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Abstract Objective: Maternal nutrition has long-term effects on offspring characteristics. Similar effects
mediated through fathers have not been tested.

Methods: Outbred Swiss male mice were fasted one or six times 1 to 4 wk before mating. Offspring
were killed at age intervals of 4 to 10 wk and their sera were analyzed for glucose, corticosterone,
and insulin-like growth factor-1. Statistical linear mixed effects models were used to determine
treatment (paternal diet restriction versus control) differences and possible effects of covariates,
including sex, litter membership, and litter size.

Results: Paternal food deprivation resulted in a consistent decrease in average serum glucose in
male and female offspring. Significant changes in corticosterone and insulin-like growth factor-1
were found for some groups. The results indicated a male-mediated transgenerational effect on
metabolism- and growth-related parameters, in particular glucose.

Conclusions: Effects of paternal nutritional experiences on offspring metabolism, if confirmed,
would be novel and could have far-reaching implications in the context of transgenerational effects

on chronic diseases.
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An increasing body of information indicates that early
life experiences may have long-lasting consequences on
metabolism and chronic diseases [1-3]. In rodents, maternal
undernutrition or glucocorticoid treatment produced off-
spring with symptoms reminiscent of the metabolic syn-
drome, including insulin resistance, as adults [2]. Paternal
manipulations have also been found to affect metabolism in
rodent offspring [4,5]. Thyroidectomy of male rats before
mating led to enlarged pituitaries and thyroids, decreased
thyroid-stimulating hormone, and several other changes in
F1 offspring; an alteration in a thyrostat setpoint was sug-
gested [6]. Treatment of male rodents with alloxan resulted
in multigenerational transmission of pancreatic 8-cell sup-
pression and likelihood of diabetes development [7,8]. This

* Corresponding author. Tel.: +301-846-5600; fax: +301-846-5946.
E-mail address: andersol@mail.ncifcrf.gov (L.M. Anderson).

0899-9007/06/$ — see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.nut.2005.09.006

alloxan effect was confirmed in rats by demonstration of
progressive multigenerational loss of glucose tolerance
[9-11]. In a study of a human population with documented
variations in food supply [12], paternal experiences of fam-
ine during their childhood slow-growth periods resulted in
protection of sons from cardiovascular death, and a surfeit
of food for paternal grandfathers was associated with a
significant increase in mortality from diabetes in their
grandsons. The possibility thus raised, that paternal nutri-
tion could influence metabolism in descendants, does not
seem to have been studied in animal models.

Materials and methods
To examine effects of paternal food deprivation on off-

spring, male NIH NCr outbred Swiss mice (8 wk old) were
subjected to 24-h fasts with free access to water. To mini-
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Table 1
Serum glucose in offspring after a single 24-h fasting of fathers

Fasted fathers Control fathers

No. of litters 11 13
Offspring glucose (mg/dL)
Males* 202.9 + 4.2 (58) 229.2 3.3 (61)
P = 0.0001
Females* 183.7 = 2.9 (49) 201.9 = 2.0 (52)
P = 0.0012

* Number of offspring is presented within parentheses.

mize the effect of coincident variables, untreated controls
were maintained in close parallel, including initial random-
ization into groups, side-by-side housing, killed at the same
times, and concurrent sample analysis. All mice were fed a
standard NIH-31 modified block diet (Purina Co., St. Louis,
MO, USA) and were killed in a fed state except where
indicated. For protocol 1, males were fasted once and then
killed at the end of the fasting period to ascertain the
immediate effects of fasting or mated 2 wk later to §-wk-old
untreated females. The 2-wk interval was chosen because of
the observation that male-mediated transgenerational carci-
nogenesis effects are greatest after treatment at this time
[13]. There were 20 males in each group and of these 11 of
the fasted males and 13 of the controls produced surviving
offspring. The offspring of these matings were weaned at 4
wk and killed at 10 wk of age. For protocol 2, the males, 30
per group, were fasted six times for 24 h each time, twice
per week for 3 wk, and then killed at the end of the final fast
or mated 1 wk later to 8-wk-old untreated females. The
1-wk interval was chosen to provide 2 wk between the
midpoint of treatment of these males and mating. The num-
bers of surviving litters in each group are listed in Table 2.
The offspring from protocol 2 were killed at 4, 6, 8, or 10
wk of age. Mice were killed and blood was collected by an
approach that has been shown empirically to minimize
stress-related changes in corticosterone [14]. Males were
killed between 10 and 11 aM and females between 11 am
and 12 pMm, when serum corticosterone levels were low and
constant.

In neither experiment did fasting significantly affect av-
erage litter size or sex ratio. Offspring body weights after
correction for litter size were not different, except for pos-
sible decreases in average body weights of female offspring
of fasted fathers in experiment 2 at 4 wk of age (17.0 = 0.2
versus 17.5 = 0.1 g, P = 0.045) and 8 wk of age (21.2 =
0.2 versus 22.1 £ 0.2 g, P = 0.045).

Sera of all offspring were analyzed for glucose, cortico-
sterone, and insulin-like growth factor-1 (IGF-1) as de-
scribed previously [14]. These endpoints were chosen be-
cause they were previously [14] shown to be affected by
paternal treatment with chromium(IIl). The mechanism of
action of the latter is thought to involve metabolic distortion
due to its activity as a cofactor for glucose uptake by tissues.
For clinical chemistry analyses, blood samples from mice
were placed into tubes devoid of anticoagulant, allowed to

Table 2

Serum glucose in offspring after multiple 24-h fastings of fathers

8-wk-old Offspring 10-wk-old Offspring

6-wk-old Offspring

4-wk-old Offspring

Control fathers Fasted fathers Control fathers Fasted fathers Control fathers Fasted fathers Control fathers

Fasted fathers

23

19

23

20

23

27

25

17

No. of litters

Offspring glucose (mg/dL)

195.5 = 2.5(99) 218.8 = 1.7 (118) 230.8 = 2.4 (94) 213.8 = 1.9 (85) 219.4 = 2.0 (87) 208.5 = 4.4 (90) 232.6 = 3.2 (94)

197.0 = 3.0 (68)

Males*

P = 0.0086
224.6 + 4.4 (59)

P =0.12

191.3 = 2.1 (81)

P = 0.0065
201.2 = 1.8 (94)

207.6 = 2.0 (97) 200.0 =+ 1.8 (108) 231.1 + 4.4 (85)

194.4 = 1.8 (104)

192.3 + 2.3 (60)

Females*

0.012

P =

0.037

P =

* Number of offspring is presented within parentheses.
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clot at room temperature, and centrifuged and the serum was
separated and stored frozen at —70°C for analysis at a later
date. Serum glucose analysis was performed by a hexo-
kinase/glucose-6-phosphate dehydrogenase method using a
Cobas Mira chemistry analyzer (Roche Diagnostic Systems,
Montclair, NJ, USA) and commercially available reagents
(Sigma Diagnostics, St. Louis, MO, USA). Serum cortico-
sterone and IGF-1 concentrations were determined by '*I
radioimmunoassay techniques using an Apex automatic
gamma counter (Micromedic Systems, Huntsville, AL,
USA). Corticosterone was measured with using a solid-
phase assay (TKRCI1 kit, Diagnostic Products Corp., Los
Angeles, CA, USA), and a double-antibody procedure
(DSL-2900 kit, Diagnostic Systems Laboratories, Webster,
TX, USA) was employed for the determination of IGF-1.

All results are expressed as mean = standard error.
Differences among measurements made on fathers were
assessed with Student’s ¢ test with Welch’s correction, as
appropriate. For statistical analysis of offspring data, linear
mixed-effects models were used to determine treatment
(paternal diet restriction versus control) differences and
possible effects of covariates, including sex, litter member-
ship, litter size, time-to-litter, and paternal weight on re-
sponse measurements (offspring body weights and serum
glucose, corticosterone, and IGF-1) [15-17]. In this ap-
proach the n;-dimensional response vector for the ith litter is
expressed as:

Vi=XB+Zbit+e, I=1..., M
b; ~ N0, }), €, ~ N(0, o”I)

where X; (of size n; X p) and Z; (of size n; X g) are known
fixed effects and random effects regressor matrices, 3 is the
p-dimensional vector of fixed effects, b; is the g-dimensional
vector of random effects, ¢; is the n,-dimensional within-litter
residual error vector with a spherical Gaussian distribution, M
is the number of litters, NV designates the normal distribution, s
is the covariance matrix, and 7 is the identity matrix. The
random effects b; were assumed to be independent for different
litters and the within-litter errors €; were also assumed to be
independent for different litters. This modeling approach rec-
ognizes two levels of random variation—1) among-litter vari-
ation, from the fathers to which the treatment conditions were
applied; and 2) within-litter variation, from the pups on which
the response measures were observed—and takes into account
within-litter dependencies. Inferences regarding treatment dif-
ferences were conducted by using among-litter restricted max-
imum likelihood variance estimates. P << 0.05 was considered
statistically significant. All probability values were two-sided.

Results
Fasting of male mice, of the same ages as those used for

breeding, for 24 h resulted in an average 47% decrease in
serum glucose and an average 10.5-fold increase in serum

corticosterone (data not shown). Breeding performance was
not affected. For both male and female offspring of the
fathers that were fasted once, there were highly significant
decreases in average serum glucose levels compared with
those in controls at 10 wk of age (Table 1). In male off-
spring of the fasted fathers, there was a possible small effect
on serum corticosterone (45.5 = 5.3 versus 61.8 = 6.1
ng/mL for controls, P = 0.095) and on serum IGF-1 (692.3
* 24.1 versus 628.8 * 20.5 ng/mL for controls, P = 0.064).
For female offspring, serum corticosterone and IGF-1 levels
were not altered by paternal fasting experience.

Males that were multiply-fasted as under protocol 2 and
killed 24 h later showed an average 30% decrease in serum
glucose and an average 5.7-fold increase in serum cortico-
sterone compared with controls (not shown). They were
thus somewhat less severely affected at the end of their
treatment period than were males in protocol 1 (see above),
which may indicate adaptation or may be related to increas-
ing age and weight over these 3 wk. Data for the offspring
from protocol 2 are presented in Table 2. Glucose did not
differ between groups among male and female weanling
4-wk-old offspring. At 6 wk of age, however, there was a
significant decrease in serum glucose in male and female
offspring of fasted fathers compared with controls. This was
especially prominent and significant in the male offspring.
In 8-wk-old mice, glucose was significantly decreased in the
serum of female offspring of fasted fathers. A more modest
decrease in males fell short of statistical significance. For
the 10-wk-old offspring, serum glucose in the male off-
spring of fasted fathers was lower than that in controls, with
a high degree of statistical significance. Serum glucose was
slightly lower in the female offspring of fasted fathers at this
age, but the difference was not statistically significant.

With regard to serum corticosterone, the only marked
and highly significant difference was in the males at age 10
wk, where offspring from fasted fathers showed approxi-
mately 30% lower corticosterone levels (66.3 = 4.5 ng/mL)
compared with controls (94.3 = 7.5 ng/mL, P = 0.0054).
This change was in the same direction and of the same
magnitude as that observed in experiment 1 (see above).
The reason for the different corticosterone values in the
controls of the two experiments is not known at present.
This observation requires repetition.

For IGF-1, there were highly significant differences in
two comparisons of experiment 2. In the male offspring
at 10 wk, control IGF-1 levels were in the same range as
those in the controls of experiment 1. However, in ex-
periment 2, IGF-1 levels were significantly lower in male
offspring from fasted fathers (457.9 *£ 11.3 versus 545.9
* 15.1 ng/mL in controls, P = 0.0006). In the female
offspring at 8 wk, there was a nearly 25% higher IGF-1
level in those from fasted fathers (571.6 £ 15.9 versus
405.5 £ 11.1 ng/mL in controls, P < 0.0001). The
reproducibility and meaningfulness of these changes will
require further study.



330 L.M. Anderson et al. / Nutrition 22 (2006) 327-331

Discussion

The firmest, most convincing result of this study was
decreased serum glucose in the 10-wk-old male offspring of
the fasted fathers. This was seen, with a high degree of
significance by conservative statistical testing, in these male
offspring in both studies. Control glucose values for the
males of this age were very similar for both studies. This
appears to be a solid result. It is a remarkable finding
considering the close regulation of serum glucose charac-
teristic of animals. Although the differences were relatively
small, 11% to 12%, the published literature indicates that
changes of this magnitude can be biologically meaningful.
For example, genetic differences among rat strains, related
to hypertension, included a significant 8% difference in
serum glucose [18]. Risks of human cancers of several types
were strongly associated with average increases in serum
glucose of approximately 15% [19].

Decreased serum glucose in the male offspring was also
observed at 6 wk in experiment 2. More studies will be
required to determine the meaning of the lesser effect at 8
wk. It is acknowledged that there was a significant differ-
ence in the baseline values at 10 wk of age between the two
studies for glucose in the females. The reasons for this
difference are not known at present. All values are within
accepted “normal” ranges for mice. The mouse strain is
outbred and was chosen to maximize relevance to humans
and to minimize the chance of discoveries that pertain to
only one special mouse strain. However, some genetic dif-
ferences may have been represented in the two studies.
Different specific constituents of the open-formula diets are
another possibility because the two studies were carried out
more than a year apart. Because of the possibility, indeed
likelihood, of fluctuations in metabolic parameters due to
such causes, we took great care to design the experiments to
minimize the impact of background noise. Fasted and con-
trol groups were maintained in close parallel, and offspring
from each group were included with every scheduled kill.
Further experiments will be required to confirm these find-
ings and to discover the reasons for baseline variations.

The more pronounced and uniform effects on the male
compared with the female offspring are consistent with
those of other reports. Paternally mediated effects were
most pronounced in male offspring for methadone [20] and
cyclophosphamide [21] treatment of fathers.

If our findings are confirmed, they could have far-reach-
ing implications for diseases such as obesity, diabetes, and
cancer. They are consistent with reported effects of paternal
and grand-paternal food abundance on disease risk in hu-
mans [12]. It is possible that paternal nutritional state is
communicated to offspring to contribute to a predictive
adaptive response [3], such as an altered glucostatic setpoint
[4,10]. Our model could be used to study this possibility and
underlying mechanisms, e.g., possible epigenetic repro-
gramming events in sperm [22].
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