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A single dose of a plasmid expressing growth hormone-releasing
hormone (GHRH) has been safely used in a number of animal
species and applications to physiologically increase growth
hormone and insulin-like growth factor-I for over a year. An array
of constructs encoding for analogs of, or species-specific, GHRH
has been tested to treat anemia and cachexia associated with cancer
and its treatment, and renal failure, as well as to increase immune
surveillance and animal welfare. The positive results obtained with
plasmid-based GHRH in companion and farm animals may be
translated to a number of human applications.
Keywords Gene transfer, growth hormone, growth
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Introduction
Growth hormone-releasing hormone (GHRH) is a
hypothalamic hormone that stimulates the synthesis and
secretion of growth hormone (GH) from the anterior pituitary
[1]. The administration of recombinant GH (rGH) and GHRH
has been studied extensively as a means to enhance or restore
growth in humans [2] or to supplement inadequate
endogenous levels in GH-deficient patients [3,4]. In a variety of
other mammalian species, rGH administration has been used to
improve the efficiency of dietary nitrogen utilization, while
promoting increases in lean body mass, protein accretion and
milk production [5,6]. Nevertheless, the widespread application
of rGH or GHRH in the US for animal use has been limited by
both economic and feasibility considerations. It is costly and
labor intensive, as its short serum half-life necessitates frequent
administration [7]. The non-physiological hormonal peaks and
troughs that follow rGH injections can result in impaired
glucose tolerance and insulin resistance [8]. Moreover,
biological responses to exogenous rGH may not be similar to
physiological responses to the endogenous isoforms of this
protein [9]. While virtually no adverse effects have been
reported with GHRH administration, the hormone has an even
shorter half-life in serum (6 to 17 min, depending on the assay
conditions) than rGH [10•,11]. Efforts were made to increase the
half-life of both the GH [12] and GHRH peptide [13,14], but
these analog molecules are not widely used therapeutically.
Therefore, the feasibility of employing a plasmid-mediated
GHRH approach to ensure physiological levels of GH in
both normal and pathological situations has been explored.
In this review, the benefits of plasmid transfer technology

are examined, the diverse physiological effects of GHRH
plasmid administration (Figure 1) on various animal species
summarized, and the applications of this technology
discussed.

Plasmid delivery technology
Most gene therapy studies have used viral vectors or
liposome-based complexes to transfer genes of interest into a
subject. Thus, a number of disadvantages have been
identified, including severe adverse effects to the vector
system itself and costly and complicated manufacturing
requirements. In contrast, plasmids are simple to construct
and easy to manufacture at relatively low cost, using good
manufacturing practice (GMP) techniques that meet
regulatory standards. They have a low risk-to-benefit ratio
when compared with other delivery methods [15,16], as
previously summarized by the Food and Drug
Administration's Center for Biologics Evaluation and
Research [17••]. Furthermore, plasmids can be efficiently
taken up by different cell types and are expressed for
various lengths of time, depending on the turnover rate of
the cells and their inherent level of nuclease activity [18,19].
One historical concern was that the plasmid DNA would
integrate into the recipient host's chromosomes. Numerous
animal studies involving plasmid DNA injections have
shown that this is not the case. A potential integration event
would be extremely infrequent, approximately 3000-fold
lower than the spontaneous mutation rate for mammalian
genomes [20,21].
Typically, a plasmid contains a backbone with elements
necessary for replication and selection (plasmid production),
and an expression cassette (Figure 2). The components of the
expression cassette are the promoter, signal peptide
sequence,
transgene,
3'-untranslated
region
and
polyadenylation signal. These are crucial to determine the
length and characteristics of expression, including gene
silencing [22], and to transgene product localization [23,24].
The promoter directs plasmid expression, and specificity of
the promoter typically controls the duration, characteristics
and amplitude of expression. For example, a transgene
preceded by a cytomegalovirus (CMV) promoter will
express in any tissue, whereas a tissue-specific promoter [25]
will express only in the target tissue. Several research
groups, including ours have been investigating plasmid
expression systems that can be regulated [26•,27], and may
be more suitable for use in some patients.
Cis-acting DNA elements within and outside of the plasmid
backbone can impact on the length and amplitude of
expression [28], thus analysis of the target tissue and tissuespecific transcription factors is imperative when designing
plasmids for therapeutic applications [25]. These findings
have to be integrated with understanding about the kinetic
expression of the transgene, which can be variable
depending on many factors, including cellular localization
of the protein, physiological activity and regulation [16]. The
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Figure 1. The GHRH-GH-insulin-like growth factor-I axis.
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An illustration of the GHRH-GH-IGF-I axis and the contribution of plasmid-mediated GHRH supplementation, including target organs and
negative feed-back relationships. GH growth hormone, GHRH growth hormone-releasing hormone, IGF-BP insulin-like growth factor-I
binding protein, IGF-I insulin-like growth factor-I, SRIH somatostatin.

Figure 2. Map of a generic 2.7-kb myogenic plasmid expressing a species-specific, or analog, GHRH.
Muscle-specific
promoter
5' UTR
Species-specific or
synthetic GHRH
Kan R CDS

pSP-GHRH
2.7 kB

3' UTR and poly A

pUC ori

The components of the myogenic plasmid synthetic promoter (pSP)-GHRH include, a muscle-specific promoter, preferably a synthetic
promoter such as SPc5-12 [25]; a 5' untranslated region (UTR); either a species-specific or analog GHRH cDNA sequence, including the
species-specific or synthetic signal peptide cDNA sequence; a 3' UTR and polyadenylation (poly A) region; a plasmid backbone that
includes an optimized origin of replication (pUC ori) for increased plasmid replication and yields; and a kanamycin resistance gene (Kan R
CDS) for plasmid production purposes.
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elements contained within the plasmid described in Figure 2
were optimized for long-term mammalian expression of
GHRH or other hormones and small peptides.

relatively lower quantities [40]. Thus, in all the studies
described, we used the larger muscles for the administration
of myogenic GHRH-expressing plasmids.

Target tissue: Skeletal muscle

Growth hormone-releasing hormone

Skeletal muscle fibers are especially suitable for plasmid delivery
because they are post-mitotic cells and have the capacity to
produce and secrete a multitude of proteins into the circulation.
Although muscle is not regarded as a secretory tissue, in many
cases, gene products enter the systemic circulation. Therefore, it
is possible to use this approach to alter levels of endocrine and
paracrine factors [29]. A previous limitation of plasmid
administration was low transfection efficiency into normal,
mature muscle. A variety of techniques have been employed to
improve muscle transfection, such as localized muscle damage
followed by regeneration, hydrodynamic methods and
electroporation. The latter technique increases uptake and,
consequently, expression at 100- to 1000-fold versus direct
injection. Intramuscular injection of plasmid followed by
electroporation has been used successfully in mice [23,30,31],
rats [32,33], dogs [34], pigs [35] and cattle [36•] to deliver
therapeutic genes that encode for a variety of hormones,
cytokines or enzymes. Additionally, the technique has been used
successfully to vaccinate ruminants [37•,38].

GHRH administration increases GH secretion and augments
insulin-like growth factor-I (IGF-I) levels proportional to the
GHRH dose [41]. Feedback regulation inherent within the
GHRH axis ensures the normal production and secretion of
hormones (Figure 1). Most importantly, GH secretion is
affected at low levels of GHRH (~ 100 pg/ml) in the blood
[42,43]. Plasmid-mediated GHRH stimulates the production
of GH at physiological levels, as demonstrated in directly
treated animals by the lack of short- or long-term systemic
adverse effects, such as cardiac hypertrophy, insulin
resistance, organomegaly or acromegaly [44-47].

The efficiency of peptide production and secretion is also
influenced by the structure, fiber type and vascularization of
the muscle into which the plasmid is administered. To
evaluate this efficiency, we used a reporter plasmid that
expresses secreted embryonic alkaline phosphatase (SEAP)
under the control of a muscle-specific synthetic promoter
(pSP). This approach was chosen because SEAP is a reporter
that is not present in the plasma of adult mammals, is
secreted efficiently into the circulation and specific enzyme
activity can be detected as early as 24 h after transfection by
a sensitive chemiluminescence-based assay [39]. Large
muscles, such as the longissimus dorsi, semitendinosus or
sternocranialis, have similar high levels of SEAP expression,
while small, flat muscles, such as the masseter, secrete

Plasmid-mediated therapy is facilitated by the previous
characterization of the cDNAs encoding for GHRH from
humans, pigs and other animals [48•,49]. Additionally, the
feline and canine GHRH have been cloned [50]. The GHRH
gene typically includes five exons [51]: exon 1 includes the 5'
non-translated sequence, while exons 2 through 5 encode for
the GHRH precursor protein. Pre-pro-hormones are
processed post-translationally and two mature protein
species are formed: GHRH (1-40) with a carboxyl terminal
group and GHRH (1-44) with a carboxyl terminal amide
group. The 40-hydroxy and 44-amide isoforms have slightly
different half-lives and respond differently to protease
degradation [11]. Unlike humans, in most animal species,
only the (1-44) isoform has been identified. Part of exon 2, all
of exon 3 and part of exon 4 encode for the 31 amino-acid
signal peptide (Met to Arg-Arg) and the entire mature
1
44
peptide (Tyr to Leu ). As the cellular mechanisms that
determine amidation may not be always present in muscle
cells, the plasmids used in all our clinical studies encode for
a 40-hydroxy form of GHRH. The translation of some
species-specific and long half-life analog GHRHs, including
their signal peptides, is depicted in Figure 3.

Figure 3. GHRH signal peptide and mature 40-hydroxy forms of mammalian species and consensus amino acid sequences.
Translation of GHRH species:
Human GHRH

(1) MPLWVFFFVILTLSNSSHCSPPPPLTLRMRRYADAIFTNSYRKVLGQLSARKLLQDIMSRQQGESNQERGA ---

Porcine GHRH

(1) MVLWVFFFVILTLSNSSHCSPPPPLTLRMRRYADAIFTNSYRKVLGQLSARKLLQDIMSRQQGERNQEQGA ---

Cat GHRH

(1) MVLWVFFLVILTLDSGSHCSPPS-LPLRMPRYADAIFTNSYRKVLGQLSARKLLQDIMSRQQGERNQEQGA ---

Dog GHRH

(1) MVLWVFFLVILTLSSGSHSSPPS-LPIRIPRYADAIFTNSYRKVLGQLSARKLLQDIMSRQQGERNREQGA ---

HV-GHRH

(1) MVLWVFFFVILTLSNSSHCSPPPPLTLRMRRHVDAIFTNSYRKVLAQLSARKLLQDILNRQQGERNQEQGA ---

Bovine GHRH

(1) MVLWVFFLVTLTLSSGSHGSLPS-QPLRIPRYADAIFTNSYRKVLGQLSARKLLQDIMNRQQGERNQEQGA

Ovine GHRH

(1) MVLWVFFLVTLTLSSGSHGSLPS-QPLRIPRYADAIFTNSYRKILGQLSARKLLQDIMNRQQGERNQEQGA

Horse GHRH*

(1) MVLWVFFFVILTLSNSSHCSPPPPLTLRMRRYADAIFTNNYRKVLGQLSARKILQDIMSR----------------------------

Consensus

(1) MVLWVFF VILTLSSGSHCSPP

LPLRM

RYADAIFTNSYRKVLGQLSARKLLQDIMSRQQGERNQEQGA

GHRH growth hormone releasing hormone, HV-GHRH A plasmid expressing GHRH with a long half-life. *The horse GHRH sequence is
partial.
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Directly treated animals: Therapeutic
indications
Anemia and cachexia: Cancer
Cachexia is a frequent complication of late-stage malignancy
and other chronic diseases. Its development in cancer
patients often precludes further therapy and ultimately
contributes to nearly a third of all cancer deaths [52,53].
Patients with cachexia are catabolic, exhibiting an increased
breakdown of proteins, decreased protein synthesis, a
negative nitrogen balance and increased basal energy
expenditure. The release of cytokines such as tumor necrosis
factor (TNF)α and interleukins-1 and -6 mediate wasting by
suppressing muscle gene products [54,55], further
contributing to this condition. Preclinical studies in rodents
have suggested that anabolic hormones such as GH, IGF-I,
IGF binding protein 3 (IGFBP-3) [56-58] or ghrelin [59] may
reverse the catabolic state associated with cachexias of
different etiology, but for logistical reasons this strategy has
not been tested in large animals with spontaneously
occurring tumors.
A single injection of GHRH-expressing plasmid into skeletal
muscle can ameliorate the anemia and cachexia in animals
with spontaneous malignancies or experimentally implanted
tumors [35,60]. A plasmid expressing a GHRH analog with a
long half-life, HV-GHRH, was used in an initial study in
companion animals [35]. Animals received a single injection
of 0.1 mg/kg in up to 1 mg of plasmid. All dogs enrolled in
this study, including controls, were also on specific
chemotherapy and/or radiotherapy. In severely debilitated
companion dogs with naturally occurring tumors [60], at a
median of 16 days after intramuscular delivery of the
plasmid, serum concentrations of IGF-I were increased from
21 to 120% (median = 49%) of the pre-treatment values and
were generally sustained or higher on the final evaluation
performed at day 56 of the study. Anemia resolved posttreatment, as indicated by significant increases in mean red
blood cell count, hematocrit and hemoglobin concentrations.
There was also a significant rise in the percentage of
circulating lymphocytes. Treated dogs maintained their
weights over the 56-day study and did not show any
adverse effects from the GHRH plasmid therapy.
Interestingly, of the treated dogs, three had detectable
baseline TNFα levels that had decreased by 40% at 56 days
post-treatment. These observations demonstrate the
feasibility of GHRH plasmid therapy to stimulate the GH
axis in large animals, leading to anabolic responses and the
correction of anemia and other catabolic processes
associated with cancer cachexia. Furthermore, beneficial
effects on the quality-of-life, increases in weight, activity
level, exercise tolerance, appetite and hematological
parameters of the treated dogs persisted for more than a
year post-treatment [45].
One ongoing concern is that overstimulation of the GHRHGH-IGF-I pathway with GHRH while treating cancer
cachexia would also enhance tumor cell growth [61]. Thus,
experiments were undertaken to evaluate the role of GHRH
in tumorigenesis using murine- or human-derived
experimental tumors in the absence of a specific antitumor
therapy. Lewis lung adenocarcinoma cells were implanted
into the left flank of male and female immunocompetent

mice [62]. Mice were injected intramuscularly 1 day later
with 20 µg of a plasmid expressing human GHRH(1-40)OH.
Controls received an Escherichia coli β-galactosidaseexpressing plasmid. A delay in tumor growth and a
reduction in the number of metastases compared with
control animals were observed, despite a 13% increase in the
serum levels of IGF-I relative to controls. Male and female
mice exhibited sexual dimorphism with respect to tumor
growth and number of metastases using a variety of tumor
types. The gender-specific neuroendocrine regulation of the
GHRH axis in mice is largely unknown, and studies
addressing this issue are ongoing. In humans with
protracted critical illness, a gender dissociation within the
axis is evident, with men showing greater loss of pulsatility
within the GH secretory pattern than women, and
concomitantly lower IGF-I levels [63]; as a clinical
consequence, females appear to be in part protected against
adverse outcomes in these situations. Animals constitutively
expressing GHRH exhibited a decline in tumor growth rate
(20% for males, p < 0.03 and 11% for females, p < 0.13).
Histopathological analysis revealed that treated animals
were less likely to develop lung metastases (11%) and had
no metastases in other organs. The number of
metastases/lung was reduced by 57% in female mice with
GHRH treatment (p < 0.006). Furthermore, animals with
advanced tumors had improved kidney function and
delayed loss of skeletal muscle mass compared with control
animals. When tumor size exceeded 8% of body weight,
GHRH-treated mice showed normal urea and creatinine
levels and kidney weight, while controls displayed signs of
renal insufficiency [62]. This study provides evidence that
with plasmid-mediated GHRH supplementation in tumorbearing mice, tumor growth rate is not increased but is
actually attenuated.
Cancer patients are often immunocompromised. Thus, we
tested the hypothesis that physiological stimulation of the
GHRH axis through a plasmid-based GHRH expression
system
does
not
stimulate
tumor
growth
in
immunodeficient animals [64]. Nude mice were implanted
with two different human tumor cell lines, NCI-H358
human bronchioalveolar carcinoma and MDA-MB-468
human breast adenocarcinoma. Tumor growth was not
augmented by GHRH plasmid treatment in any group and
was decreased in some groups. Male animals implanted
with the NCI-H358 tumor cell line and treated with the
GHRH-expressing plasmid exhibited a 40% decrease in the
size of the tumors (p < 0.02), a 48% increase in white blood
cells (p < 0.025) and a 300% increase in monocyte count (p <
0.0001), as well as an increase in the frequency of activated
CD3+ and CD4+ cells in the tumors compared with control
animals, suggesting that the mechanism responsible for
tumor growth reduction involves immune stimulation. No
adverse effects were observed in animals that received the
GHRH-plasmid treatment. These results provide support for
the use of GHRH-expressing plasmids in the treatment of
cancer cachexia in companion animals and humans.

Anemia: Renal failure
Previous studies have shown that GH [65,66] and IGF-I
improve renal function in patients with renal failure [67].
Erythroid cell number is regulated primarily by
erythropoietin (EPO), but is impacted by many factors.
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There are data to suggest that IGF-I rather than EPO is the
primary mediator of erythropoiesis during catabolic states
and in uremic patients [68] and can induce a proportional
increase in body mass and oxygen transport capacity [69].
The increase in hemoglobin and hematocrit confirms the in
vivo erythropoietic-promoting effects of GH observed during
GH treatment in GH-deficient children or adults [70,71]. In
veterinary applications, the current standard therapy for
chronic renal failure (CRF)-associated anemia is EPO of
human origin. The effective response to the treatment
decreases over time due to development of antibodies in
response to the human protein [72]. Canine recombinant
EPO has been used experimentally in dogs, resulting in an
increase in appetite and energy along with an increase in
hematocrit, but results were mitigated by etiology and
development of systolic hypertension in half of the treated
animals [73]. A recent study using a recombinant adenoassociated virus (AAV) vector encoding for feline EPO
administered intramuscularly to healthy cats demonstrated
a dose-related increase in hematocrit over 7 weeks [74].
Unfortunately, from a practical point of view, AAV vectors
are difficult to produce, include steps performed ex vivo,
result in low production titers per batch, have a risk of
adenoviral contamination, and are extremely expensive to
manufacture using GMP [75,76]. In addition, the EPO
treatment does not correct the other complications of CRF,
such as wasting.
Plasmid-mediated GHRH supplementation maintained
renal function in mice and dogs with cancer [60,62] and in
cats and dogs with CRF [50]. The primary objective of this
study was to evaluate the safety and efficacy of a single
intramuscular dose of plasmid DNA that expresses HVGHRH to dogs (0.35 mg of plasmid; average age = 13.1
years) and cats (0.1 mg of plasmid; average age = 13.2 years)
for the management of CRF [50]. Inclusion criteria included
blood urea nitrogen (BUN) values of > 25 mg/dl or
creatinine values of > 1.6 mg/dl for dogs, and BUN values
of > 30mg/dl and creatinine values of > 2mg/dl for cats.
These animals had a clinically determined life expectancy of
at least 90 days. The secondary objectives of this 75-day
study were to assess the effects of the GHRH therapy on
blood, serum chemistry and urinalysis values, weight and
quality-of-life in these dogs and cats. After a 75-day followup of dogs and cats with CRF treated with the GHRHexpressing plasmid, body weight increased 10 to 20%,
plasma IGF-I levels were increased in both species (p < 0.05)
(Figure 4), circulating iron concentrations almost doubled in
treated dogs (p < 0.05), protein metabolism as measured by
increased total protein concentration in serum was
significantly improved in treated cats and, most
importantly, several hematological parameters, including
red blood cells, hematocrit and hemoglobin were
significantly improved as early as day 20 in both species.
Many of these improvements persisted until day 75 (Tables
1 and 2). Kidney function, as measured by BUN and
creatinine, was maintained throughout the study [50].

Osteoarthritis
In 1997, approximately 16% of the US population had some
form of arthritis [77]. Osteoarthritis is one of the most
common disorders in the elderly population. Osteoarthritis
is thus a significant social and economic problem and

continued research and improvements in therapy are
needed. GHRH-GH-IGF-I axis function undergoes
considerable decline in aging mammals. The resulting
reduction in GH secretion and IGF-I production is
associated with sarcopenia, osteoporosis, arthritis, increased
fat deposition and decreased lean body mass [78,79]. The
development of these changes can be offset by recombinant
GH therapy. The production of hyaluronan and chondroitin
sulfate proteoglycans is regulated in vitro by GH and IGF-I,
and these molecules may be of importance in the therapy of
joint pathology [80,81]. For example, gene transfer of IGF-I
into rabbit knee joints promoted proteoglycan synthesis
without significantly affecting inflammation, or causing
cartilage breakdown or adverse effects. As a result, local
gene transfer of IGF-I to joints was suggested as a
therapeutic strategy to stimulate new matrix synthesis in
both rheumatoid arthritis and osteoarthritis [82]. In addition,
increased levels of IGFBPs in arthritis may result in the
reduced availability of free IGFs that can bind to IGF
receptors. The observed changes in the IGF system thus may
participate in catabolic processes in rheumatoid arthritis and
the development of cachexia and wasting in these patients
[83]. A therapy that addresses both the arthritic disease and
the wasting would be an important step forward in the wellbeing and quality-of-life of patients.
Horses with chronic laminitis/arthritis (at least one year in
duration) were used in a pilot study [P Brown, D Hood, R
Draghia-Akli,
unpublished
data].
These
horses
demonstrated a significant improvement in lameness status
as detected by both physical and force plate assessment. At
6-months post-treatment, the horses no longer require
systemic analgesics and were rated as pasture sound.
Radiographic evaluation of the hooves demonstrated
resolution of the inflammation and correction of the third
phalynx rotation. This proof-of-concept study will be
followed by further detailed analysis in a larger population
of animals.

Directly treated animals: Growth, development
and welfare
Plasmid-mediated GHRH and immune function
The neuroendocrine and immune systems are inter-related
and interdependent [84]. Numerous hormones affect
immune function, including those of the GHRH-GH-IGF-I
axis. Both GHRH [85,86] and GH have immunomodulatory
properties [86-88]. The importance of GHRH in the
modulation of immune status under physiological and
pathological conditions has been described [85], both
through stimulation of the GH-IGF-I axis and directly as an
immune modulator [89,90]. However, the mechanisms
involved with GHRH mediating those effects or the impact
of GHRH treatment on vaccination and pathogen challenge
remain elusive.
Plasmid-mediated GHRH supplementation resulted in
positive changes in the immune system in pregnant cows
[36•]. Compared with controls, in GHRH-treated animals,
CD2+αβ T-cells were increased by 14% (p < 0.004),
CD25+CD4+ cells by 13% (p < 0.001) and CD4+CD45R+ cells
by 53% (p < 0.016). These increases were maintained longterm after treatment and correlated with plasmid expression.
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Figure 4. Serum IGF-I in dogs and cats with chronic renal failure treated with a GHRH-expressing plasmid.

Dogs
80
*

*

*

Day 40

Day 75

IGF-I (ng/ml)

60

40

20

0
Day 20

Day 0

Cats
*

380

IGF-I (ng/ml)

360

340

320

300

280
Day 0

Day 20

Day 40

Day 75

Measurements were taken at days 0, 20, 40 and 75. Data are expressed as mean ± SEM. *p < 0.05.

Table 1. Improvements in hematological parameters in dogs with renal failure treated with HV-GHRH plasmid.
Hematological
parameter
RBC

Day 0

Day 20

Day 40

Days 60 to 75

6.16 ± 0.3

HCT

27.6 ± 1.1

HGB

9.02 ± 0.4

6.71 ± 0.3
8.9% (p = 0.002)
30.5 ± 1.1
10.5% (p = 0.002)
10.1 ± 0.4
12.0% (p < 0.0001)

6.35 ± 0.3
3.1% (p = 0.125)
28.2 ± 1.1
2.2% (p = 0.32)
9.65 ± 0.3
7.0% (p = 0.024)

6.42 ± 0.3
4.2% (p = 0.035)
29.2 ± 1.3
5.8% (p = 0.053)
9.82 ± 0.5
8.9% (p = 0.003)

Hematological parameters are significantly improved in HV-GHRH plasmid-treated dogs with chronic renal failure. Data are presented as
mean ± SEM % change from baseline. HCT hematocrit, HGB hemoglobin, RBC red blood cell count.
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Table 2. Improvements in hematological parameters in cats with renal failure treated with HV-GHRH plasmid.
Hematological
parameter
RBC

Day 0

Day 20

Day 40

Days 60 to 75

4.84 ± 0.3

HCT

35.0 ± 1.9

HGB

11.5 ± 0.6

5.26 ± 0.3
8.7% (p = 0.05)
37.4 ± 1.8
6.9% (p = 0.19)
12.7 ± 0.6
10.4% (p < 0.01)

5.13 ± 0.3
6.0% (p = 0.18)
36.7 ± 2.1
4.9% (p = 0.40)
12.5 ± 0.7
8.7% (p = 0.03)

5.19 ± 0.3
7.2% (p = 0.30)
37.1 ± 2.2
6.0% (p = 0.50)
12.7 ± 0.8
10.4% (p = 0.05)

Hematological parameters are significantly improved in HV-GHRH plasmid-treated cats with chronic renal failure. Data are presented as
mean ± SEM % change from baseline. HCT hematocrit, HGB hemoglobin, RBC red blood cell count.

expression. At 300 days post-GHRH therapy, the frequency of
CD45R+/CD45R0-naive lymphocytes was significantly
increased. Natural killer lymphocytes were also increased. As a
consequence of improved health status, the body condition
scores of treated animals improved significantly, and the
morbidity and mortality of treated heifers decreased. During
the 360-day study, none of the treated heifers died, while 20%
of control heifers had to be culled (p < 0.003). However, animals
in this experiment were not studied after specific vaccination or
pathogenic challenges [36•].
A model was developed to test the hypothesis that plasmidmediated GHRH administration could impact vaccine
efficacy and clinical outcome [91]. This study evaluated the
effect of a single dose of 0.625 mg of a porcine GHRHexpressing plasmid on the clinical outcomes of pigs
vaccinated against and challenged with Mycoplasma
hyopneumoniae (M hyo) and/or porcine reproductive and
respiratory syndrome virus (PRRSV), as a model for both
human and animal disease. One week after the plasmid
injection, pigs were vaccinated against M hyo at 2-week
intervals, challenged with either M hyo and/or PRRSV 2
weeks after the second vaccination, and necropsied at 17 and
36 days after challenge. Clinical parameters associated with
M hyo challenge were improved with the GHRH treatment.
Average daily gain between challenge and necropsy was
improved (p = 0.04). Respiratory scores for M hyochallenged pigs tended to be lower in GHRH-treated
animals than in control animals and coughing scores were
significantly improved by the treatment (p = 0.01).
Macroscopic lung lesions associated with M hyo infection
were less numerous in the group that received GHRHexpressing plasmid. No differences in the macroscopic
pneumonia associated with PRRSV, or in serum antibodies
to M hyo or PRRSV were observed with GHRH treatment.
Nevertheless, IgG in the bronchioalveolar lavage was
increased by GHRH treatment in M hyo-challenged animals
(p < 0.03) [91]. The results of this study suggest that GHRH
supplementation prior to vaccination may enhance
protection against M hyo-induced pneumonia, and that a
single dose of GHRH-expressing plasmid was sufficient to
elicit an improved clinical outcome in this disease challenge
model.

significant effort is now focused on the discovery and
development of economically feasible gene delivery
technologies that would enhance prolificacy and
reproductive performance, increase feed utilization and
growth rate, improve carcass composition, improve milk
production and/or composition, and increase disease
resistance [94]. Because of its characteristics, plasmidmediated GHRH gene transfer has emerged as an excellent
candidate for agricultural applications to increase animal
health and welfare, while improving on the production
parameters within physiological parameters (eg, animals
that are healthier maintain a good average daily gain in the
face of a microbial challenge).
Initial experiments in our laboratory compared weight and
body composition changes, as well as hormonal and
biochemical profiles in vivo, in groups of young pigs treated
with plasmids that directed the expression of wild-type (wt)
porcine GHRH, a novel serum protease-resistant porcine
GHRH, HV-GHRH or β-galactosidase (for controls) [35].
Treated 3-week-old piglets received a single high-dose
intramuscular injection of plasmid (up to 10 mg). Serum
GHRH levels were elevated 2- to 4-fold, which increased GH
secretion and enhanced serum IGF-I levels 3- to 6-fold
compared with control pigs. Animals were fed a 24%
protein, 1.6% lysine diet at 6% of their body weight. Under
these conditions, the average increase in body weight over
65 days in the pSP-HV-GHRH-injected pigs was 37% greater
than in controls and 21% greater in pigs treated with the
pSP-wt-GHRH. Additionally, as usually encountered with
GH treatment, serum urea concentrations were significantly
reduced as a result of reduced amino acid catabolism [35].

Increases in weight and body composition in the
porcine model

Subsequently, dose-response and time-course studies were
performed [40]. Young pigs, 7 to 10 days-old, were treated
with escalating doses of plasmid (0.1 to 3 mg of pSP-HVGHRH). The group treated with 0.1 mg of plasmid had
greater weight gain over 53 days (22.4 ± 0.8 kg versus 19.7 ±
0.03 kg in control pigs, p < 0.01). Body composition studies
by dual X-ray absorptiometry showed a 22% decrease in fat
deposition (p < 0.05) and a 10% increase in bone mineral
density (p < 0.004). A small number of pigs (< 5%) that had
been treated with 3 mg of HV-GHRH-expressing plasmid
developed neutralizing antibodies and consequently did not
show any improvement in their rates of weight gain
compared with controls.

Tremendous progress has been made in the identification of
the stimulatory molecules that regulate growth, the
mechanisms of action and the potential application of these
molecules for livestock production [92,93]. A parallel and

Subsequent studies were performed under farm conditions
in two separate trials of 150 and 180 young pigs. Groups of
20 animals were treated with 0.05 to 2 mg of pSP-HV-GHRH
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or pSP-wt-GHRH, with one group as control. Average daily
gain over the 143-day experiment was improved by 5.5 to
9.0% for the groups treated with 0.1, 0.5 or 1 mg of pSP-HVGHRH (0.85 ± 0.02 kg/day for GHRH plasmid-treated pigs
versus 0.78 ± 0.02 kg/day for control pigs, p < 0.03). At
slaughter, dressing percentage (the weight of the dressed
carcass compared with the weight of the live animal) was
4.4% higher with GHRH plasmid treatment (p < 0.001).
Additionally, 2 months after treatment, the value of the
CD4+/CD8+ ratio, a marker of immune function, was
assayed and found to be 25% higher in the GHRH plasmidtreated pigs (p < 0.05). Increased immune surveillance may
explain the improvements in animal health.

Inter-generational effects of plasmid-mediated
GHRH supplementation
Results from several studies on rats and pigs have
demonstrated that when pregnant animals were treated
with a GHRH-expressing plasmid, they gave birth to
offspring that had increased numbers of somatotrophs and
lactotrophs [46,47]. When studies in large animals were
conducted, perinatal morbidity and mortality were also
significantly decreased. Together, these studies suggest that
stable production of GHRH can produce a number of direct
physiological effects on the injected organism, as well as
inter-generational effects on the offspring.
Gilts (female pigs that have never given birth) were treated
with 0.1 to 5 mg of a GHRH-expressing plasmid at 85 to 90
days of gestation, and piglets were followed from birth to
slaughter. The results revealed a dose threshold. Effects
were clear for the offspring born to gilts treated with 5 mg of
plasmid and included enhanced birth (13%, p < 0.025) and
slaughter weights (11%, p < 0.001), improved feed efficiency
(3.5%, p < 0.026), higher serum GHRH (20%) and IGF-I
concentrations (p < 0.05), and increased numbers of pituitary
somatotrophs (19% at birth, p < 0.027; 50% at slaughter, p <
0.0012) and lactotrophs (62.4% at birth, p < 0.015; 31% at
slaughter, p < 0.001) in the progeny [46]. In a subsequent
trial conducted on a larger number of gilts (n = 80/group),
we also recorded a decreased mortality in the offspring of
treated gilts (57%) compared with untreated animals, and
this effect was maintained for at least the first two
consecutive litters following treatment of the sows [46].
To establish the extent to which these effects on the progeny
were the result of intra-uterine versus lactational
consequences of the GHRH-plasmid treatment, crossfostering studies were conducted. When the progeny of
control gilts (n = 12 to 24/treatment group) were crossfostered at birth to GHRH plasmid-treated gilts, they were
12% heavier at weaning compared with the control piglets
nursed on control gilts. The progeny of GHRH plasmidtreated gilts nursed on treated gilts were 28% heavier (p <
0.055) at weaning compared with progeny of control gilts
that nursed on controls, while their littermates that nursed
on control gilts were 22% heavier [95]. These observations
indicate that although treated gilts produced more milk,
intra-uterine effects must have been responsible for the
changes present at birth of their progeny and their
subsequent capacity to grow faster post-natally, even when
cross-fostered to non-treated control gilts. The higher
numbers of somatotrophs and lactotrophs maintained from

birth to slaughter indicate that this profile is maintained
permanently and thus can sustain prolonged effects on a
variety of parameters from growth and feed efficiency to
immune function and overall mortality [46,95].
The exact mechanisms responsible for these responses are
unknown and may involve both direct and indirect effects of
GHRH on the fetus. Moreover, the relative importance of
individual mechanisms may be species dependent.
Improved fetal and neonatal growth could be due partially
to indirect effects of the enhanced maternal GH production
on nutrient transport from the mother to the fetus prenatally [96] and on milk production post-natally [97]. On the
other hand, the pituitary changes could be ascribed to direct
effects of GHRH on the pituitary [46]. During early
development, chronic exposure to GHRH enhances
somatotroph proliferation, increases GHRH receptor mRNA
expression [98], and stimulates GH gene transcription and
secretion. Importantly, the immature pituitary is more
responsive to GHRH than the mature gland. The GHRHinduced responses are mediated largely by the transcription
factor Pit-1 [99], the expression of which is stimulated by
GHRH [100]. However, there is no direct evidence to date
for the trans-placental transfer of GHRH. There are data in
humans to suggest that GHRH and other comparably small
proteins, such as insulin and IGF-I, do not cross the placenta
[101]. Nonetheless, based on our previous results, it is our
hypothesis that GHRH is one of the variety of proteins that
can access fetal circulation and affect pituitary development.

Conclusions
GHRH is a member of the hypothalamic hormone family.
Originally recognized simply as factors controlling anterior
pituitary secretions [102••], these peptides now comprise their
own chapter of physiology and medical endocrinology. It is
well-known that GHRH and its receptors are ubiquitous and
have profound effects on a large number of organs and
functions.
In this review, a novel method of augmenting GH secretion
through the single administration of a GHRH-expressing
plasmid has been described. This GHRH-expressing plasmid
can treat the cachexia and anemia associated with cancer and
renal failure, decrease tumor growth, enhance immune function
and body composition, increase weight and decrease perinatal
morbidity and mortality of the offspring after treatment of a
pregnant animal. This research is facilitated by new molecular
biology tools that allow the study of short- and long-term
effects of GHRH in both physiological and pathological
situations in several species of various sizes, from cows and
horses, to companion animals such as dogs and cats. The
strength of this technology is that beneficial effects of plasmidmediated GHRH administration have been demonstrated
across species. We believe that this technology has the potential
to transition from veterinary applications to human
applications in the near future.
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