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LINOLEIC ACID SUPPLEMENTATION IMPROVES FERTILITY IN OMt1a-OGH TRANSGENIC MICE
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ABSTRACT:  Mice carrying a regulatable growth hormone (GH) transgene (oMt1a-oGH) are subfertile when the  transgene is actively expressed.  Pregnancy can be rescued by provision of a high energy diet.  The current study was designed to test if overall dietary energy was sufficient to maintain pregnancy in activated oMt1a-oGH females or if a specific fat component was necessary.  At weaning, 60 transgenic (TG) and 47 wild-type (WT) females were fed Diet B (5.39% fat, 1.06% linoleic acid, 3123.2 kcal/g ME) and the drinking water was supplemented with 25 mM ZnSO4 to activate the transgene.  At 8 wks of age, females were allocated to one of six treatment groups: Group 1 – TG continuing to be fed Diet B, Group 2 – TG fed Diet L (5.39%, 2.25% linoleic acid, 3123 kcal/g ME), Group 3 – TG fed Diet E (15.86% fat, 1.06% linoleic acid, 3737.6 kcal/g ME), Group 4 – WT continuing to be fed Diet B, Group 5 – WT fed Diet L, and Group 6 – WT fed Diet E.  At 10 wks of age, females were mated and at Day 17 of pregnancy, the number of corpora lutea, live fetuses, and resorption sites were counted.  Pregnancy rate was not different (p>.2) across TG groups, although that of Group 1 females (50.0%) was lower (p<.05) than that of WT (92%).  Ovulation rate was not different (p>.2) among TG groups, although Group 3 had less (p<.05) ovulations (10.67(0.73) than WT fed the same diet (14.00(0.76).  There was no difference (p>.3) among TG groups for litter size, however Group 2 had significantly (p<.05) more fetuses at Day 17 (10.83(0.58) than pooled WT (8.89(0.34), and Group 2 had a higher (p<.05) pre-implantation embryonic survival (PRE) (94.0%) compared with WT (77.5%).  Group 1 (1.75(0.31) and Group 2 (1.25(0.25) exhibited significantly (p<.05) more resorption sites than did WT (0.53(0.15).  Finally, Group 1 had a lower (p<.05) post-implantation embryonic survival (POST) (84.7%) versus WT (94.5%).  These data suggest that high circulating GH affects reproduction adversely at the level of POST, while dietary supplementation of linoleic acid to TG females enhances PRE.
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Introduction

Growth hormone (GH) is known to influence an animal’s growth, development, and reproduction.  Exogenous GH is frequently used in the livestock industry to enhance economically desirable traits, including carcass composition (Buskirk et al. 1996) and milk yield (Stelwagen et al. 1993).  However, the effects of long-term exposure to chronically elevated GH is still in question (Cecim et al. 1995c).  Results of many studies demonstrate reduced reproductive capacity in cows supplemented with bST (Esteban et al. 1994; Buskirk et al. 1996).

Work with several lines of transgenic mice with GH constructs has also shown that excess GH severely impairs reproduction (Bartke et al. 1988;. Cecim et al. 1995b). Transgenic mice expressing the ovine metallothionein 1a-ovine growth hormone (oMt1a-oGH) construct possess elevated circulating GH concentrations when the metallothionein promoter is induced by provision of  25 mM ZnSO4 in the drinking water (Shanahan et al. 1989).  The controllability of transgene expression makes it a useful model to study reproduction during developmental periods of interest.  Pomp et al. (1995) reported that oMt1a-oGH females actively expressing the transgene were sterile, despite their ability to cycle and mate normally.  However, normal pregnancies in these females could be achieved via provision of a diet high in energy due to an increased fat content (Murray and Pomp 1995).  Pomp et al. (1995) hypothesized that the addition of dietary fat may compensate for a reduction of specific fatty acids observed in activated transgenic oMt1a-oGH females (Murray et al. 1994).  Evidence suggests that linoleic acid may be an important endogenous inhibitor of PGF2( in bovine endometrium (Danet-Desnoyers et al. 1993).  Transgenic oMt1a-oGH females have a decreased concentration of membrane linoleic acid, and these reduced concentration may not be sufficient to inhibit the luteolytic function of PGF2( , which could account for the inability of these mice to maintain pregnancy (Pomp et al. 1995).

The current experiment was designed to test whether it is increased dietary energy or a specific fat component, e.g. linoleic acid, that is necessary for maintaining reproduction in actively expressing GH-transgenic females.

           Materials and Methods

Experimental mice were produced by mating MG101H animals, homozygous for a oMt1a-oGH fusion gene (Shanahan et al. 1989), to CCX (C57/BL6 x CBA) control animals.  The resulting offspring were hemizygous for the oMt1a-oGH construct.  At 9-11 days of age transgenic (TG) and wild-type (WT) F1 CCX animals were toe-notched for identification purposes.  At 21 days of age mice were weaned, weighed, separated by sex and genotype, and housed 3-7 animals per cage. Activation and inactivation of the transgene were achieved by inclusion or exclusion of 25 mM ZnSO4 (Sigma Chemical Inc., St. Louis, MO) in the drinking water.  Body weights were recorded for all animals weekly from weaning until 10 wks of age.  Animals were housed under conditions of constant day length (14 hours light / 10 hours dark), temperature (21 °C) and humidity (55 %) in an AAALAC-approved laboratory animal colony following NIH guidelines for animal care.


At weaning, TG and WT females were placed on a diet low in fat and energy, Diet B (Dyets, Bethlehem, PA).  Drinking water was also supplemented with 25 mM ZnS04 at this time and continued until the conclusion of the experiment.  At 8 wks of age, females were allocated into one of six treatment groups: 

Group
Genotype1
Diet2
% Fat
% LA3
ME4 

1
TG
B
5.39
1.06
3123.2

2
TG
L
5.39
2.25
3123.2

3
TG
E
15.86
1.06
3737.6

4
WT
B
5.39
1.06
3123.2

5
WT
L
5.39
2.25
3123.2

6
WT
E
15.86
1.06
3737.6

1TG = Transgenic, WT = Wild-type control

2B=Base , L = High Linoleic Acid , E = High ME 

3LA = Linoleic Acid

4ME = Metabolizable Energy (kcal/g)


At 10 wks of age, females were mated to proven outcrossed CD1 males.  The presence or absence of vaginal plugs was assessed daily, even if a copulatory plug had previously been observed.  Day of mating (D 0) was determined by the presence of a copulatory plug.  At Day 17 (D 17) of pregnancy, the number of corpora lutea, live fetuses, and resorption sites were counted.  Fecundity traits including ovulation rate, litter size, and overall, pre-implantation, and post-implantation embryonic survival have previously been defined (Murray and Pomp 1995).

Fertility (percent pregnant), fecundity traits and all other data (body weights, ovulation rate, number of live pups and resorptions) were analyzed with genotype and diet by least-squares analysis of variance procedures for unequal subclass numbers using PROC GLM of SAS (SAS).  Percentage of animals pregnant was also subjected to Duncan’s multiple-range test (SAS).  Maintenance of pregnancy was defined as a female’s having at least one live pup at D 17 of gestation (Murray and Pomp 1995; Pomp et al. 1995).

Results and Discussion


There was no effect of diet on WT for body weight; therefore, controls were pooled for data analysis.  Weight gains were significantly greater for TG mice consuming either Diets B or L relative to both TG animals fed the E diet and pooled WT (Table 1), which differed (p<.05).

There was no dietary effect upon WT controls for most reproductive traits, so these results were pooled unless otherwise stated. Pregnancy rate was not different (p>.2) across TG groups (Table 1), although those consuming Diet B had a reduced pregnancy rate compared with WT (p<.05).  However, pregnancy rate of TG females, regardless of dietary supplementation, tended to be less than for control animals (p<.10).  


There was a significant interaction between diet and genotype for ovulation rate; therefore, WT groups were not pooled.  At D 17 of pregnancy, WT females fed high energy diets had significantly more ovulations (p<.05)  than TG females fed the same diet (Table 2), although there were no differences across TG groups. Linoleic acid supplementation of TG females increased the number of live fetuses at D 17 of pregnancy relative to WT (p<.05, Table 3), although there was no difference across TG groups (p>.3).  In addition, these females produced more fetuses in the right uterine horn compared with controls (p<.05), whereas there was no difference in number of pups among groups on the left side (p>.50) (data not shown).  TG females on Diets B and L exhibited significantly more resorption sites than did WT controls (p<.05) (Table 3).
Diets B and L increased post-implantation embryo survival in TG females towards WT levels (p<.05) (Table 3).  However, TG animals fed Diet B had a post-implantation embryonic survival rate significantly lower relative to WT (p<.05).  In comparison, TG females had an increased pre-implantation embryo survival rate relative to controls, although this was significant only for TG females supplemented with linoleic acid (p<.05).

Murray and Pomp (1995) hypothesized that activation of the oMt1a-oGH transgene may alter metabolic requirements such that increased energy is necessary for implantation and maintenance of pregnancy.  It is possible that elevated oGH partitions energy to tissue deposition at the expense of reproduction.  In lactating cows, bST is known to partition nutrients not necessary for maintenance into milk production at the expense of fertility (McGuffey et al. 1991).


An alternative hypothesis is that addition of fat may compensate for a significant decrease in specific fatty acids that occurs in oMt1a-oGH mice as a result of increased oGH concentrations.  Membrane arachidonic acid levels are greatly increased in activated oMt1a-oGH transgenic animals, while concentrations of its precursor, linoleic acid, are greatly reduced (Murray et al. 1994).  Bandyopadhyay et al. (1995) has demonstrated that a large accumulation of linoleic acid occurs in the abdominal fat pad during pregnancy in mice, which is subsequently mobilized during lactation.  An inadequate store of linoleic acid may result in a decreased ability to lactate successfully, which is consistent with observations of oMt1a-oGH mothers failing to feed their pups (unpublished observations).  Linoleic acid is hypothesized to be an inhibitor of prostaglandin synthesis, and reduced concentrations of linoleic acid in actively expressing oMt1a-oGH animals may result in increased secretion of PGF2( (Pomp et al. 1995).  In support of this, preliminary data indicate that concentrations of circulating prostaglandin E2 and 12-HETE, which are also products of the PGS pathway, were significantly increased in activated transgenic females, while thromboxanes, arachidonic acid metabolites produced by a different pathway, were not (Oberbauer et al. 1996; Oberbauer, unpublished results). Both linoleic and arachidonic acids compete for binding of cyclooxygenase (Staples et al. 1998).  In addition, dietary fat appears to depress estradiol-17(, and these two phenomena may work in conjunction to depress PGF2( and increase survival of the conceptus (Staples et al. 1998). 
Increased energy intake prior to estrus results in an elevated ovulation rate in pigs and sheep (Smith 1985).  This “flushing effect” also pertains to rodents, although the extent of its effect is dependent upon genotype (Pomp and Eisen 1991).  It appears that any advantage the high energy diet may convey to reproduction is negated by the high GH environment.  Pomp et al. (1995) hypothesized that the increased ovulation rate in oMt1a-oGH females previously studied may have been correlated to increased body size, as has been demonstrated in other species (Brien et al. 1986).  Activation of the oMt1a-oGH transgene by provision of 25 mM zinc resulted in a 50-57% increase in body growth, which is in agreement with previous studies of GH TG mouse lines (Bartke et al. 1988; Cecim et al. 1995c; Murray and Pomp 1995; Pomp et al. 1995;).  Reduced ovulation rate may have been due to a reduction in body size in transgenic animals on the E diet, compared with transgenic females in the other groups. 

GH may act, directly or indirectly, at the level of the ovary to depress follicular atresia.  Thus, increased ovulation rate may in fact be due to a reduction in follicular atresia (Bartke et al. 1994).  It has also been suggested that increased IGF-I levels due to exogenous GH may amplify the effects of gonadotropins on ovarian function (Katz et al. 1993).  IGF-I has been shown to serve as an intraovarian regulator in both rodents and women (Adashi 1992; Mason et al. 1993).


Elevated GH decreases POST (Naar et al. 1991; this study), although this can be rescued by dietary supplementation.  Increased dietary energy reduced ovulation rate, but transgenic females lost fewer fetuses at the post-implantation stage.  Supplemental linoleic acid also enhanced post-implantation embryonic survival.  Dietary linoleic acid may supplement endogenous concentrations such that sufficient linoleic acid concentrations are present to regulate PGS. Increased ME or linoleic acid “cancel out” the effects of high GH and restore POST to control levels.

Implications


While GH does not appear to adversely affect the pre-implantation stage in transgenic animals, it does compromise post-implantation.  However, dietary enhancement can partially overcome this insufficiency. 
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Table 1.  Body weight and pregnancy data for transgenic (TG) and wild-type (WT) females.

 Group
Genotype
Diet1
Total no. animals
Body weight2
No. females mating
No. females pregnant
% pregnant

1
TG
B
19
20.29(0.64c
16
8
50.00(10.37a

2
TG
L
19
20.94(0.61c
18
12
66.67(9.77ab

3
TG
E
22
16.62(0.57b
20
13
65.00(9.28ab

Pooled 
WT
pooled
47
11.07(0.41a
39
36
92.31(6.64b

1Body weight at 10 weeks

2B=base diet, L=high linoleic acid diet, E=high metabolizable energy diet


Different superscripts designate means ( SEM that significantly differ (p<.05)


Table 2.  Ovulation rate for transgenic (TG) and wild-type (WT) mice.

Group
Genotype
Diet1
No. corpora lutea at Day 17

1
TG
B
12.75(0.90ab

2
TG
L
12.9(20.73ab

3
Tg
E
10.6(70.73a

4
WT
B
13.67(0.73ab

5
WT
L
11.54(0.70ab

6
WT
E
14.00(0.76b


1B=base diet, L=high linoleic acid diet, E=high metabolizable energy diet


Different superscripts designate means ( SEM that significantly differ (p<.05)


Table 3.  Reproductive data for transgenic (TG) and wild-type (WT) mice.

Group
Genotype
Diet1
No. live fetuses at Day 17
No. resorptions at Day 17
Pre-implantation embryonic survival (%)
Post-implantation embryonic survival (%)

1
TG
B
9.88(0.71ab
1.75(0.31c
91.06(6.89ab
84.68(3.08a

2
TG
L
10.83(0.58b
1.25(0.25bc
93.95(5.63b
90.08(2.52ab

3
TG
E
8.92(0.58ab
0.58(0.25ab
88.63(5.63ab
93.17(2.52ab

Pooled
WT
pooled
8.89(0.34a
0.53(0.15a
77.53(3.25a
94.50(1.45b


1B=base diet, L=high linoleic acid diet, E=high metabolizable energy diet


Different superscripts designate means ( SEM that differ (p<.05) for each trait

