
same dose of BPA.
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Determination of Bisphenol A (BPA) in Plasma
of Hemodialysis Patients Using Three Methods:


LC/ECD, LC/MS, and ELISA
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ABSTRACT Bisphenol A (BPA) values were compared in plasma of hemodial-
ysis patients and in recycling solvents using LC/MS, LC/electrochemical
detector (ECD), and enzyme linked immunosorbent assay (ELISA). BPA values
in the plasma and the solvent were 0–8.4 ng/ml and 0–0.8 ng/ml for LC/ECD,
0–4.9 ng/ml and 0–0.8 ng/ml for LC/MS, and 0–15.5 ng/ml and 0–3.1 ng/ml
for ELISA, respectively. There was no significant difference among BPA values
both in the plasma and the solvents using three methods. Single correlation
coefficients between LC/ECD and LC/MS, LC/ECD and ELISA, and LC/MS
and ELISA were, respectively, 0.373 (p < 0.002), 0.347 (p < 0.002), and 0.945 (p
< 0.001) in the plasma (n = 68–109) and 0.916 (p < 0.001), 0.431 (p > 0.05), and
0.332 (p > 0.05) in the solvents (n = 19). An unknown substance present in the
plasma of patients but not healthy volunteers influenced the LC/ECD values
of plasma repeated freezing and thawing. The results indicate that LC/MS
and ELISA are appropriate for BPA analysis in plasma and both LC/MS and
LC/ECD in the recycling solvents and handling with plasma before analysis is
important to the analysis of BPA in patients’ plasma using LC/ECD.


KEYWORDS Bisphenol A; ELISA; Hemodialysis patients; LC/ECD; LC/MS; Plasma


INRTODUCTION
BPA is used for the manufacture of polycarbonate plastics and epoxy resins, which


are used in baby bottles, protective linings of food cans, and composites and sealants
for dentistry. BPA is also used as materials in phenol resins, polysulfone, or polyarylate,
and as additives of polyvinyl chloride, which are widely supplied for the manufacture of
medical devices. Bisphenol A (BPA) is an endocrine disrupting chemical, and has been a
controversial issue for more than a decade since the first finding of suspected estrogenicity
of BPA was reported by Krishnan et al. (1993). Researchers have reported that BPA is
transferred from the maternal body to the fetus (Miyakoda et al. 1999; Zalko et al. 2003),
causes abnormalities of reproductive organs (vom Saal et al. 1998; Gupta 2000), advances
female puberty (Howdeshell et al. 1999), and changes behavior in experimental animal (rats)
model (Kubo et al. 2003).


Among renal disease patients who had undergone hemodialysis, some serious health
problems have occurred. One of those is an exposure of BPA to patients via blood
for leaching much larger amounts of BPA from hemodialyzers that utilize polysulfone
membranes and polyester-polymeralloy hollow fibers (Murakami et al. 2007). Therefore,
the measurement of BPA in biological samples such as plasma and urine is required for the
risk assessment of BPA in hemodialysis patients.


BPA in human biological samples is usually measured using methods such as enzyme
linked immunosorbent assay (ELISA), LC/electrochemical detector (ECD), LC/MS, and gas
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chromatography (GC)/MS (Sajiki et al. 1999; Fukata et al. 2006).
Of these methods, ELISA seems to be most commonly used for
clinical BPA measurement because of its easy handling and
convenience. However, some researchers have suggested that
ELISA is not suitable for BPA measurement in human samples
such as serum and urine because of much lower correlation
between LC/ECD and ELISA than that between LC/ECD and
LC/MS (Fukata et al. 2006). LC/ECD is now widely used to
analyze phenol compounds in biological samples owing to its
high sensitivity. We have previously reported that LC/ECD
is as sensitive as LC/MS for the determination of BPA in
healthy human sera (Sajiki et al. 1999). The sample matrix is
important to obtain accurate BPA values in biological samples.
Renal disease patients commonly take medical drugs with strict
food intake. Therefore, compared with healthy volunteers, such
confounding factors are thought to cause difficulties for BPA
measurement in biological samples of these patients using
LC/ECD due to lower specificity than other methods. In the
present study, we determined BPA in plasma of hemodialysis
patients who were receiving solvents using three methods,
LC/ECD, LC/MS, and ELISA, to assess the most appropriate
method for BPA measurement in biological samples.


EXPERIMENTAL
Ten milliliters of defibrinized blood was collected from 34


patients before and after hemodialysis treatment for a parallel
measurement using three methods. Five samples from healthy
volunteers and 19 samples before the treatment and 17 samples
after the treatment collected from 19 patients were used for an
extra measurement by ELISA and LC/ECD methods. Plasma
was separated by centrifugation at 1000 g. Seventeen kinds of
receiving solvents collected from a hemodialyzer (membranes
were made from polysulphone, polyethersulphone, and poly-
methyl methacrylate, etc.), and two kinds of distilled water were
used as solvents for the simultaneous measurement of BPA
using three methods. All samples were stored at –20◦C until
use (from 5 days to 8 months). Measurements were done within
2 days after BPA purification. This study was approved by the
‘Congress of Medical Bioethics’ of Chiba Prefecture.


BPA (purity > 95%) was purchased from Wako Pure Chem-
ical Ind. Ltd. (Tokyo, Japan). HPLC-grade acetonitrile (AcCN)
and distilled water were purchased from Kanto Chemical
(Tokyo Japan). Other chemicals for BPA analysis were of special
grade (Wako Pure Chemical, Tokyo, Japan). BPA-free water
was prepared using octadecylsilylsilica (ODS-silica) Sep-pak
cartridges (Waters, MA, USA) and was used throughout the
experiments after deionization of tap water using Milli-RX12α


(which uses a combination of reverse osmosis and electric
deionization; Nihon Millipore, Tokyo Japan). An Oasis-HLB
(Waters, MA, USA) was used for the solid phase extraction
of BPA, and was washed with 3.5 mL 99% ethanol (EtOH)
followed by 3.5 mL water before use. Glass tubes for BPA
analysis were pre-washed with EtOH.


Purification of BPA from samples was performed according
to the method of Sajiki et al. (1999) with a slight modification.
Briefly, 1 mL plasma was diluted with 3 mL BPA-free water
followed by application to the Oasis-HLB column. Polar lipids
were removed from the column with 3.5 mL 15% EtOH and 3.5
mL petroleum ether was used to remove non-polar lipids after
washing with 3.5 ml BPA-free water. BPA was finally eluted with
3.5 mL ethyl acetate. The solvent was then evaporated under a


N2 stream. The residue was dissolved in 2 mL 10% methanol
(MeOH) according to the ELISA kit instructions. The samples
were divided into three sample vials for the three different
analytical methods. BPA standard (10 ng/mL) was prepared
with water for the LC/ECD and LC/MS using 1 µg/mL stock
solution dissolved with 25% MeOH, to a final concentration of
0.025% MeOH.


The LC/MS system used was a Waters Alliance 2690
equipped with a Waters ZMD Z-spray mass detector (Milford,
MA, USA). Ionization conditions were as follows: electrospray
ionization (ESI) negative, capillary voltage: 3.5 kV, cone voltage:
39 V; source block temperature: 130◦C, dissolution tempera-
ture: 390◦C. Separation was carried out using a Symmetry C18
column (3.5 µm, 150 mm × 2.1 mm i.d.; Waters, MA, USA)
at 40◦C under isocratic conditions with AcCN/water (40:60)
mobile phase. The flow rate and injection volume were 0.25
mL/min and 10 µL, respectively. Selected ion monitoring mode
(m/z = 227, M-H−) was used for quantitative analysis of BPA.


The LC/ECD system consisted of a high-performance liquid
chromatograph (HPLC), Model LC-10 AD (Shimadzu, Kyoto,
Japan) equipped with an electrochemical detector (Coulochem
II 5200A, ESA, MA, USA). Detector conditions were as follows;
guard cell potential, E: 600 mV, analytical cell potentials
E1: 300 mV, E2: 550 mV, sensitivity: 1 A. Separation was
carried out using a Shim-Pack VP-ODS column (150 mm
× 4.6 mm i.d., Shimadzu) at 40◦C under isocratic condi-
tions using two mobile phases, AcCN/water/phosphoric acid
(40:60:0.1, v/v/v) and AcCN/MetOH/water/phosphoric acid
(40:10:80:0.08, v/v/v/v). The former mobile phase was used for
routine measurement of BPA and the latter was an extra mobile
phase for the separation of BPA from disturbed substances. The
flow rate and injection volume were 1.0 mL/min and 50 µL,
respectively. The ELISA was performed using a supersensitive
BPA ELISA kit for biological samples (EnviroChemicals, Ltd.,
Osaka, Japan).


One-way analysis of variance was used to determine statisti-
cally significant differences in BPA values obtained by three
methods. Student’s t-test was used to determine statistically
significant differences in values between two parameters. The
simple correlation coefficients between the three methods were
calculated using either all data or data without outliers. An
outlier was defined as a value that is more than 2 SD away from
the mean. All statistical analyses were performed using SPSS R©
12.0J for Windows R© (SPSS Japan, Tokyo, Japan).


RESULTS
The LODs and LOQs of BPA were calculated using the


standard deviation of the 7–12 replicate measurements of
the standard solutions according to the guidelines for Data
Acquisition and Data Quality Evaluation in Environmental
Chemistry (ACS Subcommittee on Environmental Analytical
Chemistry 1980). The LODs of BPA by LC/ECD and LC/MS,
and ELISA were 0.11 ng/mL (% relative standard deviation
(%RSD) = 5.6, n = 12), 0.10 ng/mL (%RSD = 3.2, n = 7), and
0.05 ng/mL (%RSD < 10), respectively. The LOQs of BPA by
LC/ECD and LC/MS were 0.35 ng/mL, 0.30ng/mL, and 0.17
ng/mL, respectively. Table 1 shows the recovery of BPA when
added to three samples (water and two plasma samples, whose
BPA concentration were zero) using three methods. Recovery
of BPA from all samples was higher (85.2–100%) with LC/ECD
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TABLE 1 Recoveries (%) of BPA from three samples
determined by three methods


Samples LC/MS LC/ECD ELISA


Water 71.9 92.6 66.5
Plasma 1 71.2 100.0 72.1
Plasma 2 62.3 85.2 50.9


Fifty µl BPA (100 ng/ml) was added to each 1 ml samples.
Data represent mean values of duplicates.


than for the other two methods (62.3–71.9% with LC/MS and
50.9–72.1% with ELISA).


BPA values of 53 patients before and/or after the treatment
and of five healthy volunteers are shown in Table 2. Although
the average values of patients before the treatment tended to
be higher than healthy volunteers and patients after treatment,
there was no significant difference between values in healthy
volunteers and patients (both before and after treatment)
measured by ELISA and LC/ECD. Regarding the LC/MS
method, there was no significant difference between BPA values
of patients before and after the treatment (p > 0.05). Using 68
plasma samples from 34 patients measured in parallel, single
correlation coefficients between LC/ECD and ELISA, LC/ECD
and LC/MS, and ELISA and LC/MS were 0.347, 0.373, and
0.945, respectively. These correlations were significant at a level
below 0.002%.


The average BPA concentrations in 19 solvents including two
kinds of water were measured in parallel using three methods
and were 0.15 ± 0.23 ng/mL for LC/ECD, 0.22 ± 0.26 ng/mL
for LC/MS, and 0.87 ± 0.93 ng/mL for ELISA. The range
of BPA values in solvents were 0–0.8 ng/mL with LC/ECD,
0–0.8 ng/mL with LC/MS, and 0–3.1 ng/mL with ELISA.
There was no difference between values determined by the three
methods according to one-way analysis of variance. A significant
correlation was shown between LC/ECD and LC/MS (r =
0.916, p < 0.001) but not between the other two variables (r =
0.431 between LC/ECD and ELISA, r = 0.332 between ELISA
and LC/MS).


It is important to validate the BPA values determined
by LC/ECD because they varied more compared with those
determined by other methods, and showed low correlations
between values by LC/MS and ELISA. Then, six plasmas (three
plasmas showing relatively high values and the other three
selected randomly) stored at –20◦C, were thawed again and
measured by LC/ECD 50 days after the first analysis. Four


TABLE 3 Change in BPA values of patients plasma using
LC/ECD dunng deep freezed storage and thawing


Times of thawing


Plasma No. 1 21)


1 2.3 Tr2


2 2.5 0
3 10.1 0
4 3.7 0
5 5.4 8.4
6 Tr 3)


1)storaged at −20◦C for 50 days after the 1st thawing.
2)trace.
3)Unknown peak appeared nearly at retention time of BPA.


samples out of six showed zero concentrations after being
thawed twice (Table 3). The value of one other sample (No.
5) increased by 1.5-times compared with the first analysis.
It was not possible to determine the BPA concentration in
sample No. 6 because of the appearance of an unknown peak
(Fig. 1b), which was a trace in the first analysis, as shown in
Fig. 1a. The authentic BPA peak externally spiked in plasma
sample No. 6 at a concentration of 2 ng/mL was covered by a
large unknown peak in the analysis using the mobile phase of
AcCN/water/phosphoric acid (40:60:0.1, v/v/v) (Fig. 1c), where
the retention time (RT) of BPA was around 10 min. Fig. 2 shows
the chromatograms of plasma No. 6 analyzed by LC/ECD
using the mobile phase of AcCN/MetOH/water/phosphoric
acid (40:10:80:0.08, v/v/v/v) with around 15 min of the RT.
In plasma No. 6 spiked with BPA, several major peaks such as
(a) and (b) appeared after the BPA peak (Fig. 2a). When plasma
No. 6 without the BPA spike was kept at 5◦C for 5 days, the
area of peaks (a) and (b) decreased; instead, unknown peaks
c, d, and e newly appeared (Fig. 2b). The peak (a) areas of
plasma No. 6 after being left to stand for 4 and 24 h at room
temperature (20◦C) increased by 2.6- and 2.0-times, respectively.
This increase was inhibited by 80% when α-tocopherol was
added at a concentration of 0.4% for 24 h.


DISCUSSION
Nowadays, BPA levels in blood plasma are usually measured


using LC/ECD, LC/MS, and ELISA. These three methods
have advantages and disadvantages. ELISA is considered to


TABLE 2 BPA values of plasma in hemodialyzed patients and healthy volunteer


Patients1)


Analytical method Before dialysis After dialysis Healthy volunteers2)


LC/ECD 0.284 ± 0.748 (n = 53) 0.642 ± 1.443 (n = 51) 0.033 ± 0.075 (n = 5)
ELISA 0.505 ± 2.125 (n = 53) 0.197 ± 0.248 (n = 51) 0.284 ± 0.146 (n = 5)
LC/MS 0.3 10 ± 0.840 (n = 34) 0.179 ± 0.263 (n = 34)


1)No significant difference (p > 0.05) between BPA values before and after hemodialysis in any cases of three methods according to one-way analysis
of variance.


2)No significant difference (p > 0.05) between BPA values of healthy volunteers and hemodialysis patients (before or after hemodialysis) according to
one-way analysis of variance.
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FIGURE 1 HPLC chromatogram of plasma of a hemodialysis
patient (plasma No.6) after thawing once (a), after thawing twice
(frozen for 50 days at –20◦C after the first thawing) (b), and
spiked with 2 ng/mL BPA after thawing twice (c). Mobile phase:
Acetonitrile/water/phosphoric acid (40:60:0.1).


FIGURE 1 (Continued).


possess high sensitivity and is easy to handle and analyze,
but does not have high specificity depending on the purity
of antibodies. Furthermore, of the antibodies used in the BPA,
ELISA may cross-react with entities with a similar structure to
BPA. Sensitivity of LC/ECD is excellent but poor at selectivity,
and it is difficult to find a suitable condition for the mobile
phase. Although LC/MS possesses both high selectivity and
sensitivity, it is not a popular method because of its great
expense.


In the present study, the relationship between ELISA and
LC/MS was high, but low both between ELISA and LC/ECD,
and LC/MS and LC/ECD for plasma samples, whereas that
between LC/ECD and LC/MS was the highest for recycling
solvents. These suggest that both ELISA and LC/MS are
suitable to analyze BPA in blood plasma and LC/ECD and
LC/MS in the solvents. Fukata et al. (2006) reported low
correlation coefficients between the three kinds of ELISA kits
in a measurement of BPA in human urine, and the difference
in BPA values between studies using different ELISA kits could
be caused by the purity of ELISA kits produced by various
manufacturers. Probably the purity of antibodies of ELISA used
in the present study is satisfactory for measurement of BPA in
plasma for high correlation to values by LC/MS which possesses
high selectivity.


We previously reported that LC/ECD, as well as LC/MS,
is a suitable instrument for analyzing BPA in human sera
of healthy volunteers (Sajiki et al. 1999). In hemodyalysis
patients, however, LC/ECD might not be suitable to measure
BPA in plasma because unknown substances disturb proper
measurement. When AcCN/water/phosphoric acid (40:60:0.1,
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FIGURE 2 HPLC chromatogram of the plasma from a
hemodialysis patient (plasma No.6) spiked with 2 ng/mL BPA
immediately after thawing twice (a) and left to stand for 5 days at
5◦C without the BPA spike after thawing twice (b). Mobile phase:
Acetonitrile/methanol/water/phosphoric acid (40:10:80:0.08).


v/v/v) was used for mobile phase for routine analysis of BPA,
results were similar to a previous report; a significant unknown
substance near the RT of BPA appeared in plasma of one
person (No. 6) after thawing twice. These substances could
be separated from BPA by using another mobile phase with
a different polarity, suggesting that it is important to find an
appropriate composition of the mobile phase, which is not
influenced by foreign substances like medicines. The peak area
of (a) in plasma No. 6 was determined with and without 0.4%
α-tocopherol as an antioxidant. The peak area was 1.2-times
greater 24 h after addition of α-tocopherol; in contrast, in the
absence of antioxidant, the peak area increased by 2.6-times at
4 h after the start of the experiment and the level continued
until 24 h. These results suggest that these unknown substances
that disturbed proper BPA analysis using LC/ECD could be
oxidative metabolites. The facts that such an unknown peak
was not detected in the plasma thawed at the first time of
the patient (No. 6) and in healthy volunteers’ plasma and the


patient took more than 10 kinds of medicines within 1 week
of blood collection suggest that these newly produced peaks
might be oxidative substances of some medicines taken by
patients and developed during handling of plasma, although
unknown substances are not identified in the present study.
These findings indicate that some unknown substances might
disturb BPA measurement in the plasma extracts from patients
after pretreatment according to a procedure using an Oasis-HLB
column. It is necessary to make an effort to find the appropriate
mobile phase to separate BPA from other entities in patients’
plasma. Otherwise, BPA peaks disappeared in four samples
out of six by the repetition of freezing for 50 days. In an
extra experiment using LC/ECD, BPA was spiked externally at
5 ng/ml in human thawed serum after freezing (for 10 months
at −20◦C) and was measured for 30 days after refreezing at
−20◦C. BPA was maintained at the same value for 10 days
and decreased gradually to 4 ng/ml at day 30. It is unclear
whether BPA contained in patients’ plasma is degraded during
the 50 days refreezing period since BPA peak measurement
using LC/MS and ELISA could not be conducted due to a
lack of samples in the present study. In the case when BPA is
degraded during freezing period, it is important to keep plasma
under proper conditions and to avoid repetition of freezing and
thawing. Another reason why the BPA peak disappeared after
refreezing for 50 days might be due to a measure of unknown
substance in the LC/ECD determination mentioned above at
first time. In this case, LC/ECD might give false values and one
needs to compare values using other methods.


Some reports have demonstrated higher BPA values in
plasma (or serum) hemodialysis patients compared with healthy
volunteers (Kannno et al. 2007; Murakami et al. 2007). There
were no significant differences between values before and after
hemodialysis or between patients and healthy volunteers using
three methods. One reason why low BPA values are seen
in patients plasma is that they could be caused by using a
hemodialysis system with low levels of BPA (<0.8 ng/mL of
receiving solvent by LC/MS and LC/ECD) compared with
previous reports (Haishima et al. 2001; Murakami et al. 2007).
Although the reference dose (0.05 mg/kg/day) of BPA was
determined by the US Environmental Protection Agency to be a
safe daily dose for humans over a lifetime of exposure (Gray et al.
2004), the risk dose of BPA in blood for hemodialysis patients
has not been defined. There is no guarantee that the low value
of free-typed BPA in patients’ plasma is indicative of a low risk
of endocrine disrupting effects from BPA. In an in vitro study,
BPA easily leached into blood plasma from plastics containing
BPA, and it was probably bound with substances in blood
such as hematin and methemoglobin (Sajiki 2003). Moreover,
BPA is well known to be metabolized to BPA-glucronide via
the hepatic drug detoxication system (Snyder et al. 2000;
Inoue et al. 2003). Total BPA in hemodialysis patients might
be higher than in healthy volunteers. Further studies to
determine the level of bound typed BPA in addition to free
BPA are needed to assess the risk of BPA in patients undergoing
hemodialysis.


In conclusion, high correlation between values measured by
LC/MS and ELISA for determining the concentration of BPA in
plasma taken from hemodialysis patients and between those by
LC/MS and LC/ECD for the receiving solvents of hemodialyzer
were obtained. The use of LC/ECD for the measurement of
BPA in patients’ plasma may show the appearance of unknown
peaks near the peak for BPA, which are probably attributable
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to medicines. It is important to use appropriate methods
depending on the matrix of plasma samples.


Declaration of interest: The authors report no conflicts of
interest. The authors alone are responsible for the content and
writing of the paper.
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BISPHENOL A (BPA) IS ONE OF


the world’s highest produc-
tion–volume chemicals, with
more than 2 million metric


tons produced worldwide in 2003 and
annual increase in demand of 6% to
10% annually.1 Bisphenol A is used ex-
tensively in epoxy resins lining food and
beverage containers and as a mono-
mer in polycarbonate plastics in many
consumer products. Widespread and
continuous exposure to BPA, primar-
ily through food but also through drink-
ing water, dental sealants, dermal ex-
posure, and inhalation of household
dusts, is evident from the presence of
detectable levels of BPA in more than
90% of the US population.2-4


Most studies of the health effects of
BPA have focused on well-documented
estrogenic activity,5 but reports have
highlighted additional modes of ac-
tion,6 including liver damage,7-11 dis-
rupted pancreatic �-cell function,12


thyroid hormone disruption,13 and obe-
sity-promoting effects.14 The potential for
low-dose effects15 has added to the con-


troversy about possible hazards and
whether currently recommended expo-
sure thresholds require revision.16-19


Debateabout thehealtheffectsofBPA
inhumanshasbeenhinderedbythe lack
of epidemiologic data of sufficient sta-
tisticalpower todetect low-doseeffects.4


The US National Health and Nutrition
Examination Survey (NHANES) 2003-
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Context Bisphenol A (BPA) is widely used in epoxy resins lining food and beverage
containers. Evidence of effects in animals has generated concern over low-level chronic
exposures in humans.


Objective To examine associations between urinary BPA concentrations and adult
health status.


Design, Setting, and Participants Cross-sectional analysis of BPA concentra-
tions and health status in the general adult population of the United States, using data
from the National Health and Nutrition Examination Survey 2003-2004. Participants
were 1455 adults aged 18 through 74 years with measured urinary BPA and urine
creatinine concentrations. Regression models were adjusted for age, sex, race/
ethnicity, education, income, smoking, body mass index, waist circumference, and uri-
nary creatinine concentration. The sample provided 80% power to detect unadjusted
odds ratios (ORs) of 1.4 for diagnoses of 5% prevalence per 1-SD change in BPA con-
centration, or standardized regression coefficients of 0.075 for liver enzyme concen-
trations, at a significance level of P� .05.


Main Outcome Measures Chronic disease diagnoses plus blood markers of liver
function, glucose homeostasis, inflammation, and lipid changes.


Results Higher urinary BPA concentrations were associated with cardiovascular diag-
noses in age-, sex-, and fully adjusted models (OR per 1-SD increase in BPA concentra-
tion, 1.39; 95% confidence interval [CI], 1.18-1.63; P=.001 with full adjustment). Higher
BPA concentrations were also associated with diabetes (OR per 1-SD increase in BPA con-
centration, 1.39; 95% confidence interval [CI], 1.21-1.60; P� .001) but not with other
studied common diseases. In addition, higher BPA concentrations were associated with
clinically abnormal concentrations of the liver enzymes �-glutamyltransferase (OR per
1-SD increase in BPA concentration, 1.29; 95% CI, 1.14-1.46; P�.001) and alkaline phos-
phatase (OR per 1-SD increase in BPA concentration, 1.48; 95% CI, 1.18-1.85; P=.002).


Conclusion HigherBPAexposure, reflected inhigherurinaryconcentrationsofBPA,may
be associated with avoidable morbidity in the community-dwelling adult population.
JAMA. 2008;300(11):1303-1310 www.jama.com
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2004 recently released the only large-
scale data on urinary BPA concentra-
tions.20 BecauseorallyadministeredBPA
israpidlyandcompletelyexcreted,urine
is considered thebody fluidmostappro-
priate for assessmentofBPAexposure.21


The highly water-soluble major BPA
metabolite, BPA-monoglucuronide, is
formed in the gut wall and liver and is
rapidly removed from the blood by the
kidneys, with terminal half-lives of less
than 6 hours after oral administration.21


Given the previous animal evidence,
we hypothesized that higher urinary BPA
concentrations would be associated with
adverse health effects, especially in the
liver and in relation to insulin, type 2 dia-
betes, and obesity in humans. Because of
the paucity of direct human evidence,
however, we undertook analyses of all
8 of the reported major diagnostic group-
ings available in the NHANES 2003-
2004 data (including cardiovascular and
respiratory conditions for which 3 ques-
tions each are available on subdiagno-
ses). We also examined a preselected list
of 8 blood-based clinical measures re-
flecting liver function, glucose homeo-
stasis, inflammation, and lipid changes.


METHODS
Data were from NHANES 2003-2004.22


NHANES surveys assess the health and
diet of the noninstitutionalized US popu-
lation and are administered by the
National Center for Health Statistics.
NHANES was approved by the Na-
tional Centers for Health Statistics insti-
tutional review board, and all partici-
pants provide written informed consent.


Assessment of BPA Concentrations


NHANES includes biomonitoring for ex-
posure to a range of environmental tox-
ins.23 A one-third random subset of
NHANES 2003-2004 participants sup-
plied urine samples that were then ana-
lyzed for BPA concentration. A spot
urine sample was collected from each
participant. Total (free and conju-
gated) urinary concentrations of BPA
were measured at the Division of Envi-
ronmental Health Laboratory Sciences
(National Center for Environmental
Health, Centers for Disease Control and


Prevention) using online solid-phase
extraction coupled with high-perfor-
mance liquid chromatography– isotope-
dilution tandem mass spectrometry with
peak focusing. A comprehensive qual-
ity control system, including reagent
blanks, was used to ensure that samples
were not contaminated during han-
dling, storage, and analysis.24 For
BPA concentrations below the level of
detection (116/1455 [8%]), a value of
0.3 ng/mL was assigned by NHANES; we
used this value in our analyses.


Health Outcomes


Participantsaged20yearsandolderwere
asked “Has a doctor or other health pro-
fessionalevertoldyouthatyouhave . . . .”
for angina, arthritis, asthma, cancer,
chronic bronchitis, coronary heart dis-
ease, emphysema, heart attack, liver dis-
ease (any kind), stroke, or thyroid dis-
ease.Participants18yearsandolderwere
askedaboutasthmaanddiabetes.Because
of lownumbers,emphysema(n=20)was
combinedwithchronicbronchitis. Simi-
larly, we combined diagnosed and bor-
derline diabetes and grouped the cardio-
vascular conditions (reported angina,
coronaryheartdisease, andheart attack).
We included all available common con-
ditions (ie, those with �40 cases) in the
analyses, covering 8 major disease cat-
egories after grouping.


We analyzed concentrations of the
following 8 blood serum analytes: C-
reactive protein, quantified using latex-
enhanced nephelometry; �-glutamyl-
transferase (GGT), using an enzymatic
ratemethod;lactatedehydrogenase,using
anenzymaticratemethod;alkalinephos-
phatase, using a 2-amino-2-methyl-1-
propanolbuffer; triglycerides,measured
enzymatically followinghydrolysis; low-
density lipoproteincholesterol(LDL-C),
calculated from measured values of
total cholesterol, triglycerides, andhigh-
density lipoprotein cholesterol; fasting
glucose,usingspectrophotometricmea-
surement of reduced nicotinamide ad-
enine dinucleotide concentration; and
fasting insulin, using a 2-site immuno-
enzymometric assay. Details of analyte
extractionandmeasurementareavailable
athttp://www.cdc.gov/nchs/nhanes.htm.


Two derived glucose homeostasis in-
dices were used: steady-state �-cell func-
tion, calculated from fasting levels of glu-
cose and insulin using the computerized
version of the updated homeostasis
model assessment (HOMA2),25 and
HOMA2 insulin resistance, the recipro-
cal of insulin sensitivity, also calculated
using the HOMA2 model.


Statistical Analysis


NHANES 2003-2004 used a complex
cluster sample design, with some demo-
graphic groups (including Mexican
Americans and groups in low socioeco-
nomic positions) oversampled to ensure
adequate representation. To account for
this complex sampling, weighted esti-
mates of population parameters were
computed, following the NHANES Ana-
lytic and Reporting Guidelines (Septem-
ber 2006). For most analyses, popula-
tion weights for the BPA measurement
sample (subsample C of the medical
examination)wereused.Samplingerrors
were estimated by the Taylor series (lin-
earization) method to account for strati-
fication and clustering using the pro-
vided“maskedvariancepseudo-psu”and
“pseudo-stratum” variables. This pro-
cedure produced the same geometric
mean and variance estimates as those
published by the National Center for
Environmental Health3 (ie, geometric
mean BPA concentrations for age group
20 to 59 years, 2.6 µg/L; 95% confi-
dence interval [CI], 2.3 to 2.9). Data on
levels of LDL-C, glucose, and insulin
were available in a random subsample
assigned to fast (n=653); for theseanaly-
ses, a specific fasting specimen weight
was used as directed. Analyses were con-
ducted by 3 authors (I.A.L., W.E.H.,
D.M.) using Stata SE version 9.2 (Stata-
Corp, College Station, Texas); P� .05
was considered statistically significant.


Using the sample weights in a classi-
cal design-based analysis of survey data
provides asymptotically unbiased esti-
mates of population parameters but can
lead to inefficiency (ie, inflation of stan-
dard errors).26 An overall inefficiency
coefficient of 34% was calculated for our
NHANES 2003-2004 BPA data set using
equation 3.7 in Korn and Graubard.26
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To assess the sensitivity of our findings
to the weighting method, we repeated
all analyses using a partial weighting
approach in which the unweighted
regression model was augmented with
exogenous design variables.26 There
were no substantive changes in the
model inferences (see eSupplement at
http://www.jama.com).


Because the diseases of interest are rare
in children, we restricted our analyses to
respondents aged 18 through 74 years (of
those randomly selected by NHANES
2003-2004 for measurement of BPA con-
centration) to focus on health effects in
adults. The upper age cutoff was cho-
sen to minimize problems of comorbid-
ity and nonrepresentation of seniors in
institutions. We excluded 1 respondent
because of a missing urinary creatinine
concentration, resulting in an included
sample of 1455 respondents.


We used logistic regression to esti-
mate odds ratios (ORs) of physician-
diagnosed diseases (as the dependent
variable) per 1-SD increase in BPA con-
centrations and used linear regression
to estimate associations between logged
levels of blood analytes and standard-
ized BPA concentrations.


Regression models were adjusted for
a broad range of potential confounders,
including socioeconomic factors that
Calafat et al3 have shown to be associ-
ated with BPA and urinary creatinine
concentrations.27 Variables includedwere
race/ethnicity (from self-description and
categorized into Mexican American,
other Hispanic, non-Hispanic white,
non-Hispanic black, and other race [in-
cluding multiracial]); education (cat-
egorized as �high school, high school
diploma [including General Educa-
tionalDevelopment], and�highschool);
annual household income (in 3 approxi-
matelyequal-sizedcategories [�$25 000,
$25 000-$55 000, and �$55 000], plus
a fourth category for missing values
[n=92]); smoking (from self-reported
status and categorized as never smoked,
former smoker, smoking some days, and
smoking every day, plus unknown, be-
cause the questions were asked of those
aged �20 years [n=177]); body mass in-
dex (BMI) (calculated as weight in kilo-


grams divided by height in meters
squared and categorized as under-
weight [�18.5], recommended weight
[18.5-24.9], overweight [25.0-29.9],
obese I [30.0-34.9], or obese II [�35.0],
with a final category for participants with
missing values [n=25]); waist circum-
ference (in quintiles, with n=60 in a
group with missing values); and uri-
nary creatinine concentration in mg/dL.


We carried out 5 sets of sensitivity
analyses, which were identified post hoc
to test the robustness of our findings.
First, to assess whether increased levels
of liver enzymes reflect normal induc-
tion of enzymes or a clinically relevant
abnormality, we used NHANES refer-
ence ranges, established from wellness
participants with an age mix similar to
that of NHANES participants. Ranges
were 36 to 113 U/L for alkaline phos-
phatase, 93 to 198 U/L for lactate dehy-
drogenase, and 10 to 65 U/L for GGT in
men and 8 to 36 U/L in women (to con-
vert values for all 3 analytes to µkat/L,
multiply by 0.0167).28 Second, to inves-
tigate whether the presence of the dis-
eases found to be associated with BPA
concentrations might have been associ-
ated with altered BPA exposure (per-
haps through greater consumption of
sugar-free foods or drinks from plastic
containers by individuals trying to man-
age their obesity or diabetes), we exam-
ined associations of BPA with increased
levels of liver enzymes in respondents in
2subgroups: those reportingneithercar-
diovascular disease nor diabetes, and
those with BMI less than 25. Third,
because alcohol intake might confound
associations of BPA concentration with
increased levelsof liverenzymes,wecon-
ducted our analyses again including data
on self-reported daily alcohol consump-
tion. Fourth, we tested whether the asso-
ciation between BPA concentrations and
cardiovascular disease was robust to
adjustment for the effects of lipid levels
(LDL-C and triglycerides). Fifth, to
explore the possibility that our findings
were due to higher exposure to a wider
setofxenoestrogeniccompoundsandnot
specific to BPA concentrations, we
repeated our models including other
known xenoestrogenic compounds.


We also have explored a range of al-
ternative approaches to accounting for
the sampling design, the skewed dis-
tribution of BPA concentrations, and the
correction of urinary creatinine con-
centrations (see eSupplement at http:
//www.jama.com).


Power Calculations


Power calculations for presence of di-
agnoses were conducted using the ap-
proach proposed by Hsieh et al29 for
simple logistic regression models. For
continuous outcomes, the power cal-
culations were performed using the PS
power and sample size program.30,31 The
sample provided 80% power to detect
unadjusted ORs of 1.4 for diagnoses of
5% prevalence per 1-SD change in BPA
concentration (or, for 10% preva-
lence, unadjusted ORs of 1.3). For liver
enzymes and insulin, the detectable
effect sizes for 80% power are given by
standardized regression coefficients of
0.075 and 0.11, respectively.


RESULTS
The study sample included 694 men and
761 women (TABLE 1). Weighted but un-
adjusted mean urinary BPA concentra-
tions were similar by sex, but for some
variables ranges were wider. For ex-
ample, mean BPA concentrations in par-
ticipants at recommended weight (BMI
18.5-24.9) were 3.91 ng/mL (95% CI,
3.34 to 4.48), compared with 6.93 ng/mL
(95% CI, 4.39 to 9.47) in those in the
obese II category (BMI �35).


Weighted mean BPA concentrations
adjusted for age and sex (FIGURE) ap-
peared higher in those who reported di-
agnoses of cardiovascular diseases (in-
cluding coronary heart disease, heart
attack, and angina) and diabetes. To ex-
plore this further, we estimated the ORs
of reporting a diagnosis of these con-
ditions by z scores of BPA concentra-
tion, using adjusted logistic regres-
sion models including age, sex, and
urinary creatinine concentrations and
fully adjusted models including these
covariates plus race/ethnicity, educa-
tion, income, smoking, BMI, and waist
circumference (TABLE 2). Overall, pat-
terns of linear association in all mod-
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els were similar to those in the Figure.
A 1-SD increase in BPA concentration
was associated with increased ORs of
reporting cardiovascular disease (an-
gina, coronary heart disease, or heart
attack combined) (OR, 1.39; 95% CI,
1.18 to 1.63; P=.001 with full adjust-
ment) and diabetes (OR, 1.39; 95% CI,
1.21 to 1.60; P� .001). Associations
with the individual cardiovascular di-
agnoses were all significant. No asso-


ciations with the other diagnoses were
observed.


When using an alternative exposure
metric of dividing BPA concentrations
into quartiles in the fully adjusted mod-
els, participants in the highest BPA con-
centration quartile had an OR of 2.89
(95% CI, 1.07 to 7.78; P=.04) for car-
diovascular disease compared with those
in the lowest quartile. Similarly, those in
the highest BPA concentration quartile


had an OR of 2.43 (95% CI, 1.35 to 4.38;
P=.006) for diabetes compared with
those in the lowest quartile.


TABLE 3 presents results of adjusted
regression models of logged levels of
blood analytes by z scores of BPA con-
centration. In fully adjusted models,
associations were observed between
BPA concentrations and logged levels
of alkaline phosphatase (P=.01), lac-
tate dehydrogenase (P=.04), and GGT
(P = .001). Initial associations (ad-
justed for age, sex, and urinary creati-
nine level) with levels of C-reactive pro-
tein disappeared on further adjustment.
Levels of fasting glucose and insulin
were associated with BPA concentra-
tion in models adjusted for age, sex, and
urinary creatinine concentration but not
in models with full adjustment. No as-
sociations with levels of LDL-C or tri-
glycerides were observed.


Sensitivity Analyses


We first reran our models to assess the
ORs for having clinically above-normal
concentrations of each of the liver en-
zymes. In adjusted models, we found that
a 1-SD increase in BPAconcentrationwas
associated with clinically above-normal
concentrations of GGT (n=129 above
normal; weighted 8.8% prevalence; OR,
1.29; 95% CI, 1.14 to 1.46; P� .001), al-
kaline phosphatase (n=58 above nor-
mal;weighted2.6%prevalence;OR,1.48;
95% CI, 1.18 to 1.85; P=.002), and lac-
tate dehydrogenase (n=20 above nor-
mal; 1% prevalence; OR, 1.40; 95% CI,
0.96 to 1.72; P=.08).


In participants reporting neither car-
diovascular disease nor diabetes (exclud-
ing n=190), BPA concentration re-
mained associated with clinically
abnormal concentrations of lactate de-
hydrogenase (OR per 1-SD increase in
BPA concentration, 1.31; 95% CI, 1.06
to 1.62; P=.01) and GGT (OR per 1-SD
increase in BPA concentration, 1.22; 95%
CI, 1.02 to 1.45; P=.03). In those with
BMI less than 25 (n=501), BPA concen-
tration was associated with increased
concentrationsofGGT(�=0.09;95%CI,
0.01 to 0.18; P=.03).


Models including measures of alco-
hol consumption included a smaller


Table 1. Sample Characteristics Including Mean Bisphenol A Concentrations (N = 1455)


Characteristic
Unweighted,


No.


Weighted


Percentage
of Samplea


Mean BPA
Concentration


(95% CI), ng/mL


Sex
Men 694 48.2 4.53 (3.98 to 5.08)


Women 761 51.8 4.66 (3.67 to 5.65)


Age group, y
18-29 449 23.5 5.69 (4.74 to 6.64)


30-39 244 20.4 4.38 (3.20 to 5.57)


40-49 252 22.8 4.17 (3.18 to 5.16)


50-59 182 17.7 4.98 (3.85 to 6.12)


60-74 328 15.7 3.41 (2.41 to 4.41)


Race/ethnicity
Mexican American 324 8.5 4.45 (3.48 to 5.41)


Other Hispanic 57 4.3 4.74 (2.86 to 6.62)


Non-Hispanic white 690 69.2 4.45 (3.73 to 5.17)


Non-Hispanic black 313 11.6 6.50 (5.45 to 7.55)


Other (including multiracial) 71 6.4 2.83 (2.03 to 3.63)


Level of education
Less than high school diploma 430 18.1 5.00 (3.99 to 6.00)


High school diploma (including GED) 356 25.9 4.91 (4.02 to 5.80)


Some college education 669 56.1 4.32 (3.57 to 5.07)


Household annual income
�$25 000 457 21.8 5.38 (4.19 to 6.58)


$25 000-$55 000 457 32.2 5.25 (4.38 to 6.11)


�$55 000 449 41.0 3.72 (3.08 to 4.37)


Unknown 92 5.0 4.11 (2.51 to 5.71)


BMIb
Low weight (�18.5) 31 2.1 3.81 (2.86 to 4.77)


Recommended weight (18.5-24.9) 469 33.6 3.91 (3.34 to 4.48)


Overweight (25.0-29.9) 448 30.4 4.18 (3.43 to 4.92)


Obese I (30.0-34.9) 283 20.0 5.10 (3.97 to 6.24)


Obese II (�35) 199 12.2 6.93 (4.39 to 9.47)


Unknown 25 1.6 3.89 (1.86 to 5.92)


Cigarette smoking
Never smokedc 640 48.8 4.37 (3.52 to 5.22)


Former smoker 311 22.6 4.53 (3.82 to 5.24)


Some days 63 4.4 3.72 (3.00 to 4.44)


Every day 264 20.5 5.00 (3.88 to 6.12)


Unknown 177 3.8 6.69 (5.59 to 7.79)
Abbreviations: BMI, body mass index; BPA, bisphenol A; CI, confidence interval; GED, General Educational Development.
aPercentages may not sum to 100 because of rounding.
bCalculated as weight in kilograms divided by height in meters squared.
c Included those who had ever smoked �100 cigarettes.
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number of participants (n=1029) be-
cause of item nonresponse and because
those younger than 20 years were not
questioned. In models including self-
reported daily alcohol consumption, BPA
concentration remained associated with
increasedconcentrationsofGGT(�=.06;
95% CI, 0.02 to 0.10; P=.007).


Inmodelsadjusted for triglyceride lev-
els, a 1-SD change in BPA concentra-
tion was associated with increased odds
of reporting cardiovascular disease (OR,
1.41; 95% CI, 1.20 to 1.65; P� .001) and
diabetes (OR, 1.38; 95% CI, 1.20 to 1.58;
P� .001). Models adjusted for levels of
triglycerides plus LDL-C had a reduced
number of participants (data for the fast-
ing subsample only), but overall trends
were similar: a1-SDincrease inBPAcon-
centration was associated with increased
odds of reporting diabetes (n=635; OR,
1.40;95%CI,1.02 to1.93;P=.04).How-
ever, the association with cardiovascu-
lar disease became nonsignificant,
although the trend was similar (n=546;
OR, 1.22; 95% CI, 0.80 to 1.88; P=.33).


Finally, we found that including mea-
suredconcentrations ofotherphenols (4-
tert-octyl phenol, benzophenone, and tri-
closan) did not affect the relationship
between BPA concentration and dis-
ease or levels of blood analytes, and these
compounds were not themselves asso-
ciated with these outcomes. For ex-
ample, in adjusted models the OR of re-
porting cardiovascular disease associated
with a 1-SD score change in 4-tert-octyl
phenol concentrations was 1.10 (95% CI,
0.79 to 1.54; P=.55) and of reporting dia-
betes was 0.93 (95% CI, 0.64 to 1.36;
P=.71). A 1-SD score change in 4-tert-
octyl phenol concentrations was not as-
sociated with changes in concentra-
tions of the 3 liver enzymes; eg, for GGT,
the � coefficient for 4-tert-octyl phenol
per 1-SD change was 0.00 (95% CI, −0.03
to 0.04; P=.78). In fully adjusted BPA
models with the addition of standard-
ized 4-tert-octyl phenol and triclosan
concentrations, the OR for reporting car-
diovascular disease with a 1-SD score
change in BPA concentration was 1.38
(95% CI, 1.18 to 1.61; P� .001) and for
diabetes was 1.40 (95% CI, 1.22 to 1.60).
BPA concentration remained associ-


ated with logged levels of GGT (�=.06;
95% CI, 0.03 to 0.10; P=.002).


COMMENT
In this study we aimed to assess whether
increased urinary BPA concentrations
were associated with adverse health ef-
fects in the general US adult popula-
tion. This analysis made use of the first
large-scale and high-quality population-
representative data set to become avail-
able. After adjusting for potential con-
founders, we found that higher BPA
concentrations were associated with di-
agnoses of cardiovascular disease and
diabetes. We also found associations be-
tween higher BPA concentrations and
clinically abnormal concentrations of
the 3 liver enzymes examined, namely
GGT, alkaline phosphatase, and lac-
tate dehydrogenase. Importantly, we
observed no associations with the other
common conditions examined, sug-
gesting specificity of the associations.
A series of sensitivity analyses pro-
vided further support for the specific-
ity of the associations found.


Controversy has surrounded the risk
that BPA poses to humans, because esti-
mates extrapolated from animal stud-
ies32 have demonstrated significant
species-specific differences in both
metabolism and toxicity32 and also
because of the multiple potential routes
of human exposure. Ingestion of oral
doses of BPA in rats and humans leads
to first-pass metabolism in the intestine
and liver to yield the major metabolite,
BPA-monoglucuronide.33 Transdermal
exposureand inhalationof airbornedust
will largely avoid first-pass metabolism,
which isalso limited inneonates.34 While
BPA-monoglucuronide is eliminated in
the bile in rodents, in humans it is elimi-
nated principally in the urine, and both
gastrointestinal tractglucuronidationand
enterohepatic recirculation differ
between rats and humans. Modeling the
pharmacokineticsofBPAis further com-
plicated by a lack of human exposure
studies, which are restricted for ethical
reasons and by the difficulties in find-
ing individuals completelyunexposed to
BPA from the environment. The human


Figure. Estimated Mean Bisphenol A (BPA) Concentrations in Relation to Reported Diseases
and Conditions
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experimentalexposuresthatdoexisthave
mostly been to single high doses.4 Cal-
culations to predict actual human expo-
sure levels based on animal exposure
studies have reported mean circulating
concentrationsofbothunconjugatedand
conjugated BPA.4


These models suggest that exposure
amongthegeneralUSpopulationis likely
to exceed the 50-µg/kg per day refer-
encedosecurrentlyrecommendedbythe
US Environmental Protection Agency
and that exposure is most likely through
continuous, multiroute exposure, prin-


cipally diet, but also through transder-
mal exposure and inhalation of air-
borne dust. These results confirm
estimatesmadefromearly-morningurine
samplescollectedfrom48women,which
were used to estimate an intake of 0.6 to
71.4 µg/d.35 A study of Japanese univer-
sity students between 1992 and 1999
compared urinary BPA concentrations
withdietary intaketosuggest thatcanned
beverages constitute a major dietary
source.36


Becausehumanhealtheffectsaremost
likely associated with long-term, low-


dose exposure, the relevance of single
measurements of urinary BPA concen-
trations has been questioned. From the
few pharmacokinetic studies of human
BPA metabolism, near-complete uri-
nary excretion has been shown to occur
within 24 hours of a single high dose.37


Mahalingaiah et al38 examined tempo-
ral variability in urinary concentrations
and foundthatalthoughasecondsample
could improve the sensitivity of predict-
ing an individual’s longer-term expo-
sure status, a single urinary measure-
ment showed moderate sensitivity for


Table 2. Odds Ratios of Diseases and Conditions Associated With a 1-SD Increase in Bisphenol A Concentration


Disease/Condition
Unweighted,


No./Total Weighted %


Model 1a Model 2b


OR (95% CI) P Value OR (95% CI) P Value


Arthritis 312/1273 22.98 0.99 (0.77 to 1.28) .96 0.97 (0.78 to 1.21) .75


Cancer 77/1275 6.77 1.12 (0.85 to 1.48) .38 1.14 (0.86 to 1.52) .33


Cardiovascular disease 79/1272 4.76 1.36 (1.16 to 1.60) .001 1.39 (1.18 to 1.63) .001


Angina 42/1274 2.66 1.26 (1.10 to 1.44) .002 1.28 (1.09 to 1.50) .006


Coronary heart disease 46/1276 2.83 1.41 (1.09 to 1.82) .01 1.63 (1.18 to 2.26) .006


Heart attack 42/1277 2.79 1.33 (1.08 to 1.64) .01 1.40 (1.11 to 1.78) .008


Diabetes 136/1455 7.94 1.40 (1.21 to 1.63) �.001 1.39 (1.21 to 1.60) �.001


Liver disease 55/1274 3.89 0.77 (0.40 to 1.49) .42 0.74 (0.37 to 1.44) .35


Respiratory disease
Asthma 174/1454 12.35 1.02 (0.89 to 1.18) .75 0.98 (0.84 to 1.14) .80


Bronchitis or emphysema 81/1274 6.47 1.03 (0.81 to 1.30) .82 0.98 (0.74 to 1.29) .87


Stroke 40/1278 2.35 0.99 (0.83 to 1.19) .95 0.97 (0.74 to 1.27) .82


Thyroid disease 115/1275 10.03 1.13 (0.89 to 1.43) .30 1.09 (0.88 to 1.37) .40
Abbreviations: CI, confidence interval; OR, odds ratio.
aAdjusted for age, sex, and urinary creatinine concentration.
bAdjusted for age, sex, race/ethnicity, education, income, smoking, body mass index, waist circumference, and urinary creatinine concentration.


Table 3. Linear Regression Coefficients of Logged Analytes Associated With a 1-SD Increase in Bisphenol A Concentrationa


Analyte Unweighted, No.


Model 1b Model 2c


� (95% CI) P Value � (95% CI) P Value


C-reactive protein 1390 0.09 (0.02 to 0.15) .02 0.02 (−0.02 to 0.06) .24


Glucose homeostasis
Insulind 661 0.11 (0.01 to 0.21) .04 0.07 (0.00 to 0.15) .06


Glucosed 655 0.02 (0.00 to 0.03) .02 0.01 (−0.01 to 0.04) .37


HOMA2d


�-Cell function 652 0.05 (−0.03 to 0.12) .20 0.03 (−0.01 to 0.07) .09


Insulin resistance 652 0.11 (0.01 to 0.21) .03 0.07 (−0.01 to 0.15) .07


Lipids
LDL-Cd 639 0.00 (−0.05 to 0.05) .93 −0.01 (−0.06 to 0.03) .58


Triglycerides 1376 0.02 (−0.04 to 0.08) .45 0.01 (−0.04 to 0.05) .79


Liver enzymes
Alkaline phosphatase 1378 0.03 (0.02 to 0.05) .001 0.02 (0.01 to 0.04) .01


�-Glutamyltransferase 1377 0.08 (0.03 to 0.12) .002 0.06 (0.03 to 0.10) .001


Lactate dehydrogenase 1374 0.02 (0.01 to 0.03) .007 0.01 (0.00 to 0.03) .04
Abbreviations: CI, confidence interval; HOMA2, updated homeostatic model assessment; LDL-C, low-density lipoprotein cholesterol.
aCoefficients represent change in logged analyte level for each 1-SD change in bisphenol A concentration.
bAdjusted for age, sex, and urinary creatinine concentration.
cAdjusted for age, sex, urinary creatinine concentration, race/ethnicity, education, income, smoking, body mass index, and waist circumference.
dLevels were measured in a random subsample assigned to fast; models with these outcomes were weighted to allow for this.
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predicting the individual’s tertile catego-
rization. This temporal variability in uri-
nary BPA concentrations is likely to have
resulted in underestimation of the true
strengths of association with the out-
comes in our analyses.


BPA has long been thought to act via
relatively loose binding to the estrogen
receptor,andthismodeofactionhasbeen
incorporated in pharmacokinetic mod-
els; however, recent evidence suggests
that BPA also binds strongly to the estro-
gen-related receptor �, the function of
which is unknown.6 Although the major
metabolite BPA-monoglucuronide lacks
estrogenic activity, the generation of
estrogenically active metabolites follow-
ing oxidative cleavage of BPA has been
reported in vitro in rat liver microsomal
fractions,39 although the in vivo signifi-
cance of this pathway is not yet clear.
Bindhumoletal7 foundBPA-inducedoxi-
dative stress in rat hepatocytes with oral
intake over a 30-day period, and hepa-
tocyte damage has been reported in a
number of other experimental con-
texts.8-11 Lipid accumulation has been
shown in adipocyte and hepatoma cell
lines exposed to BPA.40 A variety of other
effects of BPA have been noted, includ-
ing disrupted pancreatic �-cell func-
tion, which produces insulin resistance
in mice exposed to oral BPA doses well
below the lowest observed adverse effect
level currently considered by the Envi-
ronmental Protection Agency.12 Four
daysof low-doseBPAinjectionsalsopro-
duced insulin resistance in mice.41


Other studies have identified associa-
tions between environmental toxins,
body weight, and diabetes,42,43 and it has
been proposed that exposure to some en-
vironmentalpollutantsmay initiateorex-
acerbate thedevelopmentofobesity14 and
associated health problems.44 We found
an apparently wide range of BPA con-
centrations across BMI categories, with
weighted but unadjusted mean BPA con-
centrations of 3.91 ng/mL (95% CI, 3.34
to 4.48) in participants with BMI of 18.5
to 24.9 compared with 6.93 ng/mL (95%
CI 4.39 to 9.47) in those with BMI of 35
or more (Table 1). However, formal
testing of logged BPA concentrations ad-
justed for age, sex, and urinary creati-


nine concentrations showed no signifi-
cant differences between the categories
(data available from the authors on re-
quest). Although a possible explana-
tion for our findings is that the in-
creased dietary intakes associated with
obesity also result in higher intakes of
BPA and consequent morbidity, the ob-
served disease and liver enzyme changes
were present after adjusting for both BMI
and waist circumference. Crucially, the
association with GGT was present after
excluding overweight and obese partici-
pants. An association of BPA concentra-
tion with GGT concentration also was
present in those without cardiovascular
disease or diabetes, suggesting that “re-
verse causation” (in which the pres-
ence of these diseases might have led to
greater exposure or to some form of al-
tered BPA excretion) is also unlikely.


Exposure to BPA also might be an in-
dicator of exposure to multiple xenobi-
otics, including other endocrine disrup-
tors—but, as presented, adjustment for
other environmental phenols and known
xenoestrogens including4-tert-octylphe-
nol and triclosan made no difference to
the observed outcomes, suggesting a spe-
cific effect mediated by BPA. We also
have explored a range of alternative ap-
proaches to accounting for the sam-
pling design, the distribution of BPA con-
centrations, and the correction of urinary
creatinine concentrations (see eSupple-
ment at http://www.jama.com), all of
which point to our results being robust.


The main limitation of our analyses is
their cross-sectional nature: longitudi-
nal data demonstrating that high BPA
concentrations predict later onsets of bio-
chemical change or diagnoses would
strengthen the evidence. A further limi-
tation is that we have examined a broad
hypothesis of associations between
higher BPA concentrations and adverse
effects on health status, including tests
of association with 8 major diagnostic
groupings (with 3 questions each about
cardiovascular and respiratory condi-
tions) and 8 blood-based assays. Our ap-
proach, justified by this being the first
large-scale study, may have resulted in
false-positive associations. Although
false-positive inverse associations be-


tween BPA concentrations and out-
comes were theoretically as likely, none
were found.


Independent replication is now
needed to confirm the associations re-
ported. Because our analyses are based
on urinary concentrations of BPA, which
reflect recent exposure, studies based on
repeat measurements over weeks,
months, or even years would improve the
assessment of longer-term exposure.
Given the many routes of exposure to
BPA, direct measures of dermal contact
or of contact with contaminated foods,
beverages, and dusts would be very dif-
ficult to undertake. A further issue is that
although the previous animal-model lit-
erature provides evidence of the mecha-
nisms underlying effects on liver cells
(and therefore liver enzymes) and insu-
lin signaling (and therefore diabetes, as
previously discussed), the mechanisms
underlying the effect on prevalence of
cardiovascular disease are not obvious.
If the associations reported here are con-
firmed in independent studies, more
work will be needed to identify the
mechanisms of action linking long-
term, low-dose BPA exposure to ad-
verse outcomes in humans. Given the
substantial negative effects on adult
health that may be associated with in-
creased BPA concentrations and also
given the potential for reducing human
exposure, our findings deserve scien-
tific follow-up.


CONCLUSIONS
Using data representative of the adult US
population, we found that higher uri-
nary concentrations of BPA were asso-
ciated with an increased prevalence of
cardiovascular disease, diabetes, and
liver-enzyme abnormalities. These find-
ings add to the evidence suggesting
adverse effects of low-dose BPA in ani-
mals. Independent replication and fol-
low-up studies are needed to confirm
these findings and to provide evidence
on whether the associations are causal.
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Bisphenol A and Risk of Metabolic Disorders
Frederick S. vom Saal, PhD
John Peterson Myers, PhD


IN THIS ISSUE OF JAMA, LANG AND COLLEAGUES1 REPORT


the results of the first major epidemiologic study to
examine the health effects associated with the ubiqui-
tous estrogenic chemical bisphenol A (BPA). This


compound is the base chemical (monomer) used to make
polycarbonate plastic food and beverage containers, the
resin lining of cans, and dental sealants; it also is found
in “carbonless” paper used for receipts as well as a wide
range of other common household products. Based on
their analysis of data from the National Health and Nutri-
tion Examination Survey 2003-2004, Lang et al report a
significant relationship between urine concentrations of
BPA and cardiovascular disease, type 2 diabetes, and
liver-enzyme abnormalities in a representative sample of
the adult US population. This report, suggesting links
between BPA and some of the most significant and eco-
nomically burdensome human diseases, is based on a
cross-sectional study and therefore cannot establish cau-
sality; follow-up longitudinal studies should thus be a
high priority. Yet many peer-reviewed published studies
report on related adverse effects of BPA in experimental
animals,2 and cell culture studies identify the molecular
mechanisms mediating these responses.3 These experi-
mental findings add biological plausibility to the results
reported by Lang et al.1


Based on this background information, the study by Lang
et al,1 while preliminary with regard to these diseases in hu-
mans, should spur US regulatory agencies to follow the re-
cent action taken by Canadian regulatory agencies, which
have declared BPA a “toxic chemical” requiring aggressive
action to limit human and environmental exposures.4 Al-
ternatively, Congressional action could follow the prece-
dent set with the recent passage of federal legislation de-
signed to limit exposures to another family of compounds,
phthalates, also used in plastic. Like BPA,5 phthalates are
detectable in virtually everyone in the United States.6 This
bill moves US policy closer to the European model, in which
industry must provide data on the safety of a chemical be-
fore it can be used in products.


Subsequent to an unexpected observation in 1997, nu-
merous laboratory animal studies2 have identified low-
dose drug-like effects of BPA at levels less than the dose used
by the US Food and Drug Administration (FDA) and the
Environmental Protection Agency to estimate the current
human acceptable daily intake dose (ADI) deemed safe for
humans. These studies have shown adverse effects of BPA
on the brain, reproductive system, and—most relevant to
the findings of Lang et al1—metabolic processes, including
alterations in insulin homeostasis and liver enzymes.2 How-
ever, no prior studies examining BPA for effects on cardio-
vascular function have been conducted in laboratory ani-
mals or humans.


Epidemiologists are informed by animal studies that
identify potential human health hazards when the animal
models and exposure levels are relevant and effects are
mediated via response mechanisms present in humans.
For example, when adult rats were fed a 0.2-µg/kg per
day dose of BPA for 1 month (a dose 250 times lower
than the current ADI), BPA significantly decreased the
activities of antioxidant enzymes and increased lipid per-
oxidation, thereby increasing oxidative stress.7 When
adult mice were administered a 10-µg/kg dose of BPA
once a day for 2 days (a dose 5 times lower than the
ADI), BPA stimulated pancreatic � cells to release insu-
lin. After administration of 100 µg/kg per day of BPA via
injection or feeding for 4 days, mice developed insulin
resistance and postprandial hyperinsulinemia. Follow-up
studies showed that stimulation of mouse �-cell insulin
production and secretion by between 0.1 to 1 nM of
estradiol or BPA (23-230 pg/mL of BPA) is mediated by
activation of the extracellular signal-related protein
kinase 1/2 pathway by binding of BPA to estrogen recep-
tor � and that via this nonclassical estrogen-response
mechanism, BPA and estradiol have equal potency
and efficacy.8 BPA and estradiol are also equipotent at
inhibiting adiponectin release from human adipocytes
at 1 nM, further implicating BPA at current human
exposure levels in insulin resistance and the metabolic
syndrome.9


See also p 1303.
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The effects of BPA on � cells confirm that BPA acts as a
potent estrogen via this recently discovered estrogen-
response pathway, one also present in human tissues.3


Importantly, while low doses of BPA and estradiol stimu-
lated this response in � cells, 100-fold higher doses of BPA
and estradiol did not stimulate �-cell insulin production in
the mouse model8 or adiponectin release from human adi-
pocytes.9 The biphasic or nonmonotonic dose-response
curves observed in this and many other studies of BPA fol-
low an inverted U shape, which is a common finding for
endocrine-active chemicals and drugs, for which high
doses inhibit (down-regulate) the low-dose response sys-
tem while initiating a wide array of other adverse effects
via different response mechanisms.10 Despite decades of
published observations by endocrinologists reporting non-
monotonic dose-response curves for hormonally active
compounds, the core assumption used by the FDA, the
Environmental Protection Agency, and the European Food
Safety Authority in estimating ADIs for environmental
chemicals is still based on a concept first articulated in the
16th century: “The dose makes the poison”11; ie, dose-
response curves are assumed to be monotonic for environ-
mental chemicals.


The FDA and the European Food Safety Authority have
chosen to ignore warnings from expert panels12 and other
government agencies,4,13 and have continued to declare BPA
“safe.”14,15 The findings by Lang et al1 that BPA is signifi-
cantly related to serum markers of liver damage, such as in-
creased �-glutamyltransferase levels, that were predictive of
metabolic disease, cardiovascular disease, and increased mor-
tality in the Framingham longitudinal study,16 challenge the
safety of BPA. One factor that may be contributing to the
refusal of regulatory agencies to take action on BPA in the
face of overwhelming evidence of harm from animal stud-
ies reported in peer-reviewed publications by academic and
government scientists is an aggressive disinformation cam-
paign using techniques (“manufactured doubt”) first de-
veloped by the lead, vinyl, and tobacco industries to chal-
lenge the reliability of findings published by independent
scientists.17,18


Therefore, a marked discordance exists between the
currently accepted ADI for BPA of 50 µg/kg per day and
numerous adverse effects in animals occurring at levels far
below this dosage in recent experiments using the tools of
21st-century biology.2 A fundamental problem is that the
current ADI for BPA is based on experiments conducted in
the early 1980s using outdated methods (only very high doses
were tested) and insensitive assays. More recent findings from
independent scientists were rejected by the FDA, appar-
ently because those investigators did not follow the out-
dated testing guidelines for environmental chemicals, whereas
studies using the outdated, insensitive assays (predomi-
nantly involving studies funded by the chemical industry)
are given more weight in arriving at the conclusion that BPA
is not harmful at current exposure levels.15


If adults with increased levels of BPA are at greater risk
for metabolic diseases, as is suggested by the findings
reported by Lang et al,1 follow-up longitudinal studies on
infants, children, and adolescents, as well as pregnant
women and fetuses, would be a high priority for 2 reasons.
First, there is consensus from a National Institutes of
Health–sponsored expert panel12 and other government
agency reports, including the US National Toxicology Pro-
gram13 and Canadian Ministry of Health,4 that exposure to
BPA during development poses the greatest risk for
adverse effects; the fetus and infant are believed to be more
susceptible to the estrogenic effects of BPA because of
small body size and limited capacity to metabolize BPA.19


Second, along with the exponential increase in the use of
BPA in products during the last 30 years, there has been a
dramatic increase in the incidence of obesity and type 2
diabetes in children.20 Very low doses of BPA during fetal/
neonatal life in rodents increase the rate of postnatal
growth as well as advance puberty, with subsequent dis-
ruption of neuroendocrine function.2 A causal role for BPA
in these trends is plausible because BPA can alter the pro-
gramming of genes during critical periods in cell differen-
tiation during fetal and neonatal development. This pro-
cess, referred to as “epigenetic programming,” can result in
the expression of metabolic disease and cancers during
later life.21,22 Examining developmental effects will require
biomonitoring of BPA (and other endocrine-disrupting
chemicals) in longitudinal studies that relate exposures
during critical periods in development to subsequent dis-
ease. However, further evidence of harm should not be
required for regulatory action to begin the process of
reducing exposure to BPA.4


The report by Lang et al1 should stimulate further stud-
ies and reevaluation of the basic assumptions in chemical
risk assessments that led to FDA assurances that BPA is safe.15


Their findings also heighten incentives for green chemistry
(a new field based on collaboration between biologists and
chemists to develop biologically inert chemicals for use in
products) to find cost-effective replacements for BPA ap-
plications contributing to widespread human exposures.23


Since worldwide BPA production has now reached approxi-
mately 7 billion pounds per year,17 eliminating direct ex-
posures from its use in food and beverage containers will
prove far easier than finding solutions for the massive world-
wide contamination by this chemical due its to disposal in
landfills and the dumping into aquatic ecosystems of myriad
other products containing BPA, which Canada has already
declared to be a major environmental contaminant.4


The good news is that government action to reduce ex-
posures may offer an effective intervention for improving
health and reducing the burden of some of the most con-
sequential human health problems. Thus, even while await-
ing confirmation of the findings of Lang et al,1 decreasing
exposure to BPA and developing alternatives to its use are
the logical next steps to minimize risk to public health.


EDITORIAL
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Research


The incidence of obesity has risen dramati-
cally over the last few decades. Although most
attention has focused on high caloric diet and
sedentary lifestyle as the root causes, the role
of environmental factors is gaining credence.
Animal studies suggest that in utero or lifetime
exposure to xenobiotic chemicals can alter the
programming of metabolic homeostasis
(Heindel 2003; Newbold et al. 2007). Such
chemicals also affect glucose and lipid metabo-
lism as well as adipogenesis in murine
adipocytes (Alonso-Magdalena et al. 2006;
Masuno et al. 2005). To support the claim
that endocrine disruptors may increase the
risk of developing obesity-associated disorders,
it is critically important to examine their
effects on human adipose tissue.


Adiponectin is an adipocyte-specific hor-
mone that protects against metabolic syn-
drome (Kadowaki et al. 2006). This syndrome
is defined by a cluster of conditions that
include abdominal obesity, glucose intoler-
ance, hyperinsulinemia, hypertriglyceremia,
and hypertension and is associated with
increased risk of diabetes and cardiovascular
disease (Ritchie and Connell 2007). Serum
adiponectin levels are reduced before develop-
ment of type 2 diabetes, are lower in obese


than in lean individuals, and increase after
weight loss (Trujillo and Scherer 2005).
Because adiponectin is a critical adipokine
that increases insulin sensitivity and reduces
tissue inflammation (Whitehead et al.
2006), any factor that suppresses its release
could lead to insulin resistance and increased
susceptibility to development of metabolic
syndrome.


Bisphenol A (BPA), a monomer of poly-
carbonate plastics, is one of the highest-volume
chemicals in commerce. Polycarbonates are
used in numerous consumer products,
including food and water containers, baby
bottles, linings of metal food and beverage
cans, medical tubing, epoxy resins, and dental
fillings. Small amounts of BPA can migrate
from polymers to food or water, especially
when heated (Le et al. 2008). Dozen of stud-
ies have documented widespread human
exposure to BPA. Levels of BPA ranging from
0.3 to 5 ng/mL (~ 1–20 nM) are present in
adult and fetal human plasma, urine, and
breast milk (reviewed by Welshons et al.
2006). BPA, a lipophilic compound, can
accumulate in fat, with detectable levels
found in 50% of breast adipose tissue samples
from women (Fernandez et al. 2007).


BPA has been reported to alter several
metabolic functions (Alonso-Magdalena et al.
2005, 2006; Masuno et al. 2005; Sakurai
et al. 2004). However, a major issue relates to
the micromolar doses of BPA used in some of
these studies. Until BPA is proven active at
environmentally relevant concentrations (the
low nanomolar range), it is not certain that it
poses risks to human health. Moreover, BPA
often exhibits a lack of linear dose-dependent
relationship, showing instead U-shaped or
inverted U-shaped curves. Consequently,
extrapolation from an action, or lack of
action, of BPA at high doses to its presumed
bioactivity at low doses is unwarranted.


The mechanism by which BPA exerts its
biological actions is enigmatic. Although BPA
binds both estrogen receptors (ERs) α and β
(Kuiper et al. 1998), its binding affinity is
several orders of magnitude lower than that of
estradiol (E2), suggesting that it should mimic
or compete with endogenous estrogens only
at the micromolar range. Yet, BPA at
nanomolar doses often displays stronger
estrogen-like activities than E2 itself. Several
speculations have been proposed to reconcile
this discrepancy: a) BPA binds differently
within the ligand-binding domain of ERα or
ERβ and recruits dissimilar coregulators (Safe
et al. 2002); b) BPA elicits rapid responses by
binding to membrane-anchored ERs (Watson
et al. 2005), an as-yet-unidentified non-
classical membrane ER (ncmER; Alonso-
Magdalena et al. 2005), or G-protein–
coupled receptor 30 (GPR30; Thomas and
Dong 2006); and c) BPA binds to estrogen-
related receptor γ (ERRγ), an orphan nuclear
receptor belonging to the ERR family of
receptors that do not directly bind E2 (Ariazi
and Jordan 2006). BPA was recently reported
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BACKGROUND: The incidence of obesity has risen dramatically over the last few decades. This
epidemic may be affected by exposure to xenobiotic chemicals. Bisphenol A (BPA), an endocrine
disruptor, is detectable at nanomolar levels in human serum worldwide. Adiponectin is an
adipocyte-specific hormone that increases insulin sensitivity and reduces tissue inflammation. Thus,
any factor that suppresses adiponectin release could lead to insulin resistance and increased suscep-
tibility to obesity-associated diseases.


OBJECTIVES: In this study we aimed to compare a) the effects of low doses of BPA and estradiol
(E2) on adiponectin secretion from human breast, subcutaneous, and visceral adipose explants and
mature adipocytes, and b) expression of putative estrogen and estrogen-related receptors (ERRs) in
these tissues.


METHODS: We determined adiponectin levels in conditioned media from adipose explants or
adipocytes by enzyme-linked immunosorbant assay. We determined expression of estrogen receptors
(ERs) α and β, G-protein–coupled receptor 30 (GPR30), and ERRs α, β, and γ by quantitative real-
time polymerase chain reaction.


RESULTS: BPA at 0.1 and 1 nM doses suppressed adiponectin release from all adipose depots exam-
ined. Despite substantial variability among patients, BPA was as effective, and often more effective,
than equimolar concentrations of E2. Adipose tissue expresses similar mRNA levels of ERα, ERβ,
and ERRγ, and 20- to 30-fold lower levels of GPR30, ERRα, and ERRβ.


CONCLUSIONS: BPA at environmentally relevant doses inhibits the release of a key adipokine that
protects humans from metabolic syndrome. The mechanism by which BPA suppresses adiponectin
and the receptors involved remains to be determined.


KEY WORDS: adipocytes, adiponectin, bisphenol A, estradiol, estrogen receptors, estrogen-related
receptors, human adipose explants, obesity. Environ Health Perspect 116:1642–1647 (2008).
doi:10.1289/ehp.11537 available via http://dx.doi.org/ [Online 14 August 2008]







to bind at high affinity to ERRγ (Okada et al.
2008).


The objectives of the present study were to
a) compare the effects of low doses of BPA and
E2 on adiponectin secretion from human
breast, subcutaneous (SC), and visceral (VIS)
adipose explants; b) examine whether they
exert direct effects on isolated mature
adipocytes; c) determine the effects of an
ERα/ERβ antagonist [ICI182,780 (ICI)] on
adiponectin release; and d) compare the expres-
sion of ERα, ERβ, GPR30, ERRα, ERRβ, and
ERRγ in breast, SC, and VIS adipose tissue.


Materials and Methods


Subjects. The study was approved by the
Institutional Review Board of Christ Hospital
(Cincinnati, Ohio). Surgical samples were
obtained from patients who gave written
informed consent. Three types of adipose speci-
mens were obtained: a) samples from breast
reduction, b) abdominal SC samples from
abdominoplasty, and c) matched VIS (omental)
and SC samples from morbidly obese individu-
als undergoing gastric bypass surgery.


Explant preparation and incubation. We
cut tissue into small (~ 2 × 2 × 2 mm) explants
and placed them into 48-well polystyrene
plates (70–100 mg/250 µL, four to six wells
per treatment) containing glucose- and phenol
red-free Dulbecco’s modified Eagle medium
supplemented with 10 mM HEPES, 2 mM
glutamine, 2 mM pyruvate, and 1% charcoal-
stripped fetal bovine serum (Hyclone, Logan,
UT). We prepared stock solutions of E2 and
BPA (Sigma, St. Louis, MO; purity > 99%)
and ICI (Tocris, Ellisville, MO) in ethanol at
50–100 mM. Solvent controls (≤ 0.001%
ethanol) were included in all experiments. At
the end of a 6-hr incubation, explant weights
were determined and conditioned media (CM)
were collected.


Cell harvesting and incubation. We used
SC adipose tissue from abdominoplasty to
prepare mature adipocytes as described by
McFarland-Mancini et al. (2006). Briefly, we
placed tissue fragments into Hank’s balanced
salt solution containing 2% fatty-acid–free
bovine serum albumin (BSA) and 200 nM
adenosine (to prevent cell rupture). After
adding 200 units/g of type IV collagenase
(Worthington, Lakewood, MO), we carried
out digestion at 37°C. The digest was filtered
through a 150-µm mesh and the floating
mature adipocytes were separated from the
stromal vascular fraction by centrifugation.
Adipocytes (100 µL of packed cells) were
placed in wide-mouth polypropylene tubes
and incubated for 6 hr in the above media
containing the various treatments.


Adiponectin enzyme-linked immuno-
sorbant assay (ELISA). Adiponectin in CM
was quantified by a fluorescent-sandwich
ELISA, optimized in our laboratory using a


matched monoclonal antibody pair against
human adiponectin (MAB10651 capture and
BAM1065 biotinylated detection; R&D,
Minneapolis, MN). These antibodies recognize
epitopes in the globular head of adiponectin
and detect all isoforms. Black 96-well plates
(Maxisorp; Nunc, Rochester, NY) were coated
with the capture antibody and blocked with
0.5% BSA. Plates were then coincubated with
the detection antibody and recombinant
human adiponectin (R&D) or CM aliquots.
After 2 hr, we added streptavidin-conjugated
horseradish peroxidase and a fluorimetric sub-
strate (Quantablue; Pierce, Rockford, IL). We
read fluorescence at 325 nm excitation and
420 nm emission, using a Gemini XPS fluo-
rescent microplate reader (Molecular Devices,
Sunnyvale, CA). The lowest detectable level
was 100 pg/mL. We validated assay parame-
ters against commercial plates from the same
vendor.


Real-time polymerase chain reaction
(PCR). We isolated total RNA from breast,
VIS, and SC adipose tissue, each pooled from
four or five women, followed by synthesis of
oligo-dT–primed polyA cDNA as previously
described (Hugo et al. 2006). We performed
quantitative real-time PCR on 200 ng of
cDNA using intron-spanning primers for the
various genes listed in Table 1, using Immolase
heat-activated Taq DNA polymerase (Bioline,
Tauton, MA), and SYBR Green I (Invitrogen,
Carlsbad, CA) on a SmartCycler I (Cepheid,
Sunnyvale, CA). Cycle parameters were 96°C
for 6 min followed by 40 cycles of 95°C for
15 sec, 57°C for 15 sec, and 72°C for 25 sec.
We confirmed product purity by melting curve


analysis. Each sample was run three times.
Changes in gene expression were calculated
from the cycle threshold, after correcting for
cDNA amounts using β2 microglubulin
(B2M) expression (Pfaffl et al. 2002). Data are
expressed as fold changes over control, which
was arbitrarily defined as gene expression in
VIS tissue.


Data analysis. When appropriate, values
are expressed as the mean ± SE. We performed
statistical analysis using either Student’s t-test or
one-way analysis of variance followed by Fisher
least significant difference post hoc analysis.
p-Values < 0.05 are considered significant.


Results


Suppression of adiponectin release from breast
adipose explants by BPA and E2. Both
adiponectin (Martin et al. 2006) and BPA
(Kuruto-Niwa et al. 2007) are detectable in
human breast milk. Therefore, we first exam-
ined whether BPA alters adiponectin release
from breast adipose explants obtained from
eight women undergoing breast reduction. As
detailed in Table 2, the average age was
43.6 years, and the average body mass index
(BMI) was 27, with one woman in the obese
category (BMI > 30), four in the overweight
category (BMI = 25–30), and three in the
normal weight range (BMI ≤ 25). Table 2
also demonstrates the high variability of basal
adiponectin release in vitro, which showed no
apparent relationship to either age or BMI.


Figure 1A depicts the suppressive effects of
both BPA and E2 on adiponectin release from
breast explants from one patient, selected as a
representative. E2 showed dose-dependent
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Table 1. Human gene-specific primers for quantitative real-time reverse transcriptase PCR.


Accession Product
Gene no.a Forward primer (5´→3´) Reverse primer (5´→3´) size (bp)


ESR1 NM_000125 CAGGCACATGAGTAACAAAGG CAAGGAATGCGATGAAGTAGAG 195
ESR2 NM_001437 CAGTTATCACATCTGTATGCGG ACTCCATAGTGATATCCCGA 208
ESRRA NM_004451 ACTGCAGGATGAGCTGG TGCACAGAGTCTGAATTGG 185
ESRRB NM_004452 CTGGTGTACGCTGAGGA TACATGGAATCGGAGTTGG 172
ESRRG NM_001438 CATATTCCAGGCTTCTCCA GACAAGTTCATCCTCAAACGA 122
GPR30 NM_001039966 ACGAGACTGTGAAATCCGCAACCA ATCAGGCTGGAGGTGCACTTGGAA 153
B2M NM_004048 GGCATTCCTGAAGCTGAC GAATCTTTGGAGTACGCTGG 114


Primer pairs are all intron-spanning pairs. Abbreviations: ESR1, ERα; ESR2, ERβ; ESRRA, ERRα; ESRRB, ERRβ; ESSRG,
ERRγ (all three transcripts); B2M, β2-microglobulin.
aGenBank accession numbers (National Center for Biotechnology Information 2008).


Table 2. Breast explants by identification number (ID), patient’s age, BMI (kg/m2), and basal in vitro
adiponectin release (Adipo).


ID Age (years) BMI Adipoa


209 51 28.2 77.3
511 30 36.6 53.5
608 57 25.2 8.6
609 40 28.1 23.6
621 23 21.5 39.1
908 57 26.9 10.4
111 58 22.5 44.4
314 33 27.3 75.5
Mean ± SE 43.6 ± 4.9 27.0 ± 1.6 41.6 ± 9.4


ang/100 mg/6 hr.







inhibition of adiponectin release, which was
significant (p < 0.05) at all doses except
0.1 nM. On the other hand, BPA generated a
clear U-shaped response, being significantly
suppressive at both the 0.1 and 1 nM doses


but not at higher doses. Figure 1B–D shows
adiponectin release in response to 1 nM BPA,
E2, or ICI in explants from individual
patients. Suppression of adiponectin by BPA
and E2 was significant in five of eight and five


of six samples tested, respectively. We also
examined several samples for the effects of
1 nM ICI. In this case, three of five samples
showed significant inhibition.


BPA at low doses suppresses adiponectin
release from abdominal SC explants. We next
explored the effects of BPA and E2 on adipose
tissue other than the breast. For that, we
obtained SC abdominal adipose samples from
nine women undergoing abdominoplasty.
Table 3 shows that the average age was
40.3 years (range, 29–45 years). Five patients
had BMI at the normal range, whereas four
were in the overweight category. Similar to
what we observed in breast explants (Table 2),
basal adiponectin release in vitro was highly
variable, ranging from 7.1 ng/100 mg/6 hr in
one patient to 155.2 ng/100 mg/6 hr in
another.


Figure 2A shows the effects of increasing
doses of BPA and E2 on adiponectin release in
an SC abdominal sample from one patient,
selected as a representative. Both compounds
generated U-shaped curves, with BPA signifi-
cantly inhibiting adiponectin at the 0.1, 1, and
10 nM doses, whereas E2 was effective at the 1
and 10 nM doses. Figure 2B–D shows data
from individual patients. BPA at the 1 nM
dose significantly inhibited adiponectin in
eight of nine samples, whereas E2 was effective
only in four of nine samples. We examined the
effect of 1 nM ICI in four samples, only one of
which showed significant inhibition.


BPA and E2 exert direct inhibitory effects
on mature adipocytes. In addition to mature
adipocytes, adipose tissue contains pre-
adipocytes, fibroblasts, endothelial cells, and
macrophages, many of which affect the secre-
tory activity of the adipocytes (Fain et al.
2004). Thus, we opted to examine if the
above compounds have a direct or an indirect
effect on adiponectin release. We isolated
mature SC adipocytes from several additional
women undergoing abdominoplasty. Figure 3
illustrates the secretory profile of adiponectin
from a nonobese patient (Figure 3A; 57 years
of age, BMI = 28.8) and an obese patient
(Figure 3B; 54 years of age, BMI = 45.2). BPA
and E2 significantly inhibited adiponectin
release from mature adipocytes at most doses
examined, albeit without exhibiting dose-
dependent effects. ICI at all doses examined
significantly inhibited adiponectin release
(Figure 3B).


BPA and E2 inhibit adiponectin release
by SC and VIS explants from morbidly obese
patients. To examine whether adiponectin
responsiveness to BPA or E2 is influenced by
obesity, we obtained matched VIS (omental)
and SC adipose samples from several mor-
bidly obese patients undergoing gastric bypass
surgery. Figure 4A shows results with tissue
explants from an extremely obese woman
(29 years of age, BMI = 84.5). To compare
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Figure 2. Suppression of adiponectin release from abdominal SC adipose explants by BPA, E2, and ICI.
(A) Typical dose response by explants from one patient; each value is the mean ± SE of six determinations.
(B–D) Responses of explants from nine women to 1 nM BPA (B), E2 (C), or ICI (D), illustrating variation
among patients in both adiponectin secretion and responsiveness to the test compounds.
*p < 0.05 compared with control.
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Table 3. Abdominal SC explants by identification number (ID), patient’s age, BMI (kg/m2), and basal in vitro
adiponectin release (Adipo).


ID Age (years) BMI Adipoa


327 37 24.8 40.7
323 42 24.8 70.0
410 44 24.4 44.7
421 45 20.9 62.5
713 45 21.4 155.2
719 44 28.3 7.1
803 44 26.1 28.2
817 29 26.3 11.6
314 33 27.3 40.4
Mean ± SE 40.3 ± 2.0 24.9 ± 0.8 51.2 ± 14.7


ang/100 mg/6 hr.


Figure 1. Suppression of adiponectin release from breast adipose explants by BPA, E2, and ICI. (A) Typical
dose response by explants from one patient; each value is the mean ± SE of six determinations. (B–D)
Responses of explants from eight women to 1 nM BPA (B), E2 (C), or ICI (D), illustrating variation among
patients in both basal adiponectin secretion (see also Table 2) and responsiveness to the test compounds. 
*p < 0.05 compared with control.
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the rate of adiponectin release over time, in
this case we present the data as picograms
adiponectin/100 mg/hr. Basal adiponectin
release from SC explants showed a time-
dependent decline, which was not observed in
VIS explants. The time-dependent decline in
adiponectin was not due to loss of tissue via-
bility, as determined by the use of a fluores-
cent Resazurin reduction assay (data not
shown). BPA at 1 nM significantly inhibited
adiponectin release from SC explants by 50%
at 6 hr and 23% at 24 hr, whereas inhibition
by E2 did not reach statistical significance.
We saw a more profound inhibition of 65%
and 50% by both BPA and E2 in VIS
explants at 6 and 24 hr, respectively.


Matched VIS (omental) and SC explants,
obtained from a morbidly obese man (54 years
of age, BMI = 45.2), were incubated for 6 hr
with different doses of BPA, E2, and ICI.
Figure 4B shows that both BPA and E2 were
effective in suppressing adiponectin release
from SC explants at 0.1 and 1 nM. E2 at 1 and
10 nM significantly suppressed adiponectin
release from VIS explants, whereas BPA had no
effect at all doses examined. Surprisingly, 1 nM
ICI suppressed adiponectin release from VIS
explants by as much as 70% but had no effect
on SC explants.


Comparison of receptor expression in
breast, VIS (omental), and SC adipose tissue.
We next examined breast, VIS, and SC adi-
pose tissue, each pooled from four or five
women, for expression of putative receptors
that may mediate the actions of BPA and/or
E2. Figure 5A shows relative mRNA expres-
sion of ERα, ERβ, GPR30, ERRα, ERRβ, and
ERRγ in breast and SC adipose tissue, com-
pared with VIS adipose tissue, which was used
as a reference. All six receptors were more
highly expressed in breast adipose tissue (from
1.8- to 7.3-fold) than VIS adipose tissue. The
expression of GPR30 and ERRα was approxi-
mately the same in VIS and SC adipose tissue
(1.4- to 1.5-fold), whereas ERα, ERβ, and
ERRβ were moderately higher (from 1.7- to
2.1-fold) in SC tissue. Notably, expression of
ERRγ was much lower (0.3-fold) in SC than
in VIS adipose tissue.


Figure 5B shows the relative abundance of
mRNA levels of the above receptors in VIS
adipose tissue, with expression of the most
abundant receptor (ERα) presented as 100%.
Expression levels of ERβ and ERRγ were 50%
and 20%, respectively, relative to ERα. On
the other hand, expression of ERRα, ERRβ,
and GPR30 was < 1% of ERα, indicating a
significantly lower abundance.


Discussion


This study provides the first evidence that
BPA at environmentally relevant doses
inhibits a key adipokine that protects humans
from the sequelae of the metabolic syndrome.


BPA at low nanomolar concentrations sup-
pressed adiponectin release from human adi-
pose tissue explants as well as from isolated
mature adipocytes. Despite a substantial vari-
ability among patients, BPA was as effective,
and often more effective, than equimolar con-
centrations of E2. The suppressive effects of
BPA were not confined to one adipose tissue
type but were present in all depots examined:
breast, SC, and VIS. We also report for the


first time similar mRNA expression levels of
ERα, ERβ, and ERRγ in VIS adipose tissue.
The expression of ERα, GPR30, ERRα, and
ERRγ was higher in breast than in either VIS
or SC fat. The relative expression of these
receptors in VIS adipose tissue was ERα >
ERβ > ERRγ >>> GPR30 = ERRα = ERRβ.
The role of any of these receptors in mediat-
ing the suppressive actions of BPA or E2 on
adiponectin release remains to be determined.
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Figure 3. BPA and E2 suppress adiponectin release from mature abdominal SC adipocytes from a non-
obese woman (A) and an obese woman (B). (A) Effect of treatment with increasing doses of BPA or E2.
(B) Effect of treatment with increasing doses of BPA, E2, and ICI. Each value is  the mean ± SE of four
determinations.
*p < 0.05 compared with control.
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Figure 4. Effects of BPA, E2, or ICI on adiponectin release. (A) Time-dependent effect of 1 nM BPA or E2 on
adiponectin release from SC and VIS (omental) adipose tissue explants from a morbidly obese woman.
(B) Effect of treatment with increasing doses of BPA and E2, as well as 1 nM ICI, on adiponectin release
from matched abdominal SC and VIS (omental) adipose tissue explants from a morbidly obese man. Each
value is the mean ± SE of six determinations. 
*p < 0.05 compared with control.
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Previous studies on direct actions of BPA
on rodent adipocytes have used very high
doses. Sakurai et al. (2004) reported that BPA
stimulated insulin-dependent glucose uptake
and increased expression of the glucose trans-
porter (Glut4) in 3T3-F442A murine adipo-
cytes, whereas E2 was ineffective and ICI did
not antagonize BPA. However, only the high-
est BPA dose (100 µM) was effective. Masuno
et al. (2002, 2005) reported that BPA acceler-
ated adipogenesis in 3T3-L1 adipocytes and
increased the activity of lipoprotein lipase.
Again, BPA was active only at doses of
> 80 µM. These data should be interpreted
with caution, given the nonlinear dose
response of BPA and the potential toxic, or
near toxic, levels of BPA. A U-shaped dose–
response curve is well recognized for many
hormones and toxic compounds, but there is
no ready explanation for this phenomenon
(Calabrese and Baldwin 2001).


To support the premise that BPA has
adverse metabolic effects in humans, it is
essential to study its actions on human tissues.
Whereas the value of live rodents and murine
adipocyte cell lines as experimental models is
undisputed, adipocyte biology is sufficiently
different between rodents and humans to war-
rant prudence (Ben Jonathan et al. 2008). For
example, the regional distribution of fat
depots, their cellular composition (e.g., brown
vs. white fat, infiltration by macrophages), and
the regulation of resistin, agouti protein,
adipsin, and adrenergic receptors are dissimilar
in rodents and humans. Intrinsic differences
between the species are also exemplified by the
suppression of adiponectin expression in
3T3-L1 cells by insulin but its increase in
response to insulin in isolated human adipose
tissue (Whitehead et al. 2006).


Basal adiponectin release in vitro and its
responsiveness to BPA or E2 were highly vari-
able among patients. This variability results
from the combined effects of genetic, nutri-
tional, and hormonal factors, as well as the
state of obesity, clinical conditions, and history
of drug use. Because all but one of the patients


were women, we did not determine the effect
of sex. Serum adiponectin levels are moderately
higher in women than in men, but hormone
replacement therapy does not alter adiponectin
release in either pre- or postmenopausal
women (Sieminska et al. 2005). The difference
in circulating adiponectin between sexes is
believed to be due to its suppression by andro-
gens, as supported by an inverse relationship
between serum testosterone and adiponectin
levels during puberty in men (Andersen et al.
2007). An inadvertent exposure of men to
exogenous estrogen-like compounds such as
BPA may cause additional suppression of
adiponectin, leading to potential harmful con-
sequences. The same concern is extended to
prepubertal girls and postmenopausal women
with low serum estrogen levels.


Given the relatively small sample size in
each category and the observed variability, our
data do not lend themselves to definitive con-
clusions with regard to the relative effectiveness
of BPA versus E2, which adipose depot is more
responsive, whether obesity alters tissue respon-
siveness, or the potential effects of age.
Therefore, we highlight only the general trends
observed in this study. For example, BPA, E2,
and ICI appear to display similar efficacy in
suppressing adiponectin release from breast
explants, whereas BPA was more effective than
E2 or ICI in SC adipose explants. In one obese
woman, BPA was more effective in suppressing
adiponectin from VIS than from SC explants,
whereas the reverse was true in an obese man
(Figure 4). Recruitment of a larger number of
patients will be most helpful in sorting out the
effects of age, sex, obesity, or clinical condi-
tions on adipose tissue responsiveness to BPA
and/or E2.


Most research to date on the biological
actions of estrogens has focused on ERα.
Studies with knockout mice revealed that dele-
tion of ERα causes a more severe phenotype
than deletion of ERβ (Couse and Korach
1999). With the exception of few tissues such
as the ovary, prostate, and certain brain areas,
ERα is more highly expressed than ERβ.


Therefore, it was unexpected that human VIS
fat expressed similar mRNA levels of both
receptors. Using real-time PCR, others
reported predominance of ERα over ERβ in
isolated mature adipocytes, although ERβ
expression was higher in adipocytes from
women than from men (Dieudonne et al.
2004). Given adipose tissue heterogeneity, it is
difficult to compare receptor expression in
whole adipose tissue, as we used in our studies,
with that in isolated adipocytes. In addition, at
least four different ERβ subtypes are expressed
in human adipose tissue (Pedersen et al.
2001), with our primers detecting only the
common isoform.


The finding that both BPA and E2 sup-
press adiponectin release does not constitute a
proof that they act by the same mechanism.
In fact, their equipotency strongly suggests
involvement of receptors other than classical
ERs. The effects of ICI further confound the
issue. In these studies, ICI at low doses either
suppressed or had no effect on adiponectin
release. In samples pretreated with ICI before
exposure to BPA or E2, we observed neither
blockade of suppression nor additive effects
(data not shown). Thus, in terms of the con-
trol of adiponectin release, ICI does not
behave as a typical ERα/ERβ antagonist. The
suppressive effect of ICI also differentiate the
putative receptor in human adipose tissue
from the ncmER reported by Alonso-
Magdalena et al. (2005) that is activated
rapidly and is unresponsive to ICI. Although
searching for potential mechanisms for the
actions of BPA and E2, we examined pub-
lished values of their binding affinity to sev-
eral putative receptors. Although BPA has a
lower median effective concentration (EC50)
for ERβ than for ERα (Kuiper et al. 1998), it
is still in the micromolar range, compared
with a low nanomolar range for E2. On the
other hand, the EC50 for BPA for GPR30 is
630 nM (Thomas and Dong 2006) and is as
low as 8.9 nM for ERRγ (Okada et al. 2008).


GPR30 is a seven-transmembrane receptor
that increases the activity of second messengers
such as adenylate cyclase and mitogen-acti-
vated protein kinase in response to E2 in ER-
negative breast cancer cell lines (Filardo and
Thomas 2005). Notably, the ER antagonist
ICI functions as a GPR30 agonist. Our data
are the first to show expression of GPR30 in
human adipose tissue, albeit at very low abun-
dance compared with either ERα or ERβ
(Figure 5). Another potential candidate is
ERRγ, whose expression level in VIS adipose
tissue was 4- to 5-fold lower than that of ERα
and ERβ. The ERRs are orphan nuclear recep-
tors that are constitutively active and do not
bind estrogens (Ariazi and Jordan 2006). ERRγ
is expressed in a tissue-specific manner (Heard
et al. 2000), but little is known about its
biological functions. Future studies should
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Figure 5. Depot-specific differences in the expression of putative receptors that may mediate the action of
BPA or E2, as determined by real-time reverse transcriptase PCR. (A) Differences in expression of ERα,
ERβ, GPR30, ERRα, ERRβ, and ERRγ in SC and breast (BR) adipose tissue calculated as fold change
(shown above bars) relative to VIS adipose tissue. (B) Relative abundance of the above receptors in VIS
adipose tissue compared with ERα expression.
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confirm expression of these receptors at the
protein level and then use small interfering
RNA to determine the consequences of recep-
tor knockdown on the suppressive effects of E2
or BPA on adiponectin release. It would also
be of interest to examine whether BPA at low
doses affects adipogenesis, lipogenesis/lipolysis,
or the release of other adipokines.


Conclusion


The growing interest by scientists and the
public alike in BPA has placed this com-
pound at the center of the debate over poten-
tial adverse effects of man-made chemicals
found in the environment on fetal/neonatal
development, reproductive fecundity, meta-
bolic homeostasis, and carcinogenesis. Yet,
attribution of such actions to BPA has been
controversial. Differences of opinion and dis-
agreements over data interpretation underlie
the inability of several expert panels, con-
vened periodically since 1999, to convince
regulatory agencies that BPA poses hazards to
human health. There is a growing recognition
that the roles of genetic predisposition and
environmental factors in the epidemic of obe-
sity and related diseases should not be
ignored. Given the endurance of BPA in the
environment, its presence in serum from
humans worldwide, and the suppression of
adiponectin release at nanomolar concentra-
tions, BPA may indeed be the bona fide
endocrine disruptor that adversely affects
metabolic homeostasis and its manifestations.
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Statement by B. Braun Avitum AG on Bisphenol A 
(To be submitted to SCENIHR via EUROM VI Medical Technology) 


Bisphenol A and B. Braun dialyzer 
 
 Bisphenol A (BPA) is widely used as a key component/monomer for the 


production of polymer plastics in industry based on polyesters, polysulfones, 
polyether ketones, polycarbonates and epoxy resins. Further, BPA is used as an 
antioxidant in plasticizers and for inhibiting the polymerization in polyvinyl 
chloride (PVC). BPA is therefore an extremely important economic and 
technical importance.  
Bisphenol A-containing plastics, especially polycarbonate, vinyl ester and 
epoxy resin are used in every household in direct contact with foods and 
beverages (cans, beverage containers, water heater). In addition, epoxy resins 
are used for coatings, inks, adhesives, coatings inside drinking water and waste 
water tanks, and large wine storage tanks. 


 Bisphenol A is known as a xenoestrogen with estrogen-like effect.   
 Dialyzer housing is often manufactured using polycarbonate and required for 


production of those dialyzer parts. However, the dialyzer housing is not in direct 
contact with the patient blood. 


 The dialyzer membrane is made of polysulfone. Polysulfone is synthesized by 
monomers from BPA and dichlorodiphenylsulfone. During the polysulfone 
synthesis the terminal OH-groups of polysulfone chains are etherified. This 
etherification process also leads to an etherification of the OH groups on the 
BPA residual monomer. That means, the main amount of the BPA residual 
monomer is converted to bisphenol A dimethyl ether. This chemical substance is 
therefore inactive to stimulate hormonal processes in the human body. 


 The amount of free BPA monomers in dialyzers is considerably very low and is 
under the reference value when standard analytical methods are used. 


 BPA is only slightly water soluble at 37°C and its capabilities to leach from 
plastics during dialysis treatment is considered to be unlikely. 







  


Absorption of Bisphenol A 
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 Patient suffering from chronic kidney disease have in general higher levels of 


BPA1, because BPA is excreted via the urine in healthy humans. 
 BPA has a molecular weight of 228,3 Da and can easily be eliminated during 


standard dialysis treatment.2,4 
 In clinical studies a potential intravenous intake of 8 µg during one dialysis 


treatment was demonstrated.2 However, this amount can not be confirmed by 
other superior analytical studies that show BPA levels within nano-molecular 
range,  regardless of study design, population or method.5,6,7,8 


 With a maximal tolerable daily intake (TDI) of 0,05 mg/kg/Day, approximately 
2,5 mg of BPA per day can be adsorbed by a 50 kg person. After valuation only 
5% = 125 µg per day gets into the blood. In fact much more as the possible 
intake during a dialysis treatment. 
 


Other scientific evidence on Bisphenol A  
 
 Kanno et. al (2007) demonstrated in a long term observation that no correlation 


between BPA level and years on dialysis exists.  Therefore, clear evidence that 
no BPA is accumulating in the blood during the patient life-time on dialysis.3 


 Sajiki et. al (2008) shows in this good methodical analysis that no additional BPA 
load can be observed with patient dialyzed with polysulfone dialyzers. 
Furthermore, BPA levels were measured in the nanomolecular range.4 


 Other clinical studies that also detected BPA within nano-molecular levels, did 
not show a relevant relationship with the dialysis treatment or patient suffering 
from chronic kidney disease.5,6,7,8 
 
 


Conclusion 
 
Based on current scientific evidence there is no health risk for dialysis patients using 
dialyzers containing Bisphenol A. The potential intake of Bisphenol A during a 
dialysis treatment is with a nano-molecular range and can lead to an irrelevant 
increase of the tolerable daily intake (TDI). Furthermore, we conclude that by use 
of polysulfone dialyzers no additional risk through release of Bisphenol A could be 
expected for patient health.  


 
1 Krieter et al.:Bisphenol A (BPA) as an Uremic Toxin:Large Differences in Elution from Dialysers and Elevated Plasma Levels in Maintenance,  


presented at the EDTA 2009, Milan 
2 Murakami et al.; Accumulation of Bisphenol A in Hemodialysis Patients, Blood Purification (2007) 
3 Kanno  Y. et.al, Effects of Endocrine Disrupting Substance on EstrogenReceptor Gene Transcription in Dialysis Patients, Therapeutic Apheresis and  


Dialysis 11(4):262–265 ( 2007) 
4 Sajiki Y. et al, Determination of Bisphenol A (BPA) in Plasma of Hemodialysis Patients Using Three Methods: LC/ECD, LC/MS, and ELISA 


Toxicology Mechanisms and Methods, 18:733–738, (2008) 
5 Lang et al., Association of UrinaryBisphenolAConcentration With Medical Disorders and Laboratory Abnormalities in Adults, JAMA; 300 (11) 


1303-1310 (2008) 
6 Saal F. et al. Bisphenol A and Risk of Metabolic Disorders, JAMA; 300 (11) 1353-1355 (2008) 
7 Hugo E. et al., Bisphenol A at Environmentally Relevant Doses Inhibits Adiponectin Release from Human Adipose Tissue Explants and 


Adipocytes, Environmental Health Perspectives 116 (12) 1642-1647; (2009) 
8 Calafat et al. Exposure to Bisphenol A and Other Phenols in Neonatal Intensive Care Unit Premature Infants, Environmental Health 


Perspectives 117 (4) 639-644; (2009) 
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Statement by Dräger Medical GmbH on Bisphenol A 
(To be submitted to SCENIHR via EUROM VI Medical Technology) 
 
 
Bisphenol A in medical devices with breathing gas conducting parts or 
components 
 
In medical devices with parts or components conducting breathing gas(es), Bisphenol A is 
mainly used as a monomeric unit of Polycarbonate or Epoxy resins. Therefore, it is 
conceivable that residual monomers can be emitted into the breathing gas and are 
transported by the inhaled breathing gas into the patient’s lungs. Typical examples for such 
devices are lung ventilators and anaesthesia workstations (mechanically ventilated patients 
as well as spontaneously breathing patients with or without ventilatory support), or neonatal 
incubators (in case of spontaneously breathing patients not being connected to a ventilator). 
 
However, the vapour pressure of Bisphenol A at ambient temperature or body temperature is 
very low – the boiling point is 360°C. This means that it is rather unlikely that significant 
amounts of the substance are emitted into the breathing gas at ambient temperature or body 
temperature.  
 
In case of Bisphenol A, the Workplace Exposure Limit is defined as inhalable fraction of dust 
per Volume according to the common exposure to Bisphenol A.  
 


Test method 
Dräger Medical GmbH has been monitoring the quality of the breathing gas from their 
medical devices with regard to volatile organic compounds for more than ten years. The test 
method applied is based on the analysis of indoor air (ISO 16000-6).  
When using this test method, the detection limit for Bisphenol A is approximately 50 µg/m³, 
which is 1/100 of the current German Workplace Exposure Limit for Bisphenol A and the 
recommended limit value in the International Chemical Safety Card for Bisphenol A (ICSC 
0634).  
 


Test results 
Even if big parts made of Polycarbonate with a large surface (e.g. the transparent 
polycarbonate hoods of neonatal incubators) were in contact with the breathing gas over a 
prolonged period of time, Bisphenol A could never be identified in the analyzed gases with 
the above mentioned test method. Consequently, the concentration of Bisphenol A in the 
analyzed gas must have been lower than 50 µg/m³ (or lower than 1/100 of the German 
Workplace Exposure Limit for Bisphenol A). This result is in consistency with the 
International Chemical Safety Card for Bisphenol A (ICSC: 0634) which states that 
“Evaporation of Bisphenol A at 20°C is negligible”. 
 
 
Conclusion 
Based on the above mentioned measurements it is estimated that the patient’s risk arising 
from Bisphenol A emissions into the breathing gas is negligible. 
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BPA in medical devices - Call for Information 
 
 
EUROM VI welcomes the opportunity to provide information on Bisphenol A in medical 
devices and associated risks to patients.  
 
The following pages contain two contributions from our members B. Braun Avitum AG 
(regarding Bisphenol A in dialyzers) and Dräger Medical GmbH (regarding Bisphenol A in 
medical devices with parts or components conducting breathing gases). 
 
Direct contact for technical questions: 


B. Braun Avitum Saxonia GmbH 
J.-Gagarin-Straße 13 
01454 Radeberg (Germany) 


Dr. Angela Baier-Goschütz 
Head of R&D Membranes, Dialyzers & Filters 
Phone: +49 3528 419-140 
e-mail: Angela.Baier-Goschuetz@bbraun.com  
 


Dräger Medical GmbH 
TestCenter - Material Selection & Investigation  
Moislinger Allee 53-55 
23542 Lübeck (Germany) 


Dr. Melanie Schäpers 
Phone: +49 451 882 1915  
e-mail: Melanie.Schaepers@draeger.com  
or 
Corinna Brieske 
Phone: 49 451 882 3245 
e-mail: Corinna.Brieske@draeger.com  
 
 
 
 
EUROM VI is the committee for Medical Technology within the European Federation of Precision Mechanical and Optical 
Industries and represents mainly European small and medium-sized enterprises. 


The objectives of EUROM VI are:  
- to represent European Medical Technology Industry;  
- to promote cooperation between members but also with other European organisations;  
- to encourage worldwide trade by being involved in harmonisation of legislation, standardisation, mutual recognition and 


certification procedures;  
- to be a partner on works with the European Commission and Standardisation Bodies;  
- to defend European Industry views on international activities. 
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mailto:Melanie.Schaepers@draeger.com
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International Chemical Safety Cards  
BISPHENOL A  ICSC: 0634 


 
4,4'-(1-Methylethylidene)bisphenol 


4,4'-Isopropylidenediphenol 
C15H16O2 / (CH3)2C(C6H4OH)2 


Molecular mass: 228.3 
 


ICSC #    0634 
CAS #     80-05-7 
RTECS # SL6300000 
EC #         604-030-00-0 
April 20, 1994 Validated 
 


TYPES OF 
HAZARD/ 


EXPOSURE  
ACUTE HAZARDS/ 


SYMPTOMS  PREVENTION  FIRST AID/  
FIRE FIGHTING  


FIRE  Combustible.  NO open flames.  Water spray, foam, powder, 
carbon dioxide.  


EXPLOSION  
Finely dispersed particles form 
explosive mixtures in air.  


Prevent deposition of dust; closed 
system, dust explosion-proof 
electrical equipment and lighting.  


 


 


EXPOSURE   PREVENT DISPERSION OF 
DUST! STRICT HYGIENE!  


 


 •INHALATION  Cough. Sore throat.  Local exhaust.  Fresh air, rest. Refer for medical 
attention.  


 •SKIN  
Redness.  Protective gloves. Protective 


clothing.  
Remove contaminated clothes. 
Rinse skin with plenty of water or 
shower.  


 •EYES  
Redness. Pain.  Safety goggles, or face shield.  First rinse with plenty of water for 


several minutes (remove contact 
lenses if easily possible), then 
take to a doctor.  


 •INGESTION  
Nausea.  Do not eat, drink, or smoke during 


work. Wash hands before eating. 
Rinse mouth. Give plenty of water 
to drink. Refer for medical 
attention.  


SPILLAGE DISPOSAL  STORAGE  PACKAGING & LABELLING  
Sweep spilled substance into sealable 
containers; if appropriate, moisten first to 
prevent dusting. Carefully collect 
remainder. Then remove to safe place. 
Personal protection: P2 filter respirator 
for harmful particles.  


Separated from acid anhydrides , acid 
chlorides , oxidants , food and feedstuffs 
.  


 
Xn symbol 
R: 37-41-43-62 
S: 2-26-36/37-39-46 


SEE IMPORTANT INFORMATION ON BACK  


ICSC: 0634  
Prepared in the context of cooperation between the International Programme on Chemical Safety & the Commission of 
the European Communities (C) IPCS CEC 1994. No modifications to the International version have been made except 
to add the OSHA PELs, NIOSH RELs and NIOSH IDLH values.   



http://www.cdc.gov/niosh-rtecs/sl602160.html





International Chemical Safety Cards  


BISPHENOL A  ICSC: 0634 


I 
 


M 
 


P 
 


O 
 


R 
 


T 
 


A 
 


N 
 


T 
 
 


D 
 


A 
 


T 
 


A 


PHYSICAL STATE; APPEARANCE: 
WHITE CRYSTALS.  
 
PHYSICAL DANGERS: 
Dust explosion possible if in powder or 
granular form, mixed with air.  
 
CHEMICAL DANGERS: 
Reacts violently with acid anhydrides , 
acid chlorides , strong bases and strong 
oxidants .  
 
OCCUPATIONAL EXPOSURE LIMITS: 
TLV not established.  
MAK: (Inhalable fraction) 5 mg/m³;  
Peak limitation category: I(1); 
photosensitization (SP); 
Pregnancy risk group: C; 
(DFG 2005). 
 


ROUTES OF EXPOSURE: 
The substance can be absorbed into the 
body by inhalation of its aerosol and by 
ingestion.  
 
INHALATION RISK: 
Evaporation at 20°C is negligible; a 
nuisance-causing concentration of 
airborne particles can, however, be 
reached quickly.  
 
EFFECTS OF SHORT-TERM 
EXPOSURE: 
The substance is irritating to the eyes, the 
skin and the respiratory tract.  
 
EFFECTS OF LONG-TERM OR 
REPEATED EXPOSURE: 
Repeated or prolonged contact may 
cause skin sensitization.  


 


PHYSICAL 
PROPERTIES 


Boiling point at 1.7 kPa: 250-252°C 
Melting point: 152-153°C 
Relative density (water = 1): 1.2 
Solubility in water:  


e non 


Vapour pressure, Pa at 190°C: 87 
Flash point: 207°C o.c.  
Auto-ignition temperature: 600°C 
Octanol/water partition coefficient as log Pow: 3.32


ENVIRONMENTAL 
DATA  


 


N O T E S  
Card has been partly updated in October 2005. See sections Occupational Exposure Limits, EU classification.  


 


ADDITIONAL INFORMATION  


  


ICSC: 0634  BISPHENOL A 
(C) IPCS, CEC, 1994    


IMPORTANT 
LEGAL NOTICE:  


Neither NIOSH, the CEC or the IPCS nor any person acting on behalf of NIOSH, the CEC or the IPCS is 
responsible for the use which might be made of this information. This card contains the collective views of 
the IPCS Peer Review Committee and may not reflect in all cases all the detailed requirements included in 
national legislation on the subject. The user should verify compliance of the cards with the relevant 
legislation in the country of use. The only modifications made to produce the U.S. version is inclusion of 
the OSHA PELs, NIOSH RELs and NIOSH IDLH values.   
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