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Abstract

Bacterial lipopolysaccharide (LPS) in rodents is an established model for studying innate immune

responses to gram-negative bacteria and mimicking symptoms of infections including reduced

food intake associated with decreased circulating total ghrelin levels. The ghrelin-acylating

enzyme, ghrelin-O-acyltransferase (GOAT) involved in the formation of acyl ghrelin (AG) was

recently identified. We investigated changes in circulating AG, desacyl ghrelin (DG) and GOAT

induced by intraperitoneal LPS (100μg/kg) and associated changes in food intake. Plasma AG and

total ghrelin were assessed by radioimmunoassay, GOAT protein by Western blot and mRNA by

RT-qPCR. DG was derived from total minus AG. Plasma AG and DG were decreased at 2h, 5h

and 7h (p<0.01) post injection compared to vehicle and recovered at 24h. At 2h there was a

significantly greater decrease of AG (-53%) than DG (-28%) resulting in a decreased AG/DG ratio

(1:5, p <0.01), which thereafter returned to pre-injection values (1:3). This altered ratio was

associated with a 38% decrease in plasma GOAT protein compared to vehicle (p <0.001), whereas

gastric GOAT protein was slightly increased by 10% (p<0.05). GOAT mRNA expression was

unchanged. Food intake was reduced by 58% measured during the 1.5-2h period post LPS

injection. Decreased plasma AG and DG preceded the rise in rectal temperature and blood glucose

that peaked at 7h. These data indicate that LPS induces a long-lasting reduction of AG and DG

levels that may have a bearing with the decrease in food intake. The faster drop in AG than DG

within 2h is associated with reduced circulating GOAT.
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1. Introduction

Ghrelin was discovered in 1999 by Kojima and co-workers and identified as the endogenous

ligand of the orphan growth hormone secretagogue receptor 1a (GHS-R1a) [17]. Ghrelin

circulates in two major forms, acyl and desacyl ghrelin [11]. Acyl ghrelin has a unique

octanoyl group on the serine in position three which is essential to activate the GHS-R1a [3].

Therefore, desacyl ghrelin that lacks this lipophilic group was initially considered a non-

active molecular form. In recent years, growing evidence has indicated that desacyl ghrelin

is a bioactive peptide exerting biological actions different from those of acyl ghrelin in a

GHS-R1a independent manner [35]. Acyl ghrelin plays a major role as stimulator of food

intake [35], whereas desacyl ghrelin may modulate this effect [13].

Initially, studies indicated that desacyl ghrelin accounts for >90% of the circulating ghrelin

[11] with a ratio of acyl/desacyl ghrelin varying from 1:15 to 1:55 [11, 29]. We recently

developed the new RAPID method for blood processing that prevents ex vivo peptide

degradation and improves the recovery of endocrine gut peptides along with the detection of

their correct molecular form [37]. For acyl ghrelin, the RAPID method reduced ex vivo

conversion into the desacyl form by >80% [37] indicating the importance of optimizing

blood sampling and processing to assess circulating levels of the molecular forms of the

peptide.

The enzyme responsible for the acylation of ghrelin was unknown for almost one decade

and has recently been identified in mice and humans as the fourth member of the

superfamily of membrane-bound O-acyltransferases (MBOATs) and termed ghrelin-O-

acyltransferase (GOAT) [9, 42]. GOAT is the only physiologically occurring ghrelin-

acylating enzyme as shown by the complete absence of acyl ghrelin in GOAT knockout

mice [9]. GOAT mRNA was shown to be highly co-expressed with ghrelin in X/A-like cells

of the mouse gastric mucosa as assessed by in situ hybridization [32]. We recently

demonstrated that in rats GOAT-immunoreactive cells were predominantly found in the

lower third of glands and only half of the GOAT-positive cells co-expressed ghrelin whereas

the other half co-labeled with histidine decarboxylase, a marker for enterochromaffin-like

cells [36]. By contrast in mice, we found that nearly all gastric GOAT-immunopositive cells

co-labeled with ghrelin indicating differential expression of GOAT in the mouse and rat

gastric oxyntic mucosa [36]. Of interest was the detection of GOAT protein in the plasma

and its regulation in relation with the metabolic status as shown by an increase after 24h

fasting in rats and mice compared to ad libitum feeding [36]. These parallel changes suggest

a regulatory function of GOAT in the circulation to influence the acylation of ghrelin [36,

37].

Injection of lipopolysaccharide (LPS), originating from cell walls of gram-negative bacteria

such as Helicobacter pylori (H pylori), is a well characterized experimental model that

mimics most of the clinical features of systemic infections related to acute phase responses
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such as increased body temperature and reduced appetite as well as gastric transit when LPS

is injected at low doses in rodents [18, 19]. We previously reported that the LPS-induced

reduction of food intake is associated with a sustained decrease of fasting plasma levels of

total ghrelin in rats [2, 40]. Peripheral injection of ghrelin prevented the LPS-induced

decrease in food intake, gastric emptying and gastrointestinal transit [7, 40] indicative of a

potential role for altered ghrelin signaling in the decline of food ingestion and digestive

processes. However, the impact of LPS on circulating acyl and desacyl ghrelin and whether

those changes are associated with alterations of gastric and plasma GOAT protein

expression have not been characterized.

In the present study, we investigated the 24-h time course of changes in plasma levels of

acyl and desacyl ghrelin following intraperitoneal (ip) injection of LPS in conscious rats

using the recently described RAPID method [37]. Rats were fasted to induce elevated

circulating ghrelin levels and drive to eat as described before [40]. Changes in blood glucose

and rectal temperature were monitored simultaneously as index of homeostatic changes

induced by LPS. In addition the time course of the LPS-induced alterations of food intake

response to a fast was monitored for 24 h in separate studies. Lastly, changes in gastric and

plasma GOAT protein expression as well as gastric GOAT mRNA levels were assessed by

Western blot and real-time reverse transcription polymerase chain reaction (RT-qPCR)

respectively at 2 post LPS injection, when significant changes in the acyl/desacyl ghrelin

ratio were observed.

2. Methods

2. 1. Animals

Adult male Sprague-Dawley rats (Harlan, San Diego, CA) weighing 280–320 g were housed

4/cage under controlled illumination (06:00-18:00 h) and temperature (21–23 °C). Animals

had ad libitum access to standard rodent chow (Prolab RMH 2500; LabDiet, PMI Nutrition,

Brentwood, MO) and tap water. Protocols were approved by the Animal Research

Committees at the Veterans Affairs Greater Los Angeles Healthcare System (# 05-058-02).

Experiments were started between 09:00 and 10:00 h.

2.2. Surgery

Intravenous (iv) cannulation was essentially performed as described before [40]. Briefly, rats

were anesthetized with a mixture of ketamine (75 mg/kg ip; Fort Dodge Laboratories, Fort

Dodge, IA) and xylazine (5 mg/kg ip; Mobay, Shawnee, KS). The right external jugular vein

was cannulated using a sterile PE-50 tube filled with sterile saline, the catheter exteriorized

between the scapulae via subcutaneous tunneling, secured to the skin, filled with heparin

solution to maintain lumen patency (200 units/ml) and closed by wire obturator. Rats were

single housed after surgery and allowed to recover for three days during which they were

accustomed to the experimental procedures, namely handling for intraperitoneal (ip)

injection, light hand-restraint for blood withdrawal and measurement of rectal temperature.

Body weight was monitored before surgery and during the recovery period.
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2.3. Blood sampling and processing

Single housed rats were food deprived for 17h with free access to water. Starting at 09:00

vehicle (pyrogen-free saline, 300 μl) or LPS (Escherichia coli, serotype 055:B5; Sigma, St.

Louis, MO, 100 μg/kg body weight in 300 μl saline) was injected ip. Repeated blood

withdrawals (0.5 ml) were performed from the jugular vein cannula of conscious lightly

hand-restrained rats directly before and at 2, 5, 7 and 24h post vehicle or LPS. During that

time animals did not have food but free access to water.

Blood samples were processed according to the RAPID method as recently described in

detail [37]. Briefly, immediately after withdrawal, blood was diluted 1:10 in ice-cold buffer

(pH 3.6) containing 0.1 M ammonium acetate, 0.5 M NaCl, and enzyme inhibitors (diprotin

A, E-64-d, antipain, leupeptin, chymostatin, 1 μg/ml; Peptides International, Louisville,

KY), and centrifuged at 3000 rpm for 10 min at 4 °C. Sep-Pak C18 cartridges (360mg,

55-105μm, product-no. WAT051910, Waters Corporation, Milford, MA) were charged with

5 ml 100% acetonitrile and equilibrated with 10 ml 0.1% trifluoroacetate (TFA). The

equilibrated cartridges were loaded with sample, rinsed with 3 ml 0.1% TFA and eluted with

2 ml 70% acetonitrile containing 0.1% TFA. Eluted samples were dried by vacuum

centrifugation and powder stored at -80 °C until further processing. Samples were re-

suspended in double distilled H2O according to the original volume of plasma. Total and

acyl ghrelin levels were measured using specific radioimmunoassay kits (# GHRT-89HK

and GHRA-88HK, Millipore, Billerica, MA). Acyl and total ghrelin levels will also

comprise other forms of ghrelin such as des-Gln14-ghrelin which have been detected in low

amounts in the stomach [12] since the antibodies used have been raised against the N- and

C-terminus respectively (according to manufacturer's information). Desacyl ghrelin was

calculated as the difference of total minus acyl ghrelin for each individual sample.

2.4. Gel electrophoresis and Western blot analysis of GOAT protein in plasma and gastric
corpus

Overnight fasted rats (n=3/group) were injected ip (300 μl) with LPS (100 μg/kg body

weight in saline) or vehicle (saline) and euthanized by decapitation at 2 h after injection.

Gastric corpus and trunk blood were collected for assessment of GOAT protein expression.

Crude protein fractions of gastric corpus mucosa and plasma were prepared as described

before [36]. Briefly, trunk blood (1 ml) was collected in glass tubes, transferred to tubes

containing aprotinin (0.6 Trypsin Inhibitory Unit; ICN Pharmaceuticals, Costa Mesa, CA),

EDTA (7.5%, 10 μl/0.5 ml blood; Sigma, St. Louis, MO) and phenylmethylsulphonyl

fluoride (PMSF, 1mM) using syringes rinsed with EDTA (7.5%) and immediately

centrifuged at 4 °C for 10 min at 3000 g. The supernatants were collected and stored at -80

°C. Likewise, the stomachs were immediately opened and rinsed, the corpus mucosa scraped

off and homogenized (Dounce, Wheaton, Millville, NY) on ice in ice-cold phosphate-

buffered saline (PBS) containing one tablet of protease inhibitor cocktail (Roche Applied

Science, Indianapolis, IN) and PMSF (1mM). Crude protein was obtained by centrifugation

of the homogenates in the Sorvall centrifuge at 12,000 g for 20 min at 4 °C to remove cell

debris and nuclei. Protein concentrations for stomach mucosa and plasma were immediately

determined using a BCA protein assay according to the manufacturer's protocol (Pierce

Biotechnology, Rockford, IL).
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Gel samples were prepared by mixing protein samples with gel sample buffer [4% SDS,

0.05% bromphenol blue (wt/vol), 20% glycerol, 1% mercaptoethanol (vol/vol) in 0.1 Tris

buffer, pH 6.8]. The samples were boiled for 1 min before gel electrophoresis and equal

amounts of protein (20 μg/lane) were loaded on a 4-12% SDS-polyacrylamide gel (SDS-

PAGE, NuPage; Invitrogen, Carlsbad, CA) and run in 2-(N-morpholino)ethanesulfonic acid

buffer. After SDS-PAGE, proteins were transferred by electrophoresis to nitrocellulose

membranes (BioPlot-NC; Costar, Cambridge, MA) for 1h at 4 °C. Membranes were washed

in distilled water and stained in Ponceau-S in 3% trichloroacetic acid solution, and an image

was taken. Membranes were washed twice with Tween-Tris-buffered saline (TBS; 10 mM

Tris, 150 mM NaCl, and 0.05% Tween, vol/vol) and incubated in Tween-TBS containing

5% (wt/vol) nonfat milk (Carnation, Nestlé, Glendale, CA). After 60 min, the membranes

were incubated in anti-GOAT polyclonal antibody (GenScript Corporation, Piscataway, NJ)

solution diluted 1:500 in Tween-TBS. This antibody was raised against the amino acids

273-286 of rat membrane-bound O-acyltransferase (MBOAT)4 protein and has been

established previously to be suited for Western blot assessment of rat and mouse GOAT

protein [36]. After 1h, membranes were washed five times with Tween-TBS and incubated

with the secondary antibody solution (anti-rabbit IgG conjugated to alkaline phosphatase;

Promega, Madison, WI) diluted 1:2000 in Tween-TBS. After 1h, membranes were washed

three times before color development in alkaline phosphatase buffer [100 mM Tris, 100 mM

NaCl, and 5 mM MgCl2 (pH 9.5)] containing 0.3% nitroblue tetrazolium solution (vol/vol)

and 0.15% 5-bromo-4-chloro-3-indolyl-l-phosphate solution (vol/vol) according to the

manufacturer's instructions for 5-10 min. The Western blot (four squares of 352 pixels each/

lane) was analyzed using Scion Image 4.0.3 (Scion Corp., Frederick, MD). The same

Western blot was stained again for β-actin (MW 45 kDa) using a polyclonal antibody

(1:1000, Ab # 4967, Cell Signaling Technology Inc., Danvers, MA) following the protocol

described above. Analysis was also performed with Scion Image 4.0.3 (Scion Corp.) and

gastric GOAT protein expression was normalized to the housekeeping protein, β-actin.

2.5. RT-qPCR for GOAT mRNA expression in gastric corpus mucosa

Total RNA from the gastric corpus mucosa was isolated at 2h post LPS or vehicle injection

in the same groups of rats described in section 2.4. RNA was denatured at 65 °C for 5 min

and used to synthesize first-strand cDNA by reverse transcription with the ThermoScriptTM

RT-PCR system (Invitrogen, CA). RT-qPCR for GOAT mRNA expression was performed

using DNA Engine Opticon1 2 Detection System interfaced to the Opticon MONITORTM

Analysis Software version 2.01 (MJ Research Inc., Waltham, MA) in a 20 μl reaction

volume. The optimized reaction contained 10 μl of SYBR1 Premix Ex TaqTM (Perfect Real

Time, Takara Mirus Bio Inc., Madison, WI), 1 μl each of oligonucleotide primers (10 mM),

1 μl of the cDNA synthesis reaction, and 7 μl of H2O. Selected primers for GOAT were

GGACGACTCTCTCCTTCACG (forward, f) and TCACAGACCAGCACAGGAAG

reverse (r) and for the housekeeping gene, hypoxanthine guanine ribotransferase (HPRT),

CAGTCCCAGCGTCGTGATTA (f) and AGCAAGTCTTTCAGTCCTGTC (r) [6]. Each

amplification was followed by a melting curve resulting in only one peak for each amplicon

indicative of amplification of only one product. This was confirmed by agarose gel

electrophoresis of the RT-PCR products. The cycle of threshold C(T) was determined as the

fluorescent signal (binding of SYBR green to double-stranded cDNA) of 1 SD over
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background. All reactions were carried out in duplicate, and three separate amplifications for

each primer pair were performed. Standard curves were constructed with four serial dilution

points of control cDNA (combined cDNA from all samples, 100 ng–100 pg). Data presented

were derived from starting quantity (SQ) values of each sample normalized to the

housekeeping gene HPRT. The relative expression ratio of the target gene compared to the

reference gene HPRT was calculated using the Pfaffl equation [28].

2.6. Blood glucose

At the same time points when blood was collected for ghrelin measurement (before, 2, 5, 7

and 24h post vehicle or LPS injection), blood glucose levels were assessed by commercial

test strips (One-Touch Ultra; LifeScan, Milpitas, CA).

2.7. Rectal temperature

During the same experiment, directly after blood collection rectal temperature was assessed

before and 2, 5, 7 and 24h post vehicle or LPS injection in conscious animals using a

thermometer lubricated with chlorhexidine gluconate (Surgilube, E. Fougera & Co., Atlanta

Inc., NY), inserted 3 cm from the anus into the distal colon (Lumiscope Co., Inc.,

Piscataway, NJ) and left for 10 seconds in lightly hand restrained animals to obtain stable

reading.

2.8. Food intake

In separate studies, rats were accustomed to single housing for 2, 8 and 24h as well as

handled for ip injection during the week before the experiment. Then, they were single

housed and food deprived overnight with free access to water. Fasted rats were injected ip

with LPS (100 μg/kg body weight in 300 μl saline) or vehicle (300 μl saline) and pre-

weighed standard rodent chow was made available at 1.5h post injection. Food intake was

monitored at 2, 5, 7 and 24h post LPS or vehicle injection and expressed as g/300g body

weight (bw).

2.9. Statistical analysis

Data are expressed as mean ± sem and were analyzed by ANOVA followed by all pair-wise

multiple comparison procedures (Tukey post hoc test) or two-way ANOVA followed by

Holm-Sidak method. The correlations between plasma levels of acyl and desacyl ghrelin and

blood glucose or rectal temperature were determined by univariate linear regression. P <

0.05 was considered significant.

3. Results

3.1. LPS decreases acyl and desacyl ghrelin plasma levels

In rats fasted overnight, before injection of vehicle or LPS plasma levels of acyl ghrelin

(921.0 ± 131.5 pg/ml and 1079.2 ± 99.9 pg/ml respectively, p > 0.05) and desacyl ghrelin

(2991.0 ± 224.2 pg/ml and 2839.0 ± 237.9 pg/ml respectively, p > 0.05) were not

significantly different. Intraperitoneal injection of LPS (100μg/kg) during the light phase

significantly decreased acyl ghrelin levels from 2h (461.0 ± 22.3 vs. 990.2 ± 82.0 pg/ml, p <

0.001) to 7h (611.0 ± 133.7 vs. 1312.5 ± 68.2 pg/ml, p < 0.01) post injection compared to
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vehicle with a maximum response at 5h (423.4 ± 99.1 vs. 1399.3 ± 115.8 pg/ml, p < 0.001;

Fig. 1A). Acyl ghrelin plasma levels were completely restored at 24h post injection

compared to vehicle-treated animals (1241.2 ± 122.8 vs. 1162.5 ± 173.5 pg/ml, p > 0.05;

Fig. 1A). In contrast to the LPS-treated group, in vehicle-treated animals, acyl ghrelin levels

rose at 5h (1399.3 ± 115.8 pg/ml, p < 0.05) and 7h (1312.5 ± 68.2 pg/ml, p < 0.05) post

injection compared to pre-injection values (921.0 ± 131.5 pg/ml, Fig. 1A). Two-way

ANOVA showed a significant impact of treatment (F(1,37)=32.6, p < 0.001), time

(F(4,37)=5.0, p < 0.01) and treatment × time (F(4,37)=10.0, p < 0.001).

Similarly, desacyl ghrelin plasma levels calculated as the difference of total ghrelin minus

acyl ghrelin significantly declined following LPS treatment from 2h (2156.0 ± 188.7 vs.

2997.6 ± 299.8 pg/ml, p < 0.05) to 7h (1411.2 ± 383.3 vs. 3253.3 ± 208.6 pg/ml, p < 0.01)

post injection compared to vehicle-treated rats with a nadir response at 5h post injection

(1186.0 ± 250.0 vs. 3625.1 ± 439.1 pg/ml, p < 0.01; Fig. 1B). As observed for acyl ghrelin,

desacyl ghrelin levels recovered at 24h post injection compared to vehicle (3291.8 ± 514.1

vs. 3957.5 ± 750.9 pg/ml, p > 0.05; Fig. 1B). Time course studies of desacyl ghrelin plasma

levels after ip injection of vehicle showed that there were no significant changes throughout

the 24h experimental period (p > 0.05; Fig. 1B). Two-way ANOVA indicated a significant

influence of treatment (F(1,37)=24.5, p < 0.001), time (F(4,37)=3.8, p < 0.05) and treatment ×

time (F(4,37)=3.0, p < 0.05).

Comparison of the percentage of suppression showed a 53% decrease of acyl ghrelin

compared to a 28% reduction of desacyl ghrelin levels at 2h post LPS injection (p < 0.01;

Fig. 1C). This resulted in a significantly decreased acyl/desacyl ghrelin ratio at 2h post LPS

injection (p < 0.01) whereas no significant changes in ratio were observed at later time

points (Table 1).

3.2. LPS decreases plasma GOAT protein concentration whereas gastric GOAT
proteinexpression is increased

Since we observed a more rapid decrease of acyl ghrelin compared to desacyl ghrelin at 2h

post LPS as reflected in a significantly altered acyl/desacyl ghrelin ratio, we investigated the

concentration of the ghrelin-acylating enzyme, GOAT at that time. Plasma GOAT protein

levels were significantly decreased by 38% at 2h post LPS injection compared to vehicle

treated rats (p < 0.001; Fig. 2A-B), whereas in the gastric corpus mucosa GOAT protein

expression levels increased slightly by 10% (p < 0.05; Fig. 2A-B). No alteration of gastric

GOAT mRNA expression levels was detected at 2h post LPS injection compared to vehicle

(p > 0.05; Fig. 2C).

3.3. LPS causes a late onset rise in rectal temperature and blood glucose

We simultaneously assessed relevant functional and homeostatic changes during our

experiments. Injection of LPS (100 μg/kg, ip) during the light phase significantly elevated

rectal temperature from 5h (38.1 ± 0.1 vs. 37.2 ± 0.2 °C, p < 0.01) to 24h (37.3 ± 0.1 vs.

36.5 ± 0.3 °C, p < 0.05) post injection compared to vehicle-treated (saline, ip) animals (Fig.

3A). The peak response was observed at 7h after LPS injection (38.4 ± 0.1 vs. vehicle 37.3 ±

0.1 °C, p < 0.001; Fig. 3A). This elevated temperature occurred later than the maximum
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suppressive effect on circulating acyl and desacyl ghrelin. No correlation was observed

between temperature and acyl ghrelin (Fig. 3B) or desacyl ghrelin (Fig. 3C) at any time

point (p > 0.05). No significant changes in rectal temperature were observed after ip

injection of vehicle throughout the 24h experimental period (p > 0.05; Fig. 3A). Two-way

ANOVA showed a significant impact of treatment (F(1,40)=14.6, p < 0.001) and time

(F(4,40)=9.4, p < 0.001).

LPS significantly increased blood glucose levels in conscious rats compared to vehicle from

5h (118.2 ± 7.9 vs. 91.6 ± 4.2 mg/dl, p < 0.05) to 7h (121.4 ± 3.7 vs. 91.4 ± 5.6 mg/dl, p <

0.01; Fig. 4A) after LPS treatment. Blood glucose levels normalized at 24h post injection

compared to vehicle (111.2 ± 2.5 vs. 107.2 ± 5.9 mg/dl, p > 0.05; Fig. 4A). Time course

studies of blood glucose levels after ip vehicle did not show any significant changes

throughout the 24h experimental period (p > 0.05; Fig. 4A). Two-way ANOVA indicated a

significant influence of treatment (F(1,40)=15.8, p < 0.001), time (F(4,40)=3.3, p < 0.05) and

treatment × time (F(4,40)=3.3, p < 0.05). Acyl ghrelin and blood glucose were negatively

correlated at 5h post LPS injection (r = -0.97, p < 0.01; Fig. 4B), whereas at earlier or later

time points no correlation was observed (p > 0.05). Similarly, desacyl ghrelin levels were

negatively correlated with blood glucose at 5h (r = -0.98, p < 0.01; Fig. 4C) and 7h (r =

-0.95, p < 0.05) post LPS injection.

3.4. LPS decreases the food intake response to fasting

In overnight fasted rats injected ip 1.5h before re-feeding started, LPS significantly reduced

the food intake monitored during the 1.5-2h, 5-7h and 7-24h periods post injection compared

to vehicle (p < 0.05; Table 2).

4. Discussion

We previously reported that LPS injected ip at a low dose (100 μg/kg) induces a long lasting

decrease in total circulating ghrelin levels following ip injection in fasted rats [2, 40]. In the

present study, we extend these observations by characterizing the inhibitory response of the

two major circulating forms, acyl ghrelin and desacyl ghrelin, the latter being derived from

total and acyl ghrelin values as well as changes in the ghrelin-acylating enzyme, GOAT

using a similar ip dose of LPS as in our previous studies [2, 40]. We found that LPS

decreased both acyl and desacyl ghrelin plasma levels with a nadir decrease of -70% and

-67% respectively at 5h which started to recover at 7h post injection in fasted rats. The

levels of both circulating forms were fully recovered at 24h post injection. The non-selective

cyclooxygenase 1/2 inhibitors, indomethacin or ketorolac, blocked the early reduction of

total ghrelin levels at 3h while not preventing the later nadir of total ghrelin decrease

occurring at 5h post injection [24, 40]. Moreover, this early LPS-induced decrease of total

ghrelin was inhibited by an interleukin-1 receptor antagonist in fasted rats [40] and was not

observed in mice lacking the type 1 interleukin-1 receptor [24]. Subsequent studies

established in fasted rats, that ghrelin mRNA-containing cells express the prostacyclin

receptor (PGI2), whereas the type 1 interleukin-1β receptor is localized in other than X/A-

like cells of the gastric oxyntic mucosa [24]. In line with these morphological findings,

injection of PGI2 also decreased circulating total ghrelin levels, whereas prostaglandin E2 or

carbocyclic thromboxane A2 did not [24]. Taken together, these data suggest an
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involvement of interleukin-1β-stimulated release of prostacyclin which acts directly on PGI2

receptor-expressing ghrelin-producing X/A-like cells of the gastric oxyntic mucosa to

reduce circulating levels of total ghrelin occurring during the first 3 h post injection of LPS.

The Toll-like receptor 4 (TLR4) is known to transduce LPS signaling and has been recently

reported to be expressed in human enterochromaffin cells and the LPS-induced serotonin

release was inhibited by the TLR4 antagonist, E. coli K12 LPS in vitro [16]. Whether LPS

can, in addition, act directly on ghrelin-producing X/A-like cells through TLR4 to influence

acyl ghrelin production and/or release warrants further investigation. The LPS-induced

suppression of acyl or total ghrelin levels is not restricted to elevated fasting peptide levels

and occurs also in non-fasted rats [10]. However, 10- and 100-fold higher LPS doses were

required in these studies while 100 μg/kg had no effect [10]. This may be related to the

different serotypes of LPS used (026:B6) [10] known to have a lower potency than 055:B5

[41] used in the present and previous studies [2, 24, 40].

Similar to the 53% reduction of plasma acyl ghrelin at 2 h post LPS injection, the food

intake response to a fast was reduced by 58% as monitored during the 1.5-2h period post

LPS injection indicative of an association between the reduction of circulating acyl ghrelin

and the drive to eat at this time point. Previous studies showed that the anorexia induced by

LPS at 100μg/kg body weight ip is sustained, with a reduction of cumulative food intake for

up to 24-h in fasted rats [23]. Likewise, in the present study food intake remained lower

compared to vehicle at the 5-7h and 7-24h periods post LPS injection with a significant 33%

and 20% decrease respectively. However a direct correlation between the magnitude of

changes in food intake in fed rats and acyl ghrelin plasma levels in fasted rats during these

same time periods cannot be performed since feeding versus fasting conditions modify the

secretion of acyl ghrelin [4]. Nonetheless, the sustained reduction of plasma acyl ghrelin

observed in fasted rats may impact on the feeding behavior.

In the present study, LPS induced a 53% reduction of plasma acyl ghrelin levels at 2 h post

injection, whereas desacyl ghrelin was reduced by 28%. This lower reduction of desacyl

ghrelin compared to acyl ghrelin results in a temporary alteration of the acyl/desacyl ghrelin

ratio of 1/5 at 2h instead of 1/3 or 1/2 at other time points or after injection of vehicle. In

contrast, under similar conditions of blood processing, we previously observed that different

metabolic conditions associated with 24-h fasting or ad libitum feeding alter acyl and

desacyl ghrelin levels without changing their ratio [37]. GOAT is a key enzyme that

catalyzes the n-octanoyl modification of desacyl ghrelin resulting in acyl ghrelin [30].

Therefore, in addition to acyl and desacyl ghrelin, we investigated changes of GOAT protein

levels in the gastric oxyntic mucosa and plasma at the 2 h time point associated with the

altered acyl/desacyl ghrelin ratio. There was a 38% reduction in plasma GOAT protein

concentration following injection of LPS, whereas gastric corpus GOAT concentration

slightly increased by 10% and gastric GOAT mRNA levels were not modified as monitored

by RT-qPCR. These data point towards an inhibition of GOAT protein release from the

stomach rather than changes in GOAT mRNA expression resulting in slightly increased

gastric GOAT protein and significantly reduced circulating GOAT protein. It has been

established that the highest gene expression of GOAT is found in the stomach [42] and our

previous immunohistochemical analysis of gastric mucosal X/A-like cells indicated that
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GOAT immunoreactivity is located in vesicles [36] suggesting that circulating GOAT may

be derived from gastric release. The latter is likely to contribute to the more rapid decrease

of plasma acyl ghrelin induced by LPS. However, it cannot be ruled out that other endocrine

organs expressing GOAT such as the anterior pituitary gland [36] and adrenal gland [31]

which are also the target of the LPS action, could contribute to the decrease in circulating

GOAT as well. Conversely, we previously found that 24-h fasting in rats induced a 20%

increase in plasma levels of GOAT protein [36] associated with that of acyl ghrelin [37].

Collectively, these data may point towards a regulatory role of circulating GOAT protein in

the formation of the acyl form of ghrelin. Time course studies indicated that in vehicle-

treated animals food-deprived for 41 h in total, desacyl ghrelin levels do not further increase

suggesting that production and release of desacyl ghrelin are already maximally stimulated

by the initial 17 h of fasting. This is in agreement with a previous study indicating that total

ghrelin levels do not increase further when compared at 24h and 48h fasting [33]. However,

circulating acyl ghrelin levels rose further at 5h and 7h post vehicle injection corresponding

to PM samplings while values were similar in the AM samplings at 0 or 2 and 24 h time

points. We previously found an up-regulation of circulating GOAT protein expression after

a 24h fast [36] that may contribute to the rise occurring at the 5 h and 7 h post vehicle

injection and matching 22-24 h fasting. Whether these variations in the vehicle group are

also indicative of a diurnal rhythm of circulating or gastric GOAT that impacts on acyl

ghrelin formation under these conditions warrants further investigations.

Consistent with established actions of LPS on thermoregulation and glucoregulation [38,

39], rectal temperature and blood glucose levels rose at 5h post injection with a peak

response at 7h and subsequent decrease at 24h. Neither rectal temperature nor blood glucose

reached baseline values at 24h post injection in fasted rats. Therefore, the onset and duration

of hyperglycemia and hyperthermia were different from those of circulating acyl and

desacyl ghrelin levels. A negative correlation between ghrelin and insulin has been

previously well established [15, 22], whereas changes in ghrelin and glucose are not always

correlated [40]. In LPS-treated rats, circulating glucose levels correlated with acyl ghrelin

only at 5h and with desacyl ghrelin levels at 5 and 7h post LPS injection. We previously

reported that the hyperglycemic response to LPS results in a rise in plasma insulin levels

which were negatively correlated with total ghrelin levels [40]. Another study showed that

arginine- or glucagon-induced hyperglycemia did not affect circulating ghrelin levels [5]

pointing towards a regulatory role of insulin rather than glucose itself. Likewise, LPS at 100

μg/kg or chronic infusion-induced changes in body temperature do not temporarily correlate

with the reduction in food intake in rats [20, 27]. We also did not find a correlation between

rectal temperature and plasma acyl or desacyl ghrelin levels at any time point. Taken

together, it is unlikely that the LPS-induced changes in blood glucose and rectal temperature

influence the observed changes in acyl and desacyl ghrelin levels particularly at the early

time point of 2h due to the delayed increase and different time course of normalization.

The majority of pre-clinical reports using LPS injection in rats [2, 40] as well as clinical

reports investigating patients with H pylori infection [8, 14, 26, 34] focus on total ghrelin

levels. Previous studies suggested that acyl and desacyl ghrelin are equally regulated [1, 25]

and therefore, total ghrelin levels were considered a good surrogate marker not only for
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desacyl but also acylated ghrelin. The present demonstration of a more pronounced decrease

of acyl ghrelin at 2h post injection of low dose LPS resulting in a temporarily changed acyl/

desacyl ghrelin ratio indicates that an immunological stressor can differentially modulate the

two major forms of circulating ghrelin and points towards the relevance of measuring both

forms of ghrelin. The observed sustained reduction of acyl ghrelin levels may be involved in

the decrease in food intake and delay in gastric transit as observed in rats under these

conditions of LPS treatment [2, 40] (present study). This may have a bearing with similar

clinical manifestations of infections with gram-negative bacteria such as H pylori, a

condition where patients present lower plasma ghrelin levels [8, 34] associated with a

decreased density of ghrelin-immunoreactive cells [21]. In addition, the present findings

provide new insight in the regulation of circulating compared to gastric GOAT under

conditions of immune challenge induced by a low dose of LPS. The rapid decrease in

plasma GOAT levels and slightly increased gastric GOAT protein levels at 2 h post injection

when acyl/desacyl ghrelin ratio is reduced suggests inhibition of gastric GOAT release and

an important role of circulating GOAT in the formation of acyl ghrelin which is still to be

further characterized.
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Research highlights

• Plasma acyl ghrelin (AG) decreases more than desacyl ghrelin (DG) at 2h post

LPS

• Both forms equally decrease at 5 and 7h and return to pre-injection levels at 24h

• At 2h post LPS, plasma GOAT protein decreases while gastric GOAT protein

increases

• This may account for lower plasma acyl ghrelin levels

• Decline in AG and DG is not secondary to increased temperature and blood

glucose
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Fig. 1.
LPS reduces plasma concentrations of acyl and desacyl ghrelin in conscious rats. LPS (100

μg/kg body weight) or vehicle was injected ip during the light phase in overnight fasted rats

chronically implanted with a jugular catheter. Blood was withdrawn before and 2h, 5h, 7h

and 24h post injection. Acyl ghrelin (A) and total ghrelin levels were assessed by

radioimmunoassay. Desacyl ghrelin (B) levels were obtained by calculating the difference of

total ghrelin minus acyl ghrelin. Each bar represents the mean ± sem of 5 rats/group. * p <

0.05, ** p < 0.01 and *** p < 0.001 vs. vehicle at the respective time point; # p < 0.05 vs.
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time point 0. Percentage of changes in plasma acyl and desacyl ghrelin levels induced by

LPS (C). Data are expressed as % change (mean ± sem) in the LPS group compared to

vehicle at the respective time point. ** p < 0.01 vs. % change of desacyl ghrelin.

Stengel et al. Page 16

Peptides. Author manuscript; available in PMC 2014 June 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2.
LPS decreases plasma GOAT concentration, whereas protein content in the gastric corpus is

slightly increased and mRNA expression unchanged in rats. Overnight fasted rats were

injected ip with LPS (100μg/kg body weight) or vehicle (pyrogen-free saline) and trunk

blood and stomach were collected at 2h post injection. Equal amounts of protein were

loaded and plasma and gastric corpus mucosa GOAT concentrations were assessed using

Western blot followed by semi-quantitative analysis. Lane 1 contains the molecular weight

standards, lane 2 plasma proteins after vehicle injection, lane 3 plasma proteins after LPS,

lane 4 gastric corpus mucosa proteins after vehicle and lane 5 gastric corpus mucosa

proteins after LPS (A). The blot shows two dominant bands at ~50 and ~100 kDa. The 50

kDa band represents monomeric GOAT, whereas the 100 kDa band likely represents an

SDS-stable dimer. Injection of LPS reduced the 50 kDa band (arrow) compared to vehicle

demonstrating reduced plasma concentration of GOAT, whereas GOAT in the gastric corpus

mucosa was increased (arrowhead, A). Re-staining of the Western blot with β-actin

demonstrates equal gastric corpus mucosal protein concentration (A, insert). Quantification

of GOAT plasma and stomach protein expression is shown in (B). Gastric GOAT mRNA

expression did not change at 2h post LPS injection compared to vehicle treated rats (C). * p
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< 0.05 and *** p < 0.001 vs. vehicle; LPS, lipopolysaccharide; M, standard molecular

weight marker; V, vehicle.
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Fig. 3.
LPS increases rectal temperature in rats. LPS (100μg/kg body weight) or vehicle was

injected ip during the light phase in overnight fasted rats and rectal temperature measured in

conscious lightly hand-restrained rats before and 2h, 5h, 7h and 24h post injection (A). Each

line represents the mean ± sem of 5 rats/group. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs.

vehicle. Correlations between plasma acyl (B) or desacyl ghrelin (C) and rectal temperature

from 0 - 24h post LPS injection. Values for r and p are indicated in each graph.
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Fig. 4.
LPS increases blood glucose levels in rats. Overnight fasted rats were injected ip with LPS

(100μg/kg body weight) or vehicle (saline) and blood was withdrawn at the time points

indicated at the x-axis for measurement of acyl and total ghrelin levels. At the same time,

blood glucose levels were assessed (A). Each line represents the mean ± sem of 5 rats/group.

* p < 0.05 and ** p < 0.01 vs. vehicle. Correlations between plasma acyl (B) or desacyl

ghrelin (C) and blood glucose from 5h post LPS injection. Values for r and p are indicated

in each graph.
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Table 2
LPS decreases food intake in rats

Treatmenta Food intake/period (g/300g body weight)

1.5-2h 2-5h 5-7h 7-24h

Vehicle 4.8 ± 0.3 2.5 ± 0.7 4.6 ± 0.4 20.9 ± 0.9

LPS 2.0 ± 0.6*** 1.8 ± 0.4 3.1 ± 0.5* 16.8 ± 0.9**

a
Overnight fasted rats were injected ip with LPS (100μg/kg body weight) or vehicle (saline) and re-fed at 1.5h post injection. Food intake was

monitored at 2, 5, 7 and 24h post injection and expressed as food intake/period (g/300g bw). Each line represents the mean ± sem of 7-8 rats/group.

*
p < 0.05,

**
p < 0.01 and

***
p < 0.001 vs. vehicle.
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