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Abstract It has been suggested that induction of the heat shock response in the mammalian embryo during the critical
period of organogenesis can result in anatomical malformation. We measured serum heat shock protein 70 (Hsp70),
anti-Hsp70, and anti-Hsp60 in samples taken from expectant mothers at 16 weeks gestation. Samples from women
whose babies were born with a birth defect (n 5 30) were compared with controls who gave birth to healthy babies
(n 5 46). Anti-Hsp70 levels were significantly elevated in patients who later gave birth to babies with cleft lip or palate
or neurological abnormalities (n 5 10): 260 (223–406) mg/mL compared to 150 (88–207) mg/mL in controls (P , 0.001).
No significant differences were found in serum Hsp70 and anti-Hsp60 levels between cases and controls. This finding
of increased maternal anti-Hsp70 in patients who later gave birth to babies with these abnormalities suggests a previous
stressful event may have contributed to the pathogenesis. Further work is required to determine whether Hsp70 has
a direct or indirect role in this pathogenesis or whether anti-Hsp70 is simply a marker of a prior increase in Hsp70 due
to a physiological stress that itself resulted in the damage. This work is consistent with previous studies showing a
buffering role for Hsps in evolution.

INTRODUCTION

It was suggested in the mid-1980s that induction of the
heat shock response in the mammalian embryo during
the critical period of organogenesis can alter the estab-
lished program of activation and inactivation of genetic
loci essential for normal interuterine development, the re-
sult being anatomical malformation (German 1984). More
recently, heat shock protein 70 (Hsp70) has been shown
to play an important role in mammalian embryonic de-
velopment and cellular differentiation (Luft and Dix
1999), and in vitro studies have shown that antibodies to
Hsp60 and Hsp70 have a direct adverse effect upon fer-
tilization and early embryo development (Neuer et al
1998; Matwee et al 2001).

Cytosolic molecular chaperones (including heat shock
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proteins Hsp70 and Hsp90) are induced in response to
environmental stresses, including hyperthermia, hypoxia,
ischemia, inflammation, and oxidative stress (Benjamin
and McMillan 1998). During a stressful event, hsp genes
are switched on, resulting in increased intracellular Hsp
protein levels. In vitro physiological stress has also re-
cently been shown to increase levels of extracellular
Hsp70 (Guzhova et al 2001; Hunter-Lavin et al 2004). It
has been suggested that extracellular exposure of Hsps
will lead to the generation of anti-Hsp antibodies, pro-
viding a recent historical record of a stressful event
(Thomas and Cooper 2002). In addition to their role in
binding misfolded proteins, both Hsp70 and Hsp90 have
a role in modulating the apoptotic response (Dai et al
2003), and, in the unstressed cell, Hsp90 is known to in-
teract and form complexes with transcription factors and
signal transducing proteins (Yahara 1999).

Stress has also been proposed to be a driving force in
evolution (McLaren 1999). Hsp90 can act as an evolution-
ary capacitor, hiding genotypic variation. Under condi-
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Table 1 Categorization of patients by ICD10 code

Group Birth defect

Controls, n 5 46
Cleft (Q35, Q36), n 5 5 43 cleft lip, 13 cleft palate
Neurological (Q00, Q03, Q05), n 5 5 23 spina bifida, 13 anencephaly, 1 fetal acrania, 13 dilated ventricles
Cardiac (Q20, Q21, Q24, Q25), n 5 5 13 Fallot’s tetralogy, 13 dilated ventricles, 13 coarctation of aorta, 13 pericardial effusion with

thickened ventricle walls, 13 gross cardiac abnormality
Genetic (Q90), n 5 3 33 trisomy 21
Renal (Q60, Q62), n 5 6 23 hydronephrosis, 23 dilated renal pelvis, 1 unspecified renal disorder, 13 Potters syndrome
Gastrointestinal (Q42, Q43), n 5 2 13 echogenic bowel, 13 microcolon
Miscellaneous (Q68, Q79), n 5 4 43 various dysmorphisms

tions of environmental stress, its buffering capacity is
overcome, allowing mutations to be expressed phenotyp-
ically (Rutherford and Lindquist 1998; Queitsch et al
2002). A similar role may also exist for other Hsps. Ma-
ternal physiological stress may redirect these Hsps from
their normal chaperoning duties to protect cells under
stress, resulting in damage or alterations to normal de-
velopmental processes. Antibodies to Hsps provide a his-
torical record of Hsp exposure. We therefore hypothe-
sized that elevated maternal antibodies to Hsp60 and
Hsp70 would correlate to birth defects.

MATERIALS AND METHODS

Ethics Committee permission was obtained for this case-
control retrospective study. During a 12-month period,
2205 serum samples were collected from expectant moth-
ers at approximately 16 weeks gestation. The samples
were stored at 2208C. Women who gave birth to babies
with congenital abnormalities were identified using the
Wales Congenital Anomaly Register and Information Ser-
vice Database (CARYS: Level 3, West Wing, Singleton
Hospital, Swansea, SA2 8QA, UK). Thirty pregnancies re-
sulting in a birth defect were identified during this time.
Serum samples for these subjects were retrieved from
storage, along with 46 samples selected randomly from
subjects whose pregnancies ended in a normal delivery.
The medical records of cases and controls were examined
for details of smoking history, folate supplementation,
gestational age, and blood pressure at the time of blood
collection. The 30 affected births were classified as having
a cardiac, genetic, renal, clefting, neurological, gastroin-
testinal, or miscellaneous disorder (Table 1).

Serum Hsp70 was quantified in undiluted serum using
an Hsp70 ELISA Kit (EKS-700; Stressgen Biotechnologies,
Victoria, BC, Canada). Antibodies to Hsps were quanti-
fied in 1/1000 dilutions of serum using anti-human
Hsp70 ELISA Kit and anti-human Hsp60 ELISA Kit
(EKS-750 and EKS-650, respectively; StressGen Biotech-
nologies).

Median values are presented with interquartile (IQ)
ranges. The Wilcoxon-Mann-Whitney test was used to
compare median values, Fisher’s exact test was used to

compare proportions, and the Spearman correlation co-
efficient was used to assess the relationship between var-
iables (StatXact version 4.0.1; Cytel Software Corporation,
Cambridge, MA, USA). Logistic regression models were
used in the case of binary dependent variables (LogXact
version 4.0.2; Cytel Software Corporation) and conven-
tional regression models in the case of continuous depen-
dent variables (Statistica version 6.0; Statsoft Inc, Tulsa,
OK, USA). In both cases, regression parameters are pre-
sented with their standard errors and associated P values.

RESULTS

There was no difference in median age between cases (27
years, 22–31) and controls (29 years, 24–33), nor between
median gestational age at the time of blood sampling be-
tween cases (16 weeks, 16–16) and controls (16 weeks, 16–
17). A greater proportion of patients were taking folic acid
supplements in the control group (60.0%), compared to
the cases (48.3%), and there were fewer smokers in the
control group (15.2% compared to 27.6%). In neither case,
however, were the proportions significantly different
(Fisher’s exact test: P 5 0.35 and P 5 0.24, respectively).

There was a significant difference in Hsp70 antibody
levels between cases and controls: 223 (99–298) mg/mL
compared to 150 (88–207) mg/mL (Wilcoxon-Mann-Whit-
ney test, P 5 0.05) (Table 2). No significant difference in
Hsp70 protein levels or anti-Hsp60 levels was found be-
tween cases and controls (Table 2). There was no differ-
ence in systolic blood pressure (SBP) or diastolic blood
pressure (DBP) between the 2 groups (Table 2). There was
no correlation between gestational age and anti-Hsp70,
anti-Hsp60, Hsp70, SBP or DBP. There was a correlation
between anti-Hsp70 and both SBP and DBP (Spearman
n: 0.37 and 0.36, respectively; P 5 0.013 and 0.014). These
correlations were confined to the cases (SBP and DBP:
Spearman n: 0.49 and 0.53, respectively; P 5 0.013 and P
5 0.007) rather than the controls (SBP and DBP: Spear-
man n: 0.18 and 0.08, respectively; P 5 0.5 and P 5 0.7).

The effect of diagnostic category upon anti-Hsp70 con-
centration was assessed by stepwise forward multiple re-
gression with dummy independent variables, one for
each category. An F-value of 1.0 was used as the criteria
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Table 2 Analysis of maternal serum at 16 weeks gestation for serum Hsp70, anti-Hsp70, anti-Hsp60, systolic blood pressure (SBP), and
diastolic blood pressure (DBP)

Controls (n 5 46) Cases (n 5 30) Wilcoxon-Mann-Whitney

Hsp70 (ng/ml)
Anti-Hsp70 (mg/ml)
Anti-Hsp60 (mg/ml)
SBP (mmHg)
DBP (mmHg)

2.47 (1.67–3.62)
150 (88–207)
19 (11–35)

110 (110–120)
65 (60–72)

2.65 (1.17–5.28)
223 (99–298)
15 (12–26)

110 (110–120)
70 (60–75)

P 5 0.05

Results were compared between mothers who gave birth to babies with abnormalities (cases) and those whose pregnancies resulted in a
healthy baby (controls). Median values are presented with their interquartile ranges in parentheses. Differences between groups were as-
sessed using the Wilcoxon-Mann-Whitney test.

Table 3 Comparison of maternal anti-Hsp70 and Hsp70 levels at 16 weeks gestation between mothers who gave birth to babies with
abnormalities within the diagnostic groups stated and those whose pregnancies resulted in a healthy baby (controls)

Group
Serum anti-Hsp70 (mg/ml) (controls vs

diagnostic groups) Serum Hsp70 (ng/ml)

Controls, n 5 46
Cleft and neurological, n 5 10
Cardiac, n 5 5
Genetic, n 5 3

150 (88–207)a

260 (223–406)a

136 (99–230)
251 (69–473)

2.47 (1.67–3.62)
1.62 (1.27–3.19)
5.28 (0.50–5.56)
1.30 (0.61–3.05)

Renal, n 5 6
Gastrointestinal, n 5 2
Miscellaneous, n 5 4

95 (66–297)
168 (93–244)
165 (104–238)

2.53 (0.84–4.03)
3.82 (1.08–6.56)
4.49 (3.22–6.77)

Results are presented as medians with their interquartile ranges in parentheses.
a P , 0.001 (Wilcoxon-Mann-Whitney).

to enter variables into the model. Only the variables ‘Con-
trol,’ ‘Cleft,’ and ‘Neurological’ were entered into the
model, contributing 8.4%, 2.5%, and 2.8% to the multiple
n2 statistic (F(3,72) 5 3.82, P , 0.013), so further analysis
was confined to the control group and the combined
‘Cleft’ and ‘Neurological’ group (‘C&N’). There was a
highly significant difference between the anti-Hsp70 con-
centration in the C&N group and the controls: 260 (223–
406) mg/mL compared to 150 (88–207) mg/mL (P ,
0.001) (Table 3). Additionally, there was also one single
particularly high value in a patient whose pregnancy re-
sulted in a baby with bilateral hydronephrosis in the ‘re-
nal’ group (785 mg/mL).

Increased Hsp70 antibodies have been associated with
established hypertension (Pockley et al 2002). To confirm
that the difference in anti-Hsp70 levels between the C&N
group and the control group was independent of blood
pressure, smoking status and folic acid supplementation,
2 logistic regression models were used, with case or con-
trol as the binary dependent variable, anti-Hsp70, DBP or
SBP as continuous independent variables, and folic acid
supplementation and smoking status as binary categorical
variables. In the model with DBP, anti-Hsp70 concentra-
tion had a significant effect on the difference between
cases and controls (regression coefficient: 0.012, SE 0.005,
P 5 0.012), with smoking status only having a weak effect
(regression coefficient: 2.16, SE 1.20, P 5 0.07). In the
model with SBP, however, anti-Hsp70 concentration had
the greatest effect (regression coefficient: 0.015, SE 0.006,
P 5 0.014), with significant effects of smoking (regression

coefficient: 3.32, SE 1.62, P 5 0.04) and folic acid supple-
mentation (regression coefficient: 22.45, SE 1.26, P 5
0.05). Differences in anti-Hsp70 between cases and con-
trols were therefore independent of blood pressure,
smoker status, and folic acid supplements.

DISCUSSION

Embryonic organogenesis occurs in the first trimester of
pregnancy. This study suggests that, in the case of some
birth defects, there is evidence of increased levels of a
stress marker, namely anti-Hsp70, in blood collected sev-
eral weeks later at 16 weeks gestation. Maternal physio-
logical stress in early pregnancy may therefore be asso-
ciated with increased cellular export, or cell surface pre-
sentation, of Hsp70, with a resulting increase in anti-
Hsp70. This physiological stress, either directly by
diverting Hsps from their normal chaperone functions or
indirectly through transplacental transfer of anti-Hsp70
may be associated with cleft lip, palate, and neural tube
defect.

Despite the correlations between anti-Hsp70 concentra-
tion and blood pressure in cases, there was no evidence
that difference in anti-Hsp70 between C&N cases and
controls was associated with differences in blood pres-
sure. Although the protective effect of folic acid supple-
mentation upon the incidence of neural tube defects is
well established (Daly et al 1995), the effect of folic acid
supplementation in protecting against cleft lip and palate
may be more complex. A combination of environmental
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and genetic factors may contribute to this developmental
disorder, some of these genes being involved in folate
metabolism (Prescott and Malcolm 2002), including meth-
yltetrahydrofolate reductase (van Rooij et al 2003). Oxi-
dative stress may play a part in the development of neu-
ral tube defects (Chang et al 2003) and cleft palate (Knott
et al 2003). The oxidative stress and apoptosis associated
with folic acid deficiency, mediated by homocysteine-de-
pendent overproduction of hydrogen peroxide and en-
hanced activation of NF-kB (Chern et al 2001), may there-
fore play a part in the development of these disorders.

It is interesting that, by the time of sampling (16 weeks
gestation), serum Hsp70 levels showed no significant dif-
ferences between cases and controls. There are 2 likely
reasons for this: first, elevation of Hsp70 levels following
increased physiological stress is transient (Walsh et al
2001; Campisi et al 2003). It is also possible that serum
Hsp70 did not increase earlier in gestation, and that the
increased anti-Hsp70 levels are a result of increased cell
surface expression of Hsp70 and not release into the se-
rum.

Another important observation is that there was no sig-
nificant difference in anti-Hsp60 levels between cases and
controls. This may suggest a pathological mechanism
specific to Hsp70 and not due to a general induction of
the heat shock response. It may also indicate that the
stressful event is itself responsible for the damage, and
that that stress specifically induces Hsp70 rather than
Hsp60. In this case, anti-Hsp70 antibodies may simply be
serving as markers that a stressful event has occurred
with no involvement of Hsp70 in the pathogenesis. Oxi-
dative stress is one example of a stress that induces
Hsp70 more readily than Hsp60 (Kemp et al 2003) and
is implicated in the development of neural tube defects
(Chang et al 2003) and cleft palate (Knott et al 2003). The
source of physiological stress, however, was not deter-
mined in this study, and oxidative stress is only one pos-
sibility. Bacterial and viral infections also have important
potential to affect Hsp and anti-Hsp levels. Because this
was a retrospective study, no detailed information on in-
fections occurring during the pregnancies was collected,
and so it is not possible to determine whether these were
the source of, or contributed to, the maternal physiolog-
ical stress.

Further work is required to determine the source of the
maternal physiological stress and mechanisms that result
in the increased levels of Hsp70 antibodies in patients
whose babies suffer cleft lip or palate or neurological ab-
normalities, and whether Hsp70 has a role in the patho-
genesis of these abnormalities. In addition, further stud-
ies should collect more cases with nonclefting and non-
neurological abnormalities to confer increased statistical
power on the analysis of these subgroups. Finally, more
work is needed to determine the time point where ma-

ternal Hsp70 levels increased, resulting in the subsequent
increase in anti-Hsp70 levels. This time point may have
crucial implications in the resulting fetal abnormalities.
Our results suggest a possible buffering role for Hsp70
in evolution, similar to that of Hsp90. In this case, mater-
nal physiological stress during the early stages of preg-
nancy may divert Hsp70 from essential chaperoning du-
ties during fetal development, resulting in birth defects.
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