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Interest in pharmacological intervention to combat metabolic syndrome and its complications is increasing
as the prevalence of obesity is reaching epidemic proportions. The potential efficacy of drugs is often tested
in animal models; however, the method of drug delivery is frequently overlooked and may act as a
confounder due to stress. We hypothesized that long-term orogastric gavage would negatively influence the
development of hepatic steatosis and the metabolic syndrome in a murine model of diet-induced obesity.
C57BL/6J male mice were fed a high fat diet and were gavaged with a vehicle once or twice daily for 9 weeks.
A group without orogastric gavaging served as control. A similar experiment was performed using leptin
deficient ob/ob mice that were fed a standard diet for 4 weeks. Food intake was monitored, insulin resistance
determined, and steatosis was assessed by histology and quantified via magnetic resonance spectroscopy.
After 9 weeks, control C57BL/6J mice exhibited significantly more weight gain, insulin resistance and hepatic
steatosis, compared to mice that were gavaged daily, or twice daily. This effect was likely due to decreased
food consumption associated with gavage-induced stress. In contrast, the phenotype of leptin deficient ob/ob
mice was not affected by orogastric gavage. Therefore, we concluded that orogastric gavage may lead to
increased stress, thereby affecting food intake and the development of diet-induced obesity in a murine
model. The effects of what may seem to be trivial laboratory routines, such as orogastric gavage, should be
taken into account when designing animal studies for drug development.
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1. Introduction

Metabolic syndrome is a cluster of interrelated risk factors for
diabetes and cardiovascular disease, including obesity, hyperglyce-
mia, dyslipidemia and elevated blood pressure [1]. The prevalence of
the metabolic syndrome is increasing worldwide, estimated to be 35–
40% both in the US [1] and in the Middle East [2], depending on the
criteria used. Risk factors for the metabolic syndrome are mainly
related to a sedentary lifestyle and obesity. The prevalence of non-
alcoholic fatty liver disease, which is considered to be the hepatic
manifestation of the metabolic syndrome [3], is increasing as well,
affecting up to 30% of individuals with the syndrome [4]. Non-
alcoholic fatty liver disease is a spectrum of disease ranging from the
simple build-up of fat in the liver (hepatic steatosis) to non-alcoholic
steatohepatitis, cirrhosis, and ultimately liver failure [5]. The main
goal of treating metabolic syndrome is to reduce obesity, especially
abdominal girth, through amultimodality approach that includes diet,
excise, and pharmacologic intervention [6]. Pharmacologic agents can
be used to target both energy intake and energy expenditure, reduce
food consumption, and to improve markers of insulin sensitivity,
hypercholesterolemia and hepatic steatosis. Despite the availability of
several classes of drugs such as antihyperglycemics, antihyperten-
sives, and lipid lowering agents, further drug development is
warranted to overcome current limitations, potentially leading to
improved clinical management of the metabolic syndrome and its
associated complications.

In order to test the efficacy of drugs on treating the metabolic
syndrome, animal models are essential to investigate the relative
influence of various treatments on energy intake, energy expenditure,
and body weight. In animal models, drugs can be administered
intravenously, intraperitoneally or via orogastric gavage, the last
considered to be the least invasive route. However, even non-invasive
laboratory routines such as personnel entering the animal housing
room, cage maintenance, and body weight measurements may elicit
an acute stress response [7]. More stressful procedures such as
restraining the animal, may induce catabolism by activating the
corticotrophin-releasing hormone system [8,9]. Moreover, chronic
activation of the stress response has been associated with altered
energy homeostasis and reduction of body fat content [10]. Other
reports, however, support a link between exposure to chronic stress
and the development of obesity [11,12]. To this day, it remains to be
demonstrated whether an acute stressor such as repetitive orogastric
gavage may by itself influence the metabolic phenotype of the model
studied.
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The aim of this study was to investigate the degree of stress
induced by different frequencies of orogastric gavage on food intake,
fat deposition, insulin resistance and hepatic steatosis in obesity-
prone C57BL/6J and ob/ob mice. Using the classic model of diet-
induced obesity as well as the transgenic model of leptin deficiency,
we hypothesized that long-term, repetitive orogastric gavaging of
mice would alter the development of the metabolic syndrome, and in
particular, hepatic steatosis.

2. Materials and methods

2.1. Animals and general housing conditions

C57BL/6Jmice (Jackson Laboratories, Bar Harbor,ME) fed a high fat
diet ad libitum gradually develop visceral adiposity, hyperglycemia,
insulin and leptin resistance, as well as hepatic steatosis, sharing
many of the same obesity related phenotypes as humans [13].
B6.V-Lepob/J mice (Jackson Laboratories, Bar Harbor, ME), commonly
referred to as ob/ob mice, are homozygous for the spontaneous
mutation of the Lepob gene and exhibit obesity, hyperphagia, diabetes,
and hepatic steatosis. They are both hypometabolic and hypothermic
[14,15]. Male 5-week-old mice were housed 4 (ob/ob) or 5 (C57BL/6J)
animals per cage onpaper chip bedding in a barrier roomwith regulated
temperature (21 °C±1.6 °C), humidity (45%±10%), and an alternating
12-hour light and dark cycle. All animals had free access to water and
standard rodent chowpellets (Prolab Isopro, RMH3000#25; containing
14% fat, 26% protein, and 60% carbohydrate by calories; energy density
4.1 kcal/g; Prolabs Purina, Richmond, IN) for an acclimation period of
1 week prior to study initiation. During the study period, the animals
wereweighed twice aweek and food intakewasmeasured daily. Intake
wasmeasured per cage to avoid potential additional stress of individual
housing. Animal protocols complied with the National Institutes of
Health Animal Research Advisory Committee guidelines, and were
approved by the Children's Hospital Boston Animal Care and Use
Committee (protocol no. A06-08-065R).

2.2. Study diets

Study diets were stored at −80 °C and provided fresh each day to
avoid lipid peroxidation. In the high fat purified rodent diet (D12492;
Research Diets, New Brunswick, NJ), the amount of calories derived
from fat, protein, and carbohydrates were 60%, 20%, and 20%,
respectively (energy density of 5.24 kcal/g). In the standard purified
rodent diet (D12450B; Research Diets, New Brunswick, NJ), 10% of
calories were derived from fat, 20% from protein, and 70% from
carbohydrates (energy density of 3.85 kcal/g).

2.3. Intervention

Animals received 0.2 mL of a common vehicle, 0.45% (w/v)
methylcellulose (Sigma-Aldrich, St. Louis, MO) in double distilled
H2O, via orogastric gavage through a 30 mm 20 Gauge feeding needle
(Fine Sciences Tools Inc., Foster City, CA). Mice were gavaged daily
between 07:00 and 09:00 h, or if twice, again between 19:00 and
21:00 h. Control mice were disturbed and manually handled daily
without gavaging. Orogastric gavage was routinely performed by
one experienced investigator (VM) throughout the study, with 0%
mortality.

2.4. Study design

After the one week acclimation period, fifteen C57BL/6J mice were
placed on the high fat diet and randomized into three groups. In a
separate study, twelve leptin deficient ob/ob mice were acclimatized
for one week, were fed a standard purified rodent diet and
randomized into three groups. In both experiments, animals in the
control group (0×/day) were not gavaged and served as controls,
whereas animals in the second (1×/day) and third group (2×/day)
were gavaged daily, or twice daily, respectively, throughout the study
period.

2.5. Specimen collection

At the end of the feeding experiments, mice were fasted for 6 h.
Glucose concentration was determined from tail vein blood using the
OneTouch UltraSmart Blood Glucose Monitoring System (LifeScan,
Milpitas, CA). Mice were then anesthetized with 2.5% Avertin (2,2,2-
Tribromoethanol, Sigma-Aldrich, St. Louis, MO) by intraperitoneal
injection. Blood was then collected via retro-orbital sinus puncture
and centrifuged at 14,000 rpm at 4 °C for 10 min to obtain serum.
Serum was delivered to the Clinical Laboratory at Children's Hospital
Boston for analysis of alanine aminotransferase (ALT), total choles-
terol and triglyceride levels.

We then performed a midline laparotomy to observe, excise, and
weigh the liver. The frontal lobe of the liver was fixed in 10% formalin
at 4 °C overnight, washed with phosphate-buffered saline, and then
embedded in paraffin. The left lateral lobe was excised and collected
for magnetic resonance (MR) spectroscopy analysis. The remaining
liver was immediately snap-frozen in liquid nitrogen and stored at
−80 °C.

White adipose tissue was dissected according to previously
defined anatomic landmarks [16]. It was then weighed, snap-frozen
in liquid nitrogen, and stored at−80 °C. Inguinal (all subcutaneous fat
between the lower part of the rib cage andmid thigh), mesenteric (all
fat along the mesentery from the lesser curvature of the stomach to
the sigmoid colon), retroperitoneal and epidydimal fat pads were
weighed and expressed relative to eviscerated body weight. A white
adipose tissue fat index was calculated using the sum of the individual
fat pads as a percentage of the eviscerated body weight [16].

2.6. Surrogate indexes of insulin sensitivity and resistance

Insulin levels were measured using a rat/mouse insulin ELISA kit
(Linco Research, St. Charles, MO). Surrogate indexes for insulin
sensitivity were calculated, including quantitative insulin-sensitivity
check index (QUICKI), homeostasis model assessment (HOMA) and
log(HOMA) [17]. The calculations were performed as follows:
QUICKI=1/[log(I0)+log(G0)], where I0 is the fasting insulin (μU/
mL) and G0 is the fasting glucose (mg/dL); HOMA=(G0× I0)/22.5
(with glucose expressed as mmol/L and insulin expressed as μU/mL);
and log(HOMA).

2.7. Hepatic histology

Paraffin-embedded sections of the liver were stained with
hematoxylin and eosin and periodic acid Schiff's/diastase to examine
cellular architecture, glycogen deposition and lipid accumulation.
Frozen tissue sections embedded in tissue medium (Optimal Cutting
Temperature OCT, Sakura Fenetek, Torrance, CA) were stained with
Oil Red-O to detect fat droplets. A pathologist blinded to the treatment
groups conducted a histological analysis of the liver sections.

2.8. Hepatic MR spectroscopy

MR spectroscopy was performed by the MR Laboratory at Beth
Israel Deaconess Medical Center [18]. Samples were thawed at room
temperature for 1 h prior to analysis, blotted free of excess water and
connective tissue, and placed in 5 mm diameter glass tubes for MR
spectroscopy. An 8.5 T vertical bore magnet (DRX system, Bruker
Instruments, Billerica, MA) was used for spectroscopic measurements
of fat and water resonances. Specifically, a point resolved echo
spectroscopic acquisition was applied to homogenous regions of liver,
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as identified from fast low angle shot images of the liver specimen.
Voxel volumes interrogated spectroscopically with the point resolved
echo spectroscopic sequence were 2 mm3. The repetition and echo
times were 8 s and 12 ms, respectively, and 16 signal averages were
acquired per spectrum. The water resonance and the methylene/
methyl resonances were numerically integrated using the manufac-
turer supplied Paravision 4.0 software (Bruker Instruments, Billerica,
MA). The methylene/methyl area was divided by the sum of the
methylene/methyl area plus the water area to obtain the MR
spectroscopy parameter representing hepatic fat fraction used for
group comparisons.

2.9. Statistical analyses

Continuous data are expressed as means±standard error of the
mean (SEM). The Kolmogorov–Smirnov one sample test was used to
check Gaussianity of the continuous data. Data sets involving more
than two groups were assessed by analysis of variance (ANOVA), or if
nonparametric, using the Kruskal–Wallis test. Repeated measures
ANOVA was used to analyze body weight gain. If the ANOVA showed
significant effects, group means were further compared using the
unpaired two-tailed Student's t test, or if nonparametric, by using the
Mann–Whitney U test. P≤0.05 was considered statistically signifi-
cant. All data were collected in a computerized Microsoft Excel
database (Microsoft Inc., Redmond, WA). The analysis was performed
with SPSS version 16.0 (SPSS Inc., Chicago, IL) statistical software, and
figures were created using GraphPad Prism version 5.0 (GraphPad
Software Inc., La Jolla, CA) software.

3. Results

3.1. C57BL/6J mice fed a 60% high fat diet for 9 weeks

3.1.1. Repetitive orogastric gavage of C57BL/6J mice on a high fat diet
decreased body weight gain, energy intake, liver weights and adiposity,
compared to non-gavaged animals

After 9 weeks of high fat feeding and a varying frequency of
orogastric gavaging among groups, control (0×/day) animals gained
significantly more weight compared to 1×/day and 2×/day animals
(F(2,12)=17.87, P=0.0003) (Table 1; Fig. 1). Compared to once
Table 1
Body weights, tissue weights, caloric intake and surrogate markers for insulin
resistance in C57BL/6J mice that were gavaged with different frequencies for 9 weeks.

Gavage frequency

0×/day 1×/day 2×/day

Body weight gain (g) 19.0±1.8 9.8±1.3** 8.6±0.8***
Liver weight (g) 1.72±0.17 1.25±0.09* 1.12±0.04**
Liver/body weight ratio 0.045±0.00 0.040±0.00 0.040±0.00
Total caloric
intake/mouse

(kcal) 740 636 600

Caloric efficiency (g/kcal) 0.0257 0.0154 0.0143
Relative Inguinal
fat mass

(%) 6.92±0.38 4.39±0.70* 2.91±0.07***

Mesenteric fat pad (%) 3.55±0.14 2.39±0.28** 1.89±0.16***
Retroperitoneal fat pad (%) 2.33±0.16 1.61±0.33 1.48±0.04**
Epidydimal fat pad (%) 9.09±0.38 7.20±1.31 6.08±0.14***
White adipose tissue
fat index

(%) 21.88±0.80 15.58±2.32* 12.36±0.22***

Fasting glucose (mg/dL) 406±40 322±18 351±37
Fasting insulin (μU/mL) 42.8±3.2 28.0±8.7 29.6±3.2
QUICKI 0.24±0.00 0.27±0.01 0.26±0.01
HOMA 43.0±6.8 22.6±7.4 28.0±11.1
Log(HOMA) 1.62±0.06 1.19±0.23 1.29±0.19

Values given are means±SEM; 0×/day group was used as reference; *Pb0.05;
**Pb0.01; ***Pb0.001. QUICKI indicates quantitative insulin-sensitivity check index;
HOMA, homeostasis model assessment.
(1×/day) or twice daily (2×/day) gavaged animals, the control group
consumed more food throughout the study resulting in a higher
caloric efficiency (Table 1; Fig. 1). Liver weights, liver/body weight
ratios and individual fat pad weights were all significantly higher in
the non-gavaged, control animals (Table 1). After 9 weeks, control
animals had a significantly higher white adipose tissue fat index
compared to both 1×/day and 2×/day animals (Kruskal–Wallis
statistic=10.50, P=0.0052) (Table 1). Repetitive orogastric gavage
thus negatively affected the development of obesity in C57BL/6J mice
fed a high fed diet, likely due to decreased energy consumption.

3.1.2. Repetitive orogastric gavage of C57BL/6J mice on a high fat diet
does not impair insulin sensitivity, compared to non-gavaged animals

In order to compare the effects of a varying frequency of orogastric
gavage on insulin sensitivity we measured serum values for glucose
and insulin and calculated surrogate markers (QUICKI, HOMA and
log(HOMA)) for insulin sensitivity. Values of mice that were gavaged
1×/day and 2×/day were compared to those of control animals. Fasting
blood glucose (F(2,12)=1.63, P=0.2365), insulin levels (F(2,12)=
1.08, P=0.3692), and surrogate markers of insulin sensitivity (QUICKI:
Kruskal–Wallis statistic=2.24, P=0.3263); HOMA: F(2,12)=1.50,
P=0.2628; log(HOMA): F(2,12)=1.62, P=0.2384) were not signifi-
cantly affected by repetitive orogastric gavage (Table 1).

3.1.3. Repetitive orogastric gavage of C57BL/6J mice on a high fat diet
decreased ALT values, but did not affect triglyceride and cholesterol
levels, compared to non-gavaged animals

ALT is used as a marker for evaluation of hepatic injury and is
elevated inmice with hepatic steatosis. Liver enzymes weremeasured
in all experimental groups (Fig. 1). When compared to controls, 1×/
day and 2×/day mice exhibited lower mean ALT values (Kruskal–
Wallis statistic=7.75, P=0.0207), suggesting impaired progression
of hepatic steatosis. Cholesterol (F(2,12)=0.22, P=0.8050) and
triglyceride levels (Kruskal–Wallis statistic=1.83, P=0.3999) were
not significantly affected by repetitive orogastric gavage (Fig. 1).
These data suggest that the liver injury associated with high fat
feeding in the model of diet-induced obesity was significantly
impaired by repetitive orogastric gavage.

3.1.4. Repetitive orogastric gavage of C57BL/6J mice on a high fat diet
diminished hepatic steatosis as assessed by histology, compared to
non-gavaged animals

To further explore the potential effects of orogastric gavage on the
development of hepatic steatosis in the diet-induced obesity model,
we analyzed hematoxylin and eosin, and Oil Red-O stained liver
sections (Fig. 2). Liver sections from control mice showed fat
throughout the liver parenchyma, including both macro- and
microvesicular steatosis. Microvesicular and macrovesicular steatosis
were present predominantly in the periportal and midzone areas,
whereas occasional ballooned hepatocytes and macrovesicular stea-
tosis were present in the central vein area. In contrast, liver sections
from 1×/day and 2×/day animals showed moderate steatosis,
predominantly microvesicular. Occasional macrovesicular hepato-
cytes were observed in the periportal zone. Analysis of periodic acid
Schiff's/diastase-stained liver sections excluded glycogen deposition
as a cause of microvesicular changes in hepatocytes (data not shown).
Steatohepatitis and acute inflammation were not observed in any of
the experimental groups.

3.1.5. Repetitive orogastric gavage of C57BL/6J mice on a high fat diet
diminished hepatic steatosis as assessed by MR spectroscopy, compared
to non-gavaged animals

Hepatic fat content was quantified by using MR spectroscopy.
Representative spectra of the different groups are shown (Fig. 3). Mice
that were gavaged once (1×/day) or twice daily (2×/day) exhibited a
decreased liver fat content of 14.0±3.4% and 8.9±2.4%, respectively



Fig. 1. Absolute mean caloric intake per C57BL/6J mouse per week (A) was calculated per group on a daily base. Body weight gain (B) was calculated relative to the weight of each
individual animal before initiation of the experiment. Plasma alanine aminotransferase (ALT; C), total cholesterol (D) and triglyceride (E) levels in the different groups. Values
represent the mean±SEM. Statistical significance is calculated between the control animals (0×/day) and the difference between 1×/day animals and 2×/day animals (*, Pb0.05).
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(F(2,12)=6.50, P=0.0122), when compared to non-gavaged mice
(0×/day; 34.5±8.2%), demonstrating the effect of orogastric gavage
on hepatic fat accumulation (Fig. 3D). These data corroborate our
Fig. 2. Representative liver sections stained with hematoxylin and eosin (H&E; top panels; o
Livers from C57BL/6J animals that had not been gavaged revealed extensive, microvesicular
been gavaged once (middle panels), or twice daily (right panels), exhibited moderate, pred
histological findings that repetitive orogastric gavage of animals fed
a high fat diet significantly affected the development of hepatic
steatosis.
riginal magnification 400×), and Oil Red-O (lower panels; original magnification 200×).
and macrovesicular steatosis after 9 weeks (left panels). Livers from animals that had
ominantly microvesicular steatosis. P indicates portal tract; CV, central vein.



Fig. 3.Magnetic resonance spectra for 0×/day (A), 1×/day (B) and 2×/day (C) livers from C57BL/6J mice. Percent fat content was determined relative to water (100%) by numerical
integration of the areas under the lipid andwater peaks. Mean hepatic fat fraction asmeasured bymagnetic resonance spectroscopy (D). Statistical significance is calculated between
the 0×/day animals and the difference between 1×/day animals and 2×/day animals, respectively (*, Pb0.05). Variance statistic is SEM.

Table 2
Body weights, tissue weights and caloric intake in ob/ob mice that were gavaged with
different frequencies for 4 weeks.

Gavage frequency

0×/day 1×/day 2×/day

Body weight gain (g) 4.7±0.2 4.1±0.3 4.3±0.5
Liver weight (g) 2.47±0.12 2.41±0.20 2.31±0.26
Liver/body weight ratio 0.059±0.00 0.056±0.00 0.055±0.00
Total caloric intake/mouse (kcal) 322 323 297
Caloric efficiency (g/kcal) 0.0146 0.0127 0.0145
Relative inguinal fat mass (%) 16.32±0.15 15.67±0.53 16.31±0.50
Mesenteric fat pad (%) 5.07±0.16 4.85±0.10 4.78±0.51
Retroperitoneal fat pad (%) 9.60±0.17 9.98±0.24 9.10±0.59
Epidydimal fat pad (%) 12.96±0.45 13.02±0.33 12.76±0.25
White adipose tissue
fat index

(%) 43.96±0.33 43.52±0.56 42.95±1.70

Fasting glucose (mg/dL) 206±10 200±12 239±29

Values given are means±SEM; 0×/day group was used as reference.
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3.2. Ob/ob mice fed a standard diet for 4 weeks

3.2.1. Repetitive orogastric gavage of ob/ob mice on a standard diet did
not influence body weight gain, energy intake, liver and fat pad weights,
and fasting glucose levels, compared to non-gavaged animals

Since the confounding effects of orogastric gavage in the diet-
induced obesity model appeared, at least in part, to be mediated by
decreased food intake, we next investigated whether previously
established obesity, insulin resistance and hepatic steatosis could be
affected by orogastric gavage of leptin deficient ob/ob mice. Ob/ob
mice exhibit profound hyperphagia, even on low fat diets, and may
thus be less susceptible to gavage-induced stress. After 4 weeks, there
were no significant differences in body weight gain (F(2,9)=0.38,
P=0.6924), liver weights (F(2,9)=0.13, P=0.8769), adipose tissue
weights (F(2,9)=0.18, P=0.8361) or fasting glucose levels (F(2,9)=
1.15, P=0.3633) between control ob/ob mice and ob/ob mice that
were gavaged once daily (1×/day) or twice daily (2×/day) (Table 2;
Fig. 4). More importantly, total caloric intake and caloric efficiency
were similar among groups, indicating that repetitive orogastric
gavage did not inhibit food intake in leptin deficient ob/ob mice
(Table 2; Fig. 4).

3.2.2. Repetitive orogastric gavage of ob/ob mice on a standard diet did
not affect the severity of hepatic steatosis, compared to non-gavaged
animals

Liver enzymes were measured on all experimental groups to
evaluate the effects of repetitive orogastric gavage on ob/ob mice
(Fig. 4). ALT (F(2,9)=1.12, P=0.3716), cholesterol (F(2,9)=0.77,
P=0.4949) and triglyceride levels (F(2,12)=0.34, P=0.7231) were
not significantly different among groups. Liver sections stained with
hematoxylin and eosin and Oil Red-O were analyzed and demon-
strated severe, predominantly macrovesicular steatosis throughout
the parenchyma, with extensive hepatocyte ballooning but without
inflammation, in all groups (data not shown). No differences were
observed between control ob/ob mice and ob/ob mice that were
gavaged once daily (1×/day) or twice daily (2×/day). MR spectros-
copy was used to quantify the effect of orogastric gavage on hepatic
fat accumulation (Fig. 4). Again, no significant differences were seen
among groups (F(2,9)=0.14, P=0.8689) thereby corroborating our
histological findings that repetitive orogastric gavage of ob/ob mice
did not affect the severity of hepatic steatosis.

4. Discussion

The prevalence of the metabolic syndrome and its associated
complications, including hepatic steatosis, is reaching epidemic
proportions. In addition to lifestyle modifications, pharmacologic
interventions are being increasingly explored. Murine models of diet-
induced obesity as well as transgenic models are widely used to
investigate the potential efficacy of drugs on controlling themetabolic



Fig. 4. Absolute mean caloric intake per ob/ob mouse per week (A) was calculated per group on a daily base. Body weight gain (B) was calculated relative to the weight of each
individual animal before initiation of the experiment, showing no difference. After 4 weeks, mean hepatic fat fraction as measured by magnetic resonance spectroscopy revealed no
significant difference between groups (C). Plasma alanine aminotransferase (ALT; C), total cholesterol (D) and triglyceride (E) levels were not statistically different between groups
after 4 weeks. Values represent the mean±SEM. Statistical significance is calculated between the control animals (0×/day) and the difference between 1×/day animals and 2×/day
animals (*, Pb0.05).
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syndrome. However, methods of drug administration, even those that
are perceived to be the least invasive, may induce stress. This can
potentially introduce confounders that will affect outcomes. In this
study we aimed to investigate the effect of various frequencies of
orogastric gavaging on food intake, fat deposition, insulin resistance
and hepatic steatosis in mice. Our results indicated that an acute
stressor such as repetitive orogastric gavage influenced the develop-
ment of the metabolic syndrome, in particular, hepatic steatosis, in
diet-induced obese C57BL/6J mice, but not in transgenic ob/ob mice.

Orogastric gavage is a common laboratory procedure in toxicology,
pharmacology and drug-development studies, used to deliver the
experimental compounds. Gavaging involves the physical stress of
handling and restraining the animal, followed by insertion of a rigid
metal feeding needle from mouth to stomach. Orogastric gavage may
lead to respiratory interference and stomach distension. Besides
possible toxic effects of the agent studied, complications of orogastric
gavage may include inadvertent tracheal cannulation/administration,
reflux, aspiration pneumonia, esophageal perforation, hemothorax
and death [7,19]. Many of these complications are associated with
restraint and incorrect placement of the feeding needle. In our study,
however, orogastric gavage was routinely performed by one experi-
enced investigator resulting in neither morbidity nor mortality.

In this study we demonstrated that orogastric gavage led to
decreased food intake in the C57BL/6J mice, thereby altering the
development of the metabolic syndrome. In particular, the severity of
hepatic steatosis, which is increasingly recognized as the hepatic
manifestation of themetabolic syndrome, was significantly reduced in
gavaged C57BL/6J animals, as demonstrated by histology and
confirmed by MR spectroscopy. In contrast, ob/ob mice which exhibit
obesity, hyperphagia, diabetes and hepatic steatosis due to a
spontaneous mutation in the Lepob gene, were not affected by daily
or twice daily orogastric gavage. The difference might be due to their
distorted leptin signal leading to hyperphagia, thereby maintaining
their food intake level. We believe that this difference, combined with
their hypometabolic and hypothermic physiology, may have counter-
balanced the impact of orogastric gavage-induced stress [14,15].

Handling and restraining during repetitive orogastric gavage has
been associated with an increased stress response, which may have
led to the observed decreased food intake in the C57BL/6J mice [7]. In
addition, although we did not study damage of the oropharynx upon
necropsy, development of granulation tissue in the oropharynx
following repeated gavage of rats has been reported [20]. This may
indicate that repetitive orogastric gavage can lead to recurrent
abrasion of the oropharynx, potentially leading to scarring and
aversion to oral intake. However, the reported effects might have
been strain-specific [21].

Although this study is the first of its kind to demonstrate the
effects of orogastric gavage in mouse models of the metabolic
syndrome, an important limitation warrants consideration. The
acute stress response can be analyzed by measuring the plasma
concentrations of corticosterone, the principal glucocorticoid pro-
duced by mice in the stressed state [22,23]. Acute stress, such as
restraining the animal, may also activate the corticotrophin-releasing
hormone system, potentially inducing catabolism [8,9]. In this study
we did not directly measure plasma concentrations of stress related
hormones. Although blood sampling to analyze hormone levels may
be the most sensitive and accurate method of continual stress
analysis, blood sampling is itself an invasive technique which has
been shown to increase corticosterone levels [23]. An alternative
method would have been the measurement of fecal corticosterone
concentrations [24]; however, because the stressful event only lasted
for a short time but was repeated over a longer period, the exact
timing of sampling would have been difficult to assess.

In conclusion, this study demonstrates that long-term, repetitive
orogastric gavage-induced stress may affect food intake and,
subsequently, the development of the metabolic syndrome and
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hepatic steatosis in diet-induced obese C57BL/6J mice, but not in
leptin deficient ob/ob mice. The effects of laboratory routines such as
orogastric gavage on the diet-induced obesity model should be taken
into account when designing animal studies for drug development.
Alternative, minimally invasive methods of drug administration, such
as implantation of an mini-osmotic pump [25], may be more suitable
for long-term drug administration in diet-induced obesity models
by avoiding the recurrent gavage-related stress response and its
associated complications.
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