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Abstract. 	Superovulation (SOV) is a necessary technique to produce large numbers of embryos for embryo transfer. In 
the conventional methods, follicular stimulating hormone (FSH) is administered to donor cattle twice daily for 3 to 4 days. 
As this method is labor intensive and stresses cattle, improving this method has been desired. We previously developed a 
novel and simple SOV method, in which the intramuscular injection of a single dose of FSH in aluminum hydroxide gel 
(AH-gel) induced the growth of multiple follicles, ovulation and the production of multiple embryos. Here we show that AH-
gel can efficiently adsorb FSH and release it effectively in the presence of BSA, a major interstitial protein. When a single 
intramuscular administration of the FSH and AH-gel mixture was performed to cattle, multiple follicular growth, ovulation 
and embryo production were induced. However, the treatments caused indurations at the administration sites in the muscle. 
To reduce the muscle damage, we investigated alternative administration routes and different amounts of aluminum in the gel. 
By administering the FSH in AH-gel subcutaneously rather than intramuscularly, the amount of aluminum in the gel could 
be reduced, thus reducing the size of the induration. Moreover, repeated administrations of FSH with AH-gel did not affect 
the superovulatory response. These results indicate that a single administration of FSH with AH-gel is an effective, novel and 
practical method for SOV treatment.
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Several decades ago, embryo transfer (ET) methods were established 
in cattle. Since embryos recovered from females with valuable 

economical traits can be utilized, this technology facilitates the 
selection of females. However, cattle produce only a single oocyte 
per estrous cycle; therefore, the number of embryos that can be 
recovered from the genetically superior individuals is limited. To 
solve this problem, superovulation (SOV) methods were developed, 
which include the stimulation of multiple follicular growth and 
embryo production through gonadotropin administration.

In the early days of ET, equine chorionic gonadotropin (eCG) 
was used for SOV [1–3]. In cows, eCG has a half-life of 40 h 
and persists in the circulation for up to 10 days [4]. This causes 
prolonged stimulation of the ovaries inducing abnormal endocrine 
profiles and deterioration of embryo quality [5, 6]. Later, eCG was 
replaced with follicular stimulating hormone (FSH) because cows 
were found to respond better to FSH in some respects [7]. As the 
half-life of FSH is much shorter (approximately 5 h) [8] than that 
of eCG, current SOV protocols using FSH have consisted of twice 
daily intramuscular administrations for 3 to 4 days [7, 9–11]. This 
is labor intensive and causes stress to donor cattle, which results in 
a decreased superovulatory response [12] and inhibited luteinizing 

hormone (LH) surge for ovulation [13]. Therefore, there is a need 
for a simple SOV method. We report here, a novel SOV method that 
utilizes a single administration of FSH with aluminum hydroxide 
gel (AH-gel).

SOV of Cattle by a Reduced Number of or a Single 
FSH Administration

For the SOV of cattle, it is common to administer FSH twice a day 
for 3 to 4 days in decreasing doses [10, 11, 14], since the half-life 
of FSH is short in cattle [8].

A single administration of FSH with agents that slow its release 
may be used in lieu of multiple administrations. For example, it was 
shown that mixing FSH with polyvinylpyrrolidone (PVP) slowed 
its release and kept its concentration in the blood high enough to 
induce the development of multiple follicles [15–17]. However, it 
is difficult to homogeneously dissolve FSH in PVP solutions due to 
the high viscosity of PVP.

Hyaluronan, a glycosaminoglycan that is widely distributed 
in the body, has also been used to slow the release of FSH [18]. 
Specifically, it was shown that a singe administration of FSH diluted 
in 2% of hyaluronan induced a superovulatory response. However, it 
is also difficult to mix FSH with 2% hyaluronan because like PVP, 
hyaluronan has a high viscosity. Using a lower concentration of 
hyaluronan facilitated the mixing, but the mixture was only able to 
induce SOV when it was given as two administrations 48 h apart. [19].
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Characteristics of AH-gel

Recently, various chemicals that can adsorb macromolecules and 
achieve a sustained release of different compounds in vitro have 
been developed [20–23]. AH-gel is widely used as an adjuvant. It 
is usually prepared by adding an alkali to a solution of aluminum 
salt, thereby generating aluminum oxyhydroxide (AlO(OH)•nH2O) 
[24], which is more commonly known simply, albeit incorrectly, as 
aluminum hydroxide.

AH-gel is opalescent (Fig. 1) and has a low viscosity. AH-gel 
has a fibrous morphology (Fig. 2) giving it a high surface area and 
a high ability to adsorb different substances. The principal binding 
force of AH-gel is electrostatic. Other types of binding interactions 
include hydrogen-bonding and hydrophobic bonding [25, 26]. The 
point of zero charge (PZC) is 11.1, resulting in a positively charged 
surface at neutral pH [27].

Ability of Aluminum Hydroxide Gel (AH-gel) to 
Adsorb and Release FSH

First, we investigated the ability of AH-gel to adsorb and release 
FSH. This was done in the presence of bovine serum albumin (BSA), 
which facilitates the release of FSH (see below). Porcine FSH (pFSH, 
30 Armour unit (AU), Antrin-R10, Kawasaki Pharmaceutical, Japan) 
was mixed with AH-gel (5 ml at a concentration of 3 mg aluminum 
(Al) /ml in saline, pH 7.4, Kyoritsu Pharmaceutical, Japan), and 
then the supernatant was recovered following centrifugation. The 
precipitate was resuspended in saline with 1% BSA (pH 7.4) and 
incubated for 1 h at 37ºC. This suspension was centrifuged again 
and the supernatant was recovered. The concentrations of pFSH 
in the supernatants were measured by a radioimmunoassay (RIA). 
The AH-gel adsorbed almost all of the pFSH (an average of 29.97 
mg, 99.9%). Subsequently, 22.24 mg pFSH (74.2% of the adsorbed 
FSH) was released from the AH-gel in the presence of BSA. These 
results demonstrated that the AH-gel can effectively adsorb and 
release pFSH in the presence of BSA.

The manner in which proteins bind to AH-gel is complicated. 
Some studies have reported that the electrostatic attractive force 
is important for the adsorption of proteins by AH-gel [26, 27]. As 
mentioned above, AH-gel has a point of zero charge (PZC) of 11.1 
[27, 28] and thus has positive charge at pH 7.4. In contrast, pFSH 
has an isoelectric point (IEP) of 4.5, giving it a negative charge at 
pH 7.4 [29]. Therefore, AH-gel may adsorb this protein through 
the electrostatic force at pH 7.4. Furthermore, it has been reported 
that adsorbed proteins can be displaced from the gel by interstitial 
proteins [30]. In our experiment, the adsorbed pFSH was released 
in the presence of BSA in vitro. BSA is a major protein of bovine 
interstitial fluid and has an IEP of 5.0 [29]. Accordingly, BSA is also 
negatively charged at pH 7.4 and thus may be adsorbed to AH-gel. 
This property of BSA may induce the displacement of the adsorbed 
pFSH from the AH-gel both in vitro and in vivo (Fig. 3).

SOV with a Single Administration of FSH in AH-gel 
to Cattle via the Intramuscular Route

To evaluate the effect of a single administration of FSH in AH-gel, 

a mixture of pFSH (30 AU) and AH-gel (5 ml, containing 3 mg 
Al /ml) was administered intramuscularly to Japanese Black cows 
at days 9 to 12 (estrus = day 0). As a control, cows were given 
multiple administrations of pFSH twice daily for 4 days (5, 5, 4, 
4, 3, 3, 2 and 2 AU in saline). The pFSH administration schedules 
are shown in Fig. 4. At 48 h after the initiation of treatment, the 
cows were treated with 750 μg of a prostaglandin F2α (PGF2α) 
analogue (cloprostenol) to induce corpus luteum (CL) regression 
and estrus. Cows were inseminated with frozen-thawed semen at 
12 and 24 h after the detection of estrus. Seven days after artificial 
insemination, embryos were collected non-surgically, counted and 
classified to determine the number of transferable embryos (Grade 
1 and 2, according to the International Embryo Transfer Society 
manual [31]). The numbers of CLs and large follicles (> 8 mm) 
were also estimated by ultrasonography. No significant differences 
were found between the two FSH administration methods for any 

Fig. 1.	 AH-gel in an ampoule. The gel is opalescent and has a low 
viscosity.

Fig. 2.	 Microphotograph of AH-gel. The structure is fibrous and does not 
form crystals.
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of the measurements (Table 1), indicating that SOV with a single 
administration of FSH in AH-gel is comparable to the conventional 
multiple administration method.

The half-life of FSH in the body is relatively short. Since it is 
important to keep the concentration of FSH high to induce multiple 
follicular growth for successful SOV, two FSH administrations 
per day for 3 to 4 days are usually necessary for successful SOV 
in cattle. Importantly, it was shown that a single administration of 
FSH dissolved in saline did not induce multiple follicular growth 
in cattle [17].

After a single intramuscular administration of FSH in AH- gel, 
FSH was first detected in the blood at 2 h, peaked at 12 h and was 
still detectable after 3 days (Fig. 5). This result indicates that the 
AH-gel released FSH gradually in vivo as well as in vitro. Therefore, 
the ovarian responses and embryo collections from the two FSH 
treatments were not significantly different (Table 1).

Since AH-gel is an exogenous substance, it is very important 
to determine whether it is eliminated from or accumulates in the 
body, and whether it damages tissue at the site of administration. In 
rabbits, when AH-gel is administered as an adjuvant for vaccines, 
the gel is rapidly absorbed and eliminated in the urine [32, 33]. 
However it has been suggested that if AH-gel is not rapidly eliminated 

from the site of administration, the remaining AH-gel induces 
lesions such as granulomas, lesional macrophage accumulation, or 
macrophagic myofasciitis [34–37]. In cows that were administered 
AH-gel intramuscularly, the site of administration was characterized 
by the appearance of foreign body granulomas, macrophages, foreign 
body giant cells and monocytes (Fig. 6).

SOV with a Single Administration of FSH in AH-gel 
to Cattle via the Subcutaneous Route

As mentioned above, lesions occurred at the site of intramuscular 
administration of the FSH and AH-gel mixture. Injecting meat 
cattle with vaccines, antibiotics, and hormones causes lesions that 
require trimming, devaluation of cuts, and consumer dissatisfaction 
from tough meet [38, 39], which results in economic losses in meat 
production [40]. Thus, many attempts have been made to avoid the 
formation of such lesions including their mitigation by subcutaneous 
administration [40–42]. Specifically some reports indicate that the 
subcutaneous administrations of antibiotics, vaccines, hormones, 
and vitamins effectively mitigates the formation of lesions [40–42]. 
Therefore, we hypothesized that by subcutaneously administering 

Fig. 3.	 Schematic diagram of the manner of adsorption of FSH to AH-gel 
and its release. At physiological pH (7.4), the gel is positively 
charged. Since FSH is negatively charged at this pH, it is adsorbed 
to the gel. In the presence of BSA, which is also negatively 
charged at this pH (both in vivo and in vitro), the adsorbed FSH is 
replaced and released.

Fig. 4.	 pFSH administration schedules. Methods for multiple 
administrations of FSH (A) and a single administration of FSH 
with AH-gel (B) are shown.

Table 1.	 Comparison of ovarian responses and embryo production 
between a conventional multiple administration method and a 
single intramuscular administration of pFSH in AH-gel given 
to Japanese black cows

Treatment
No. of

Cows 
treated CLs Large 

follicles
Eggs 

recovered
Transferable 

embryos
AH-gel 15 11.0 ± 1.4 3.7 ± 0.8 11.1 ± 2.5 9.1 ± 2.3
Multiple 15 11.7 ± 1.8 4.0 ± 0.3 9.3 ± 1.7 8.0 ± 1.8

Values are shown as mean ± SEM. Fig. 5.	 Changes in plasma FSH concentrations in cows after a single 
intramuscular administration of FSH with AH-gel. Values are 
shown as means ± standard errors of the means (SEM).
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FSH in AH-gel, the amount of AH-gel could be reduced, thereby 
reducing the size of the lesion.

FSH in AH-gel was administered subcutaneously in a single 
dose at the base of the neck. The number of recovered transferable 
embryos was relatively high with Al concentration of 3 and 0.3 mg/
ml, but decreased significantly when the Al concentration was 0.15 
mg/ml (Table 2). However, all cows developed indurations at the 
site of injection. The size of induration increased with increasing Al 
concentration and decreased with time (Table 3). A similar finding 
was reported for monkeys injected with Al-containing vaccines [36].

We also investigated the effect of various volumes of AH-gel on 
the superovulatory response and the size of induration at the site of 
administration, while keeping the total amount of Al constant. The 
total Al content in a single administration was fixed at 1.5 mg in this 
experiment. Changing the volume of the gel but keeping the total 
amount of Al constant at 1.5 mg had little effect on the superovulation 
responses (number of CLs and recovered eggs), although the number 
of transferable embryos decreased when 1 ml of the gel was used, 
though this decrease was not significant (Table 4). The sizes of the 
indurations are shown in Table 5. The relationship between the days 
after administration and the volume of the gel was not statistically 
significant. The sizes of the indurations decreased with time and with 
decreasing gel volume (Table 5). At 5 days post treatment, when 1 

ml of 1.5 mg Al/ml AH-gel was used, the sizes of the indurations 
were significantly smaller than those that occurred with 5 ml of 
AH-gel with 0.3 mg Al/ml. Although the sizes of the indurations 
significantly decreased with time when 5 ml of 0.3 mg Al/ml gel 
was used, they did not significantly change with time in the other 
two groups. After subcutaneous administration, a small induration 
(approximately 15 mm) was detected on the surface of the muscle 
(Fig. 7), but not inside the muscle as in the case of intramuscular 
administration (Fig. 6, left photograph). These results suggest that the 
indurations at the site of administration were located at the surface 

Table 2.	 Effect of various Al concentrations of AH-gel on superovulatory 
responses in cattle after a single subcutaneous administration 
of pFSH

Al conc. 
(mg/ml)

No. of

Cows CLs Recovered 
eggs

Transferrable 
embryos

3 6 10.7 ± 2.9 7.5 ± 2.9 4.8 ± 1.6 a

0.3 6 11.7 ± 3.8 9.3 ± 2.9 4.8 ± 1.6 a

0.15 6 9.7 ± 3.7 6.7 ± 2.9 1.2 ± 0.5 b

Values with different superscripts within the same column are 
significantly different (P < 0.05).

Fig. 7.	 Lesions occurred at the site of subcutaneous FSH administration 
with AH-gel. An example of an induration (located at the center 
of the photograph as brown-yellow tissue) observed on the 
surface of the muscle at the base of neck.

Fig. 6.	 Lesions occurred at the site of intramuscular FSH administration with AH-gel. An example of a foreign body granuloma that was formed at the 
administration site (left). An accumulation of macrophages, foreign-body giant cells, and monocytes observed at the administration site (right).
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of the muscle and their sizes were influenced by the volume of the 
AH-gel administered.

After subcutaneous administration of FSH in AH-gel, the con-
centration of FSH in the blood gradually increased and peaked at 
8–12 h, and was still detectable at 96 h (Fig. 8). An average of 9.0 
± 3.8 transferable embryos were recovered, whereas no transferable 
embryos were recovered following intramuscular administration of the 
same mixture (Table 6). The release of hormones into the circulation 
is slower by subcutaneous administration than by intramuscular 
administration [43–45]. Thus, even the lower concentration of 
AH-gel can retain FSH and release it gradually. On the other hand, 
in the case of intramuscular administration, the AH-gel with lower 
aluminum concentration released FSH rapidly.

As an adjuvant, AH-gel was shown to enhance the uptake of 
antigens by antigen-presenting cells in vitro [46], and had a di-
rect effect on the accessory properties of human monocytes in 
an interleukin-4-dependent manner [47]. These results raise the 
possibility that repeated SOVs using AH-gel may eventually induce 

Table 3.	 Effect of various Al concentrations of AH-gel on the sizes of indurations after a single subcutaneous administration of pFSH

Al conc. 
(mg/ml) No. of cows

Size of induration (mm)

5 days * 10 days * 20 days *

Length Width Length Width Length Width
0.3 6 84.4 ± 9.8 ax 32.2 ± 8.0 l 73.2 ± 7.4 axy 30.8 ± 6.8 al 64.6 ± 5.4 ay 17.6 ± 2.0 am

0.5 6 36.7 ± 7.0 b 21.2 ± 1.7 42.4 ± 3.8 b 12.0 ± 2.1 b 29.8 ± 4.0 b 11.5 ± 2.4 ab

1.5 6 35.2 ± 7.8 bx 18.0 ± 5.3 l 21.8 ± 7.4 bxy 9.2 ± 3.2 blm 12.0 ± 5.4 by 6.2 ± 2.6 bm

* Days after initiation of FSH treatment. a,b The values with different superscripts within the same column are significantly different 
(P < 0.05). x,y The length values with different superscripts within the same line are significantly different (P < 0.05). l,m The width 
values with different superscripts within the same line are significantly different (P < 0.05).

Table 4.	 Effects of various volumes of AH-gel with constant total Al content on superovulatory 
responses to by a single subcutaneous administration of pFSH in cattle

AH gel No. of

Al conc.  
(mg/ml) x Volume  

(ml) Cows CLs Recovered eggs Transferrable  
embryos

0.3 x 5 6 8.5 ± 4.9 7.5 ± 4.4 5.8 ± 3.5
0.5 x 3 6 10.7 ± 2.9 7.5 ± 2.9 6.2 ± 2.9
1.5 x 1 6 10.5 ± 4.1 6.0 ± 2.7 2.8 ± 1.3

Table 5.	 Effects of various volumes of AH-gel with constant total Al content on the sizes of indurations after a single subcutaneous administration 
of pFSH in cattle

Al conc.  
(mg/ml)

Volume 
(ml) No. of cows

Sizes of induration (mm)

5 days * 10 days * 20 days *

Length Width Length Width Length Width
0.3 5 6 45.5 ± 5.2 ax 19.3 ± 3.7 al 41.0 ± 5.2 xy 12.8 ± 1.3 m 31.8 ± 1.2 y 11.8 ± 1.0 m

0.5 3 6 29.7 ± 3.4 ab 12.3 ± 1.4 ab 30.5 ± 2.6 10.7 ± 1.4 26.7 ± 2.2 9.2 ± 1.7
1.5 1 6 28.0 ± 2.3 b 10.0 ± 1.8 b 29.8 ± 2.9 12.3 ± 2.6 25.5 ± 1.5 10.0 ± 1.2

* Days after initiation of FSH treatment. a,b The values with different superscripts within the same column are significantly different (P < 0.05). 
x,y The length values with different superscripts within the same line are significantly different (P < 0.05). l,m The width values with different 
superscripts within the same line are significantly different (P < 0.05).

Fig. 8.	 Changes in plasma FSH concentrations in cows after a single 
subcutaneous FSH administration with AH-gel. Values are 
shown as means ± SEM.
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immune responses against FSH, which could interfere with the 
desired response to FSH. However, for reasons that are unclear, 
the SOV responses using AH-gel did not decrease after successive 
administrations (Table 7), indicating that high-value donors may be 
used repeatedly. With conventional multiple administrations of pFSH 
for SOV in cattle, repeated treatments do not affect the number of 
embryos collected or the ovarian responses [48]. The homology of 
the amino acid sequence of FSH among species may be important. 
For example, pFSH is not expected to generate an immune response 
in cattle as the amino acid sequences of porcine and bovine FSH 
are 96.9% identical in the α subunit [49, 50] and 88.1% identical in 
the β subunit [51, 52]. Additionally, AH-gel does not appear to be 
a strong immunogen because in rabbits immunized by ovine FSH, 
the titer of ovine FSH antiserum was lower when AH-gel was used 
as a vehicle than when Freund’s complete adjuvant was used [53]. 
Together, these findings suggest that pFSH in AH-gel for SOV does 
not induce a notable immune response, and consequently, the ovarian 
response does not appear to be diminished.

Application of a Single Administration of FSH in  
AH-gel to Other Mammalian Species

A single FSH administration in AH-gel is also effective for SOV in 
other mammalian species. For the SOV of rabbits, FSH is commonly 
used for follicular growth [54, 55]. A single administration of FSH in 
PVP has been used to induce SOV in rabbits [56, 57]. We previously 
used AH-gel as an adsorbent for FSH for the SOV in rabbits [58]. We 
found that the numbers of total and fertilized eggs recovered from 
rabbits treated with FSH in AH-gel were similar to multiple FSH 
injections and were significantly greater than the numbers obtained 
from a single injection of FSH with PVP.

Moreover, the effect of administering FSH in AH-gel on multiple 
follicular development and induction of ovarian weight gain was 
investigated in female immature rats in vivo [59]. The ovarian 
weight of rats given a single administration of FSH in AH-gel 
was significantly higher compared to that of rats given multiple 
administrations of the hormone dissolved in saline [60]. Therefore, 
we expect that a single administration of FSH in AH-gel would be 
useful for the SOV of various mammalian species.

Conclusions

We have developed a single administration method of FSH using 
AH-gel for SOV in cattle. Through subcutaneous administration, 

we could reduce the total amount of Al in the gel, minimizing the 
damage at the administration site. This method is not only simple 
and user-friendly, but also can reduce the stress to cattle.
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