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Abstract 
 

 

Ghrelin  increases  food  intake  and  decreases  energy  expenditure,  promoting  a  positive 

energy balance. We observed a single case of serious hypothermia during sustained ghrelin 

treatment in a male subject, suggesting that ghrelin may play a role in the regulation of body 

temperature. We therefore investigated the effect of ghrelin treatment on body temperature in 

rodents and humans under controlled conditions. Intriguingly, we could demonstrate ghrelin 

binding in axon terminals of the medial preoptic area of the hypothalamus located in the 

vicinity of cold-sensitive neurons. This localization of ghrelin receptors provides a potential 

anatomical basis for the regulation of body temperature by ghrelin. However, our follow-up 

studies also indicated that neither a chronic i.c.v. application of ghrelin in rats, nor a single 

s.c. injection under cold exposure in mice resulted in a relevant decrease in body core 

temperature. In addition, a four-hour intravenous ghrelin infusion did not decrease body 

surface temperature in healthy humans. We concluded that while there is a theoretical 

molecular  basis  for  ghrelin  to  modify  body  temperature  in  mammals,  its  magnitude  is 

irrelevant under physiologic circumstances. Hypothermia is not likely to represent a serious 

risk associated with this agent and pathway. 

 

Keywords: ghrelin, hypothermia, medial preoptic area, thermogenesis, body temperature, 

cold exposure 
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1  Introduction 
 

 

Energy balance is achieved by constant adjustment of energy intake and energy expenditure 

as required by changing metabolic demands of the mammalian organism. While energy 

supply is provided by food intake, total energy expenditure results from the cumulative 

effects of resting metabolic rate (resting thermogenesis), thermic effect of food, spontaneous 

locomotor activity (SPA, or non-exercise activity thermogenesis, NEAT) and exercise as well 

as facultative thermogenesis (in case of demand e.g. during cold exposure). While obesity 

researchers have studied these individual components intensely during recent decades to 

understand how chronic energy balance and, consequently, body fat mass are regulated, the 

exact molecular underpinnings of these control processes remain to be elucidated. 

 

The gastrointestinal peptide hormone, ghrelin, has been reported to increase food intake [1- 
 

3] and to impair nutrient partitioning [3], thereby leading to positive energy balance and 

increased body fat mass [1, 3]. However, it remains unclear to which extent ghrelin directly 

acts to decrease total energy expenditure in rodents [1, 3-5]. Obviously, single components 

of energy expenditure appear to be affected by ghrelin action. A single i.c.v. injection of 

ghrelin can decrease spontaneous locomotor activity (SPA) in rats for duration of 24h [6, 7]. 

In addition, single i.c.v. injections of ghrelin or growth hormone secretagogues in rats were 

shown to transiently decrease body core temperature for the first 1-2 h after administration 

[2] and to decrease temperature and sympathetic activity in brown adipose tissue [8]. 

However, it is still unclear whether ghrelin affects thermogenesis in humans and via which 

specific pathways in the central nervous system ghrelin might induce these changes. 

 

We observed a single case of severe hypothermia in a patient with cancer cachexia while 

receiving a pharmacological dose of ghrelin treatment. We subsequently investigated if there 

was an obvious neuroanatomical basis for such an event and whether exogenous ghrelin 

administration could induce hypothermia, performing a series of studies in rodents and in 

healthy humans. 

 

 

 

 

2  Materials and Methods 
 

 

2.1 Human Studies 
 

2.1.1 Case report of hypothermia during sustained ghrelin treatment 
 

 

A single case of hypothermia was observed during performing the study “Individual Dose- 

Escalated  bi-Daily  Subcutaneously  Ghrelin  in  Cancer  Cachexia:  a  Phase  I/II  Study”, 
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(ClinicalTrials.gov  Identifier:  NCT00933361).  The  primary  objective  of  the  study  was  to 

investigate the dose effect of natural ghrelin (manufactured by Bachem, Weil am Rhein, 

Germany; filled by Clinalfa, Läufelingen, Switzerland; [9]) on nutritional intake (the minimal 

dose for maximal nutritional intake; MD-MANI) and to identify the maximally tolerable dose 

(MTD) in patients with cancer cachexia. The starting dose of 32 μg/kg was found to be safe 

to use in subjects with cancer cachexia from our previously published study [9]. The dose 

escalation was 50% between doses for the first 4 dose levels (32, 48, 72, 108 μg/kg) and 

25% between the 4th  and the 5th  dose level (135, 169 μg/kg). The volume of ≥5ml (20mg 
 

ghrelin) was defined as one criterion for MTD. Plasma levels for total and active ghrelin 

during this study were determined by Lincoplex RIA (Millipore, GHRT-89HK and GHRA- 

88HK, respectively) 
 

 

 

 

 

 

2.1.2 Continuous ghrelin infusion in humans 
 

 

Subjects: Healthy volunteers between the ages of 18 and 55 years with a BMI between 18 

and 29 kg/m2  were recruited from the greater Cincinnati area. Subjects with a history or 

clinical  evidence  of  impaired  fasting  glucose  or  diabetes  mellitus,  recent  myocardial 

infarction, congestive heart failure, active liver or kidney disease, growth hormone deficiency 

or excess, neuroendocrine tumor, anemia or who were on medications known to alter insulin 

sensitivity were excluded. 

 

All study procedures were conducted at the Cincinnati Children’s Medical Center Clinical 

Translation Research Center (CTRC). All study participants gave informed consent for the 

study by signing a form approved by University of Cincinnati Institutional Review Board. 

 

Experimental protocol: Subjects arrived at the CTRC between 0700 and 0730 after a 10-12 

hour fast for three separate experiments. Intravenous (i.v.) catheters were placed in veins of 

both forearms for blood sampling and infusion of ghrelin. The arm with the sampling catheter 

was heated to 55° to arterialize venous blood. A skin temperature sensor (GE Healthcare, 

WI, U.S.A.) was placed in the axilla of study subjects with transpore tape. The sensor was 

connected to a bedside vital signs monitor (Dash 4000, GE Healthcare, WI, U.S.A.) for 

display and data storage. Body surface temperature was measured continuously and was 

recorded every 5 minutes during the study. Adverse events were assessed and recorded by 

study staff at the CTRC during the study and by study investigators outside of the study unit. 

http://clinicaltrials.gov/ct2/show/NCT00933361
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Total immunoreactive ghrelin was measured by radioimmunoassay (Millipore, Billarica, MA, 

U.S.A.). The lower and upper limits of detection were 27 and 1765 pM respectively, and the 

intra- and inter-assay coefficients of variation were 6.4 and 16.3%, respectively. 

 

The study was originally designed to study the effect of exogenous ghrelin administration on 

glucose homeostasis in humans. A frequently sampled i.v. glucose tolerance test (FSIGT) 

was performed during ghrelin infusion to measure insulin secretion and insulin sensitivity 

(presented as poster at 46th EASD Meeting 2010). Synthetic human acylated ghrelin was 

obtained from Bachem AG (Rubendorf, Switzerland).   The authenticity of the peptide was 

verified by mass spectrometry, the purity was > 95%, and reconstituted material was sterile 

and free of detectable pyrogens. On each morning of the three study days, either saline or 

synthetic ghrelin dissolved in sterile saline solution was infused at doses of 0.2 or 0.6 

nmol/kg/hr (equivalent to 0.5 or 2 µg/kg/hr) for a total of 225 minutes. Specifically, following 

45 minutes of ghrelin infusion, previously shown to be sufficient to bring plasma ghrelin levels 

to a steady state [10] subjects received an i.v. bolus of glucose (11.4 g/m2 body surface area) 

over 60 seconds at the initiation of the FSIGT (time 0).  At time 20 minutes subjects received 

an i.v. infusion of insulin (0.025 µU/kg) over 5 minutes.   Blood samples were collected in 

EDTA containing tubes at intervals varying between 1 to 20 minutes during the duration of 

the FSIGT (total of 180 minutes).   The order of ghrelin infusions was randomized using a 

computer generated randomized number set (http://www.randomizer.org), and study visits 

were separated by at least five days. 

 

2.2 Rodent Studies 
 

 

2.2.1 Animals 
 

 

All experiments were performed according to the federal guidelines of the Brandenburg 

Ministry of Agriculture, Environment Protection and Regional Planning and the Institutional 

Animal Care and Use Committee of Yale University. Male Wistar rats and male C57BL/6 

mice were purchased from Charles River WIGA GmbH (Sulzfeld, Germany) at the age of 5 

weeks  and  10  weeks,  respectively.  Animals  were  maintained  singly  under  standard 

conditions (25°C, 12h:12h dark:light cycle) receiving standard chow (sniff RIM-H, V1534-000, 

Soest, Germany) and tab water ad libitum, unless otherwise stated. Three different sets of 

experiments were performed 

 

2.2.1 Immunohistochemistry and ghrelin binding assay 
 

 

Immunofluorescence labeling for ghrelin was carried out using the same ghrelin antisera and 

secondary antisera as described in our earlier studies [11]. Double labeling for ghrelin and 

c-fos was done in rats exposed to 4°C ambient temperature for 6 hours using avidin-biotin 
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peroxidase and peroxidase anti-peroxidase methods, and, the tissue-bound peroxidase was 

visualized by a nickel-diaminobenzidine reaction as described in our earlier studies. [12]. 

Ghrelin binding to hypothalamic preoptic area sections was carried out as described in our 

earlier studies [11]. 
 

 

 

2.2.2 Chronic i.c.v. Ghrelin Infusion in Rats 
 

 

This experiment was designed to evaluate if chronic ghrelin infusion for six days induces a 

sustained  decrease  in  body  core  temperature  in  male  Wistar  rats.  In  addition,  gross 

locomotor activity and feeding patterns were constantly monitored. Body temperature and 

gross locomotor activity were monitored using biotelemetry (see details in 2.2.5). Feeding 

behavior was measured using the TSE Drinking & Feeding Monitoring System (TSE GmbH, 

Bad Homburg, Germany). This system permits the measurement of feeding behavior online 

for several days or weeks. Feeding baskets are attached to a scale, which monitors weight 

changes due to consumption of food by the laboratory animal during the experiment. 

 

Rats were given two weeks for acclimation to housing conditions and were handled daily. 

Rats were then adapted to cages for the measurement of food intake for four consecutive 

days. Two weeks later, all rats received an intraperitoneal implanted transponder for the 

measurement  of  body  temperature  and  gross  locomotor  activity.  Rats  were  allowed  to 

recover for at least 7 days until regaining their pre-surgical body weight. Then rats were 

subjected to intracerebral implantation (right ventricle: AP: −0.080, L:-0.140 D: −0.350, [13]) 

of a permanent cannula (Osmotic Pump single Connector Cannula 322OP/Spc, gauge 22, 

length below pedestal 5 mm, Plastics One Inc., Roanoke, VA,USA) with their heads securely 

held in a stereotaxic frame (David Kopf instruments, Tujunga, CA, USA). For implantation, 

rats were anesthetized with ketamin hydrochloride (100mg/kg, Ketamin Graeub, A. Albrecht 

GmbH,  Aulendorf,  Germany)/xylazine  hydrochloride  (10mg/kg,  Rompun®,  Bayer  Vital 

GmbH, Leverkusen, Germany) given intraperitoneally (i.p.). The cannula was connected via 

PE tubing to an osmotic minipump (ALZET model 2002, 0.5 µl/h, DURECT Corporation, 

Cupertino, CA, USA) filled with either saline (Sigma-Aldrich) or rat ghrelin (generated in- 

house by the DiMarchi laboratory), which was subcutaneously (s.c.) implanted at the same 

time. The connecting tube was filled with saline and had a length of 21.8 cm corresponding 

to a pumped volume sufficient for 5 days. This period served to give rats time for recovery 

from the surgery before ghrelin treatment started. Ghrelin concentration in the pump was 

adjusted to the pump rate for releasing 2.5nmol/d for 6 days. This dose was shown to be 

effective  to  increase food  intake  and  body weight  after  a one-week  treatment  [3]. The 

cannula was fixed using dental cement (Stoelting Co. Illinois, USA) and the skin was closed 

using resorbable suture (PGA Resorba, Resorba, Nürnberg, Germany). After surgery rats 
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received a single subcutaneous (s.c.) injection of Buprenorphin (0.05mg/kg, Temgesic®, 

Essex Pharma GmbH Munich, Germany) and Carprofen (5mg/kg, Rimadyl®, Pfizer GmbH, 

Karlsruhe,  Germany)  for  analgesic  treatment.  Proper  placement  of  the  cannula  was 

confirmed in the end of the experiment at time of sacrifice by injecting 5 µl of bromophenol 

blue into the cannula. Only animals with proper staining of the lateral ventricle were included 

in the data analysis. Increase in food intake and body weight in response to ghrelin treatment 

was used as a second marker for proper cannula placement.  Using these two markers, 7 

saline-treated and 6 ghrelin-treated rats were identified as having successful cannulation and 

were included in data analysis. 

 

 

2.2.3 Acute Peripheral Ghrelin Injection in Mice 
 

 

This experiment was performed to investigate whether peripherally injected ghrelin affects 

body core temperature as well as locomotor activity, total energy expenditure (TEE) and 

respiratory quotient (RQ). To force the thermogenic capacity of body temperature regulation, 

mice were subjected to acute non-acclimated cold exposure (4°C) for 23h following rat 

ghrelin injection (treatment day). For comparison to basal conditions, all mice were injected 

with saline (100 µl) i.p. and measured for the above mentioned parameters at 21°C ambient 

temperature 2 days before cold exposure was applied (control day), leaving one resting day 

between measurements. 

 

Body  temperature  and  gross  locomotor  activity  were  monitored  using  the  biotelemetry 

system as described under 2.2.5 After 2 weeks of recovery from the implantation surgery, 

mice were then injected with 100 µl of saline i.p. at 3 hours before lights off followed by 

constant monitoring of body core temperature, gross locomotor activity, total energy 

expenditure (TEE) and respiratory quotient for 23h at 21°C ambient temperature, these 

measurements serving as baseline (control day). After one day of rest mice were i.p. injected 

with  100  µl  of  either  saline  or  mouse  ghrelin  (10  mg/kg,  Bachem  AG,  Rubendorf, 

Switzerland) at 3 hours before lights off followed by constant monitoring of the above 

mentioned parameters for 23h at cold ambient temperature (4°C) which was applied by 

placing the mouse cages into a cold chamber (treatment day). 

 

Acute peripheral administration of ghrelin can increase food intake [1]. However, food intake 

and nutrient absorption are accompanied by increased substrate turnover, which results in 

increased  energy  expenditure  and  body  temperature  (postprandial  thermogenesis).  To 

control for the thermogenic effect of food consumption, half of the mice from both treatment 

groups were kept without food for the first 5 hours following injection.  Therefore, 4 treatment 

groups were used for the measurement at cold ambient temperature: saline treated mice with 
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ad libitum access to food, ghrelin treated mice with ad libitum access to food, saline treated 

mice without access to food for 5 hours following injection and ghrelin treated mice without 

access to food for 5 hours following injection. Data shown for measurements at 21°C 

represent all mice (n=40), while data shown for measurements at 4°C represent 10 mice per 

treatment group. Most of the effects were only present during the first 5 hours after ghrelin 

treatment. Therefore, most data presented cover only this time period. 

 

2.2.4 Measurement of energy expenditure 
 

 

Energy expenditure and respiratory quotient were measured by indirect calorimetry using a 

self-constructed system equipped with the gas analyzing system Advance Optima from ABB 

AG (Mannheim, Germany, formerly Hartmann & Braun). The system provides one 

measurement every six minutes per cage. Mice were adapted to respiratory cages for two 

days prior to baseline measurement at 21°C. Mice were kept in respiratory cages until 

completion of measurements at 4°C. 

 

2.2.5 Implantation of biotelemetry transponders 
 

 

Body core temperature and gross locomotor activity of mice and rats were measured using 

biotelemetry (Mini Mitter Co., Inc., Bend, OR, USA). This system requires implantation of 

transponders into the abdominal cavity and the animal cage to be placed on a receiver. 

Signal frequency (translating into body core temperature values) and localization of the 

transponder  signal  on  the  receiver  (interpreted  as  movement)  were  measured  every  6 

minutes being in line with EE measurements for the cold exposure experiment. Mice and rats 

were implanted with transponders under ketamin hydrochloride (1 μl/g, Ketamin Graeub, A. 

Albrecht GmbH, Aulendorf, Germany)/xylazine hydrochloride (0.2 μl/g, Rompun®, Bayer Vital 

GmbH, Leverkusen, Germany) anaesthesia. The abdominal cavity was closed using 

resorbable suture (PGA Resorba, Resorba, Nürnberg), the skin was closed with clips that 

were removed 1 week after surgery. Animals received a single i.p. analgesic treatment of 

Carprofen  (5mg/kg,  Rimadyl®,  Pfizer  GmbH,  Karlsruhe,  Germany)  following  surgery. 

Animals were allowed to recover for at least one (rats) or two weeks (mice) following 

transponder implantation before the start of the experiment. 

 

2.3 Statistics 
 

 

Animal studies: In chronic i.c.v. ghrelin experiments, food intake and body temperature were 

calculated as hourly means, while locomotor activity was presented as hourly sum. Data for 

plasma  ghrelin  concentration  was  not  normally  distributed  and  did  not  meet  variance 
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homogeneity requirement. Therefore, the difference between the saline and ghrelin treated 

groups was compared using a non-parametric Mann-Whitney-U test. 

 

In acute peripheral ghrelin experiments, the most prominent effects were observed during the 
 

5 hours of food deprivation following injection. Therefore, most parameters were presented 

only for the first 5 hours following treatment. The indirect calorimetry measurements were 

presented as group means of values measured every 6 min. Food intake was measured 24 

hours after injection. Differences between groups were analyzed using analysis of Variance 

(ANOVA), and LSD was used as post-hoc test for multiple comparisons. All results are 

expressed as mean ± SEM.  Significance was assumed at P<0.05. Analysis was performed 

using SPSS 8.0 (SPSS Inc., 1998, Chicago, IL, USA). 

 

 

Clinical study in humans: Data were analyzed using ANOVA with three treatment levels 

(control, and ghrelin infusion rates of 0.2 and 0.6 nmol/kg/hr) and time of sampling being the 

repeated measure.  Dependent variable was body surface temperature.  Data were analyzed 

using GraphPad Prism version 5.0 (GraphPad Software). 

 

 

 

 

3  Results and Discussion 
 

 

3.1 A  single  case  of  serious  hypothermia  in  response  to  sustained  ghrelin 

treatment in a male subject (see supplemental material for details) 

 

A 66 year-old male was diagnosed with locally advanced (infiltration of stomach) and 

metastatic  pancreatic  adeno-carcinoma  one  year  before  ghrelin  study  started.  He  was 

treated with tumor-debulking surgery and additional gastrectomy, splenectomy, and 

cholecystectomy, followed by nine months chemotherapy with gemcitabine and capecitabine. 

A break in chemotherapy at month five resulted in tumor progression. He had no relevant co- 

morbidities. He lost 9.2% weight during the last 6 months before ghrelin treatment. Two 

weeks  prior  to  study  begun,  symptoms  that  could  impact  nutrition  (e.g.  constipation, 

abdominal pain and dietary) were treated with appropriate medications. 

 

At baseline, the patient’s BMI was 18 kg/m2, blood pressure was 92/55 mmHg in supine 

position, heart rate  was 71 beats per minute (bpm), body temperature was 36.6°C (ear), 

morning fasting level of active ghrelin was 26 pg/ml, while total ghrelin was 432 pg/ml. His 

renal and hepatic function and electrolytes were normal. He received dose levels 1-4 per 

protocol (two days per dose level, with two s.c. injections per day).  There was a washout 

period of 1-2 days between doses. The patient tolerated the treatment well.  Despite the lack 

of improvement regarding nutritional intake, he had improved appetite, alertness and mood 
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based on subjective assessment using narratives and qualitative content analysis. 

Pharmacokinetics of ghrelin were measured on days 1 (dose level 1), 8 (dose level 3), and 

15 (dose level 5). Pre-injection levels for active ghrelin and total ghrelin were 18 and 408 

pg/ml (day 1), 20 and 464 pg/ml (day 8), and 52 and 897 pg/ml (day 15), respectively. Peak 

values at 45 minutes were 190 pg/ml and 2685 pg/ml, ≥1800 pg/ml (above upper detection 

limit) and 2694 pg/ml, and ≥1800 pg/ml and 2706 pg/ml, respectively. Since no MD-MANI 

and no MTD was achieved, dose level 5 (6750 µg, 1.7ml) was given on day 15 in the 

morning at the hospital.  The patient was stable and had normal vital signs. The second dose 

was given by patients’ spouse at home in the evening of the same day. On day 16 the third 

dose  of  level  5  was  given  s.c.  at  home  at  12:45.  Fifteen  minutes  into  the  ghrelin 

administration the patient started to experience hot flashes and acute tiredness that lasted 

for 30 minutes. Then he reported that he felt cold. His heart rate was 68 bpm and at 14:30 

his temperature was 33°C. The spouse gave him granulated sugar to treat suspected 

hypoglycemia. The patient did not have shivering or chills and remained alert and fully 

conscious without impaired cognition. At 15:30 patient was seen by the general practitioner 

and had a low blood pressure of 71/55 mmHg, low body temperature of 32.6°C on 

examination. No clinical signs of acute cardiac ischemia or heart failure were found. Advice 

was given to administer 0.9% normal saline intravenously, to warm the patient and to transfer 

him to the hospital. Upon arrival at the Oncology clinic at 16:25, his blood pressure was 

100/70 mmHg, heart rate 48 bpm, temperature 33.6°C (auricular), oxygen saturation 88%, 

and  blood glucose 6.9 mmol/l. There was no biochemical evidence of organ failure or acute 

infection. The patient was tired, but able to communicate. A blood sample was drawn one 

hour later at the emergency room for analysis of ghrelin levels. Blood sample was stored at - 

80°C after collection but was not treated with protease inhibitors as for other samples due to 

the unforeseen unfolding of events. Under these circumstances, active ghrelin was 86 pg/ml; 

total ghrelin level was 4027 pg/ml. 

 

The patient received continuous normal saline infusion, a warming blanket, and 8 mg of 

dexamethasone (intravenously). The patient felt hungry at 17:15 and felt better after eating 

soup. His temperature and other vital signs continued to improve with time. At 19:45 the 

patient felt significantly better. His vital signs slowly normalized.  He was later transferred to 

the inpatient Oncology ward for observation and went home the day after. 

 

To summarize, in this male subject with pancreatic adeno-carcinoma associated cachexia, 

hypothermia occurred in the late stage of sustained ghrelin treatment with escalating doses. 

After administering the third injection of   highest ghrelin dose (level 5 at 6,750 µg) on day 15, 

the patient’s body temperature dropped from a subjectively normal range down to 33°C 

within two hours after ghrelin injection was given. The patient remained hypothermic (33 - 
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34°C) for a total of three hours before his temperature started to rise again. The decrease in 

temperature was accompanied by only moderate changes in blood pressure, and the patient 

showed no signs of organ failure or other associated pathology. Intriguingly, the low body 

temperature was associated with a high plasma concentration of total ghrelin that was about 

150% above the level at 45 min after ghrelin injection was given. 
 

 

Based on these observations we revisited the question, if ghrelin may be a potent and direct 

regulator of body temperature. Evidence exists that that ghrelin may decrease body 

temperature in rodents. When ghrelin was acutely injected into the brain, body core 

temperature decreases transiently for the first 1-2 h after administration [2]. Furthermore, 

third ventricular administration of ghrelin transiently decreased the temperature of brown 

adipose tissue (BAT) and suppressed BAT sympathetic nerve activity in rats [8]. The latter 

phenomenon indicates diminished energy expenditure due to decreased rate of facultative 

thermogenesis. However, reports regarding a relevant ghrelin induced decrease in energy 

expenditure are inconsistent [1, 3-5]. Based on our observation of a case of severe 

hypothermia following high-dose ghrelin administration, we investigated the role of ghrelin in 

body temperature regulation. We first examined whether there was a theoretical 

neuroanatomical basis for ghrelin receptor activation to affect the central nervous system 

(CNS) circuitry known to control body temperature. 

 

3.2 Ghrelin binds to GHS-R in the medial preoptic area (MPOA) 
 

 

The  MPOA  of  the  hypothalamus  is  believed  to  represent  the  key  area  for  the  central 

regulation of autonomic thermo-effector responses [14]. When stimulated, warm-sensitive 

MPOA neurons trigger heat defense mechanisms, whereas when inhibited, these neurons 

trigger cold defense mechanisms [14]. Thereby the MPOA is a central element to the control 

of body core temperature. 

 

We detected ghrelin binding and ghrelin-immunoreactivity in the rat medial preoptic area 

(Figure 1). In addition, ghrelin-immunolabeled axon terminals contacted neurons that 

expressed  c-fos  in  response  to  cold  exposure.  These  data  suggest  that  hypothalamic 

neurons expressing ghrelin immunoreactivity are in anatomical position to participate in the 

regulation of core body temperature by the MPOA. 

 

The  precise  mechanism  of  temperature  regulation  has  not  been  fully  elucidated.  It  is 

assumed that the MPOA in the hypothalamus is a major site for integrating and controlling 

body core temperature regulation [14, 15]. Efferent neuronal projections form the MPOA to 

the periphery are sympathetic nerves extending to skin blood vessels, skeletal muscle and 

BAT [14]. Ghrelin has been shown to influence sympathetic outflow to BAT by decreased 
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sympathetic nerve activity in BAT [8] and chronic i.c.v. ghrelin infusion decreased expression 

of UCP1 mRNA in BAT of rats that were either fed ad libitum or that were pair-fed to control 

rats [3]. Our immunohistochemical results however indicate that ghrelin may also regulate 

body temperature at a higher central level by binding to receptors in the MPOA. In addition, 

the reported ghrelin binding to cell bodies in the MPOA coincide with the expression of the 

ghrelin receptor GHS-R1a in this hypothalamic area [16, 17], indicating that ghrelin may play 

a role in body temperature regulation. However, our data are descriptive in nature, and it is 

not yet known which specific type of neurons ghrelin is binding to in the MPOA, or if and how 

ghrelin elicits a change in their activity or thermoregulating output by binding to MPOA 

neurons lying adjacent to thermosensitive neurons. 

 

Nevertheless, our data show that there is a theoretical neuroanatomical basis for ghrelin 

induced activation of neurons in the MPOA - a key CNS area regulating body temperature. 

To further elucidate the physiologic role of ghrelin for body temperature regulation we next 

performed in vivo experiments in rodents to study the chronic and acute effects of ghrelin on 

body temperature regulation in the context of overall changes in energy balance. 

 

3.3 Ghrelin does not induce significant hypothermia in rodents 
 

 

3.3.1 Chronic central ghrelin infusion is ineffective in decreasing body temperature 
 

 

Centrally administered ghrelin was reported to stimulate lipogenesis in white adipose tissue 

and liver in rats after a one week treatment to facilitate storage of incoming nutrients as fat 

[3]. Since acute i.c.v. ghrelin injection transiently decreased body temperature in rats [2], we 

intended to investigate whether a chronically increased ghrelin level in the hypothalamus 

would induce a persistent decrease in body core temperature thereby contributing to energy 

storage. To test this hypothesis, we chronically infused rats with ghrelin (2.5 nmol/day) for 6 

days via osmotic minipumps into the left lateral ventricle. The ghrelin dose used was reported 

to promote food intake and adiposity in rats during a 6-day treatment period [3]. The ghrelin 

infusion significantly increased food intake and body weight starting from the second day of 

treatment (Figures 2A and B) confirming that the ghrelin preparation was bioactive. However, 

this treatment did not affect body core temperature or gross locomotor activity (Figures 3A 

and B). Taking the lack of effect on body temperature with chronic ghrelin i.c.v. infusion 

together with the previously reported decrease in body temperature with acute i.c.v. injection 

[2] it appears that a hypothermic effect of ghrelin may require an acute rise in ghrelin level 

above a certain threshold. Consistently, lower ghrelin concentrations appear to be insufficient 

to alter body temperature. This observation makes physiological sense since ghrelin is 

secreted in a pulsatile manner and peaks before meals [18-20]. A ghrelin induced drop in 

body temperature prior to a meal may prepare the organism better for an efficient absorption 
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and storage of incoming nutrients and energy. Also, ghrelin-induced hypothermia may be 

more easily inducible under conditions of lower environmental temperature. To test these 

hypotheses we  next  investigated the potential hypothermic effect  of a single peripheral 

ghrelin injection in mice under challenged conditions such as cold exposure. 

 

3.3.2 A single peripheral ghrelin injection is ineffective in decreasing body temperature 
 

 

We subjected normal male mice to a single peripheral (i.p.) injection of ghrelin (10 mg/kg) 

and measured body core temperature, energy expenditure, locomotor activity, food intake, 

and  respiratory  quotient  subsequently  for  24  hours.  To  test  the  robustness  of  the 

hypothermic response to the acute rise in ghrelin level, we challenged the thermoregulatory 

system by exposing the injected mice to cold ambient temperature (4°C). Changes in the 

parameters of energy balance were compared to another group of mice treated with saline 

under the same  experimental conditions The same parameters were also  measured at 

normal temperature (21°C) following saline injection in the same mice (basal condition). In 

order to measure the contribution of the thermic effect of food, we removed food from a 

group of mice for 5 hours immediately following ghrelin or saline injection. We compared 

changes in body temperature and energy expenditure in 4 groups of mice that were exposed 

to cold ambient temperature: saline treated mice with ad libitum access to food, ghrelin 

treated mice with ad libitum access to food, saline treated mice without access to food for 5 

hours following injection and ghrelin treated mice without access to food for 5 hours following 

injection. 

 

Cold exposure increased 24h food intake in all treatment groups as compared to normal 

temperature exposure (Figure 4). Mice receiving ghrelin with ad libitum access to food 

ingested significantly more calories under cold ambient temperature conditions than the other 

treatment groups indicating bioactivity of the ghrelin preparation. Ghrelin treatment failed to 

increase food intake when food was supplied beginning at 5 h after injection, possibly due to 

the short half-life of the ghrelin peptide [20]. Peripheral ghrelin administration transiently 

increased respiratory quotient when mice had access to food (Figure 6B), indicating 

immediate start of food uptake. Saline injected mice with ad libitum access to food increased 

respiratory  quotient  with  the  beginning  of  the  dark  phase,  when,  according  to  normal 

circadian rhythm, the majority of the food is usually consumed. Food deprivation for the 

duration of 5h following injection decreased respiratory quotient to a similar extent in saline 

and ghrelin treated mice. 

 

Our data suggest that changes in body core temperature were much more significantly 

influenced by the presence or absence of food than by ghrelin treatment (Figure 5B). Body 

core temperature decreased transiently for 2.5 hours after exposure to 4°C when mice had 
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ad libitum access to food, regardless of the type of treatment. Of note, ghrelin treated mice 

had slightly, but insignificantly lower body temperature after 1 hour. Interestingly, the cold 

induced decrease in body temperature was fully blocked by food deprivation. When mice 

were food deprived for 5 h following saline or ghrelin treatment, body temperature increased 

in concordance with increased locomotor activity similarly in saline and ghrelin treated mice 

(Figure 5D). As a result, this led to an increase in total energy expenditure in both food 

restricted  groups  (Figure  5F).  Increased  locomotor  activity  was  likely  an  indicator  for 

increased food seeking behavior due to cold induced increase in energy demands. Since 

ghrelin and saline injected animals responded similarly, it can be assumed that the drive to 

eat was increased in both food restricted groups due to cold exposure. Furthermore, food 

deprivation for 5 h following injection decreased respiratory quotient to a similar extent in 

saline and ghrelin treated mice. This likely indicates a shift toward preferential fat oxidation to 

ensure sufficient energy supply when food was not available and to meet the increased 

demand for thermogenesis when ambient temperature was low. Therefore, we speculate that 

the potential hypothermic effect of ghrelin is dependent on food availability and may be 

influenced by ambient temperature and food restriction. While there is evidence that ghrelin 

decreases sympathetic nerve activity [8], possibly via neuropeptide Y and agouti-related 

protein [8, 21-26], we were unable to show that this effect is associated with lowering body 

temperature in rodents. It is still possible that ghrelin may have lowered temperature in 

certain tissues or organs like BAT, liver or skin, which was not significant enough to be 

detected by changes in core temperature. In this context, the decrease in body core or BAT 

temperature after i.c.v. injection of ghrelin reported elsewhere [2, 8] may just represent a 

result or “by-product” of decreased sympathetic outflow to BAT. The extent to which 

temperature is reduced may depend on the ability of ghrelin to reach the central receptors, 

the timing of ghrelin injection, and the initial capacity for non-shivering thermogenesis at a 

given point in time and condition. Such details in experimental design may explain the 

discrepancy between reported temperature decreases and our results [2, 8]. 

 

3.1 Peripheral  ghrelin infusion  does  not  decrease  body surface  temperature in 

humans 

 

We subjected healthy subjects to a 225 min continuous intravenous (i.v.) infusion of either 

saline  or  ghrelin  in  doses  of  either  0.2  or  0.6  nmol/kg/hr  on  three separate  days  and 

measured body surface temperature for the whole infusion period. Sixteen healthy subjects 

(8 male and 8 females) aged 28.3  6.0 years with a BMI of 27.7  2.7 kg/m2 completed the 

study.  Steady-state levels of ghrelin in the plasma were reached after approximately 45 

minutes after the ghrelin infusion began. Ghrelin infusions at 0.2 and 0.6 pmol/kg/hr 

(equivalent to 0.5 and 2 g/kg/h respectively) raised steady-state plasma total ghrelin levels 



15 
 

to  2.4  and  6.7-fold  above  fasting  concentrations,  respectively.  Continuous  acyl  ghrelin 

infusion at 0.2 and 0.6 nmol/kg/hr had no effect on body surface temperature (p = 0.15) 

(Figure 7). The administration of glucose and insulin during the frequently sampled i.v. 

glucose tolerance test did not appear to alter body surface temperature either. Ghrelin 

infusion was well tolerated. The most common complaints during the infusion of ghrelin were 

hunger and warm sensation. No unexpected or serious adverse event occurred during the 

study. 

 

It is worth noting that the dose of ghrelin used in this study was much lower than the one 

used in the case report (< 800 g vs. 6750 g, respectively). The route of administration also 

differed between the two studies (i.v. infusion vs. s.c. injection as in the case report). The 

study subjects in this study were healthy, while the patient who suffered from hypothermia 

had terminal cancer of the digestive system. To our knowledge, data on chronic ghrelin 

treatment on body temperature regulation in humans is lacking. 

 

With the exception of the here reported single case of hypothermia that occurred following 

high dose, repeated, ghrelin injections, changes in body temperature related to ghrelin 

administration in humans have not been reported elsewhere.  Despite the existing evidence 

in rodents that ghrelin may lower body temperature following acute administration [2], 

decrease sympathetic outflow to BAT and decrease BAT temperature [8], a clear, direct and 

clinically relevant effect of ghrelin on body temperature regulation cannot be established 

based on our studies. 

 

 

4  Conclusions 
 

 

We have shown here that intriguingly there is ongoing ghrelin binding to GHSR-1a in the 

MPOA, a critical region for temperature regulation. This implies that there is a theoretical 

basis  for  potential  direct  regulation  of  body  core  temperature  by  ghrelin  in  mammals. 

However, under the several specific conditions studied here (e.g. ad libitum feeding, normal 

and cold ambient temperature exposure), ghrelin does not alter body temperature in rodents 

or humans. The here reported single case of hypothermia in a cancer patient might involve 

several coincided influencing factors. One of these factors could be the loss of vagal 

connection to the gut as a result of total gastrectomy and vagotomy that could result in 

disturbed ghrelin action on the autonomic nervous system. It is known that the ghrelin 

receptors are expressed in the nodose ganglion [27] indicating an important pathway 

connecting  the  central  and  peripheral  (gastrointestinal  tract)  nervous  system.  While 

abdominal vagal afferents are not required for the acute appetite-stimulatory effect of 

peripheral ghrelin [28], there is evidence that genetic blockage of ghrelin receptors in 

autonomic nerve endings leads to increased body temperature and energy expenditure as 
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well as brown adipose tissue activity [29]. This implies that peripheral actions of ghrelin or its 

receptor in autonomic nerve endings may play a role in body temperature regulation. 

 

Even though the exact cause for the isolated case of hypothermia during ghrelin 

administration has not been identified, it appears to be an isolated occurrence in a highly 

selected population (terminally ill cancer patient with cachexia). Potentially, a yet unknown 

constellation of sensitizing factors in that particular individual may have induced this severe 

drop in temperature. A similar phenomenon was not observed in our subsequent series of 

studies of ghrelin treatment in populations of mice, rats or humans. 

 

Based on our and all other available data we would still recommend careful monitoring of 

body temperature and other vital signs in clinical studies involving ghrelin administration. 

Further studies are needed to better understand the potential relevance of ghrelin action at 

receptors in the MPOA and the specific conditions under which acute and chronic ghrelin 

treatment  may  have   a  pharmacologically  or   clinically  meaningful  effect  on   central 

temperature control or cell autonomous thermogenic processes. 
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Figure legends 
 

 

 

 

Fig. 1: Ghrelin-imunoreactivity (a) and ghrelin binding (b) in rat medial preoptic area. Axon 

terminal containing ghrelin immunolabeling lay in close apposition to neurons that express c- 

fos in response to cold exposure (c and d). 

 

 

 

 

Fig. 2: Ghrelin chronically infused i.c.v. (2.5 nmol/d) increased food intake and body weight. 

Absolute food intake (A) and body weight change (B) of rats treated i.c.v. with either saline or 

2.5 nmol/d ghrelin. Data represent mean±SEM. P<0.001 (time x treatment) for both food 

intake and body weight, one-way repeated measures ANOVA. 

 

 

 

 

Fig. 3: Ghrelin chronically infused i.c.v. (2.5 nmol/d) did not change body temperature or 

locomotor activity. Body core temperature (A) and gross locomotor activity (B) of rats treated 

i.c.v. with either saline or 2.5 nmol/d ghrelin. Shown are the first 3 days following start of 

treatment. Data represent mean±SEM. 

 

 

 

 

Fig. 4: Ghrelin further increased cold induced food intake. Cumulative Food intake (24h) after 

single i.p. saline injection at 21°C (all mice) and after single i.p. injection of either saline or 

ghrelin (10 mg/kg) at 4°C ambient temperature (n=10/group). Data represent mean±SEM. * 

P<0.001 vs. saline 21°C, # P<0.05 vs. saline, saline no food access (5h) and ghrelin no food 

access (5h) at 4°C; (ANOVA, Post-hoc LSD) 
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Fig. 5: Cold induced changes in body core temperature, locomotor activity and energy 

expenditure depend on food availability, but not on ghrelin action. Body temperature, gross 

locomotor activity and total energy expenditure at 21°C (A, C and E, respectively) after single 

i.p. saline injection and during acute cold exposure after single i.p. ghrelin (10 mg/kg) or 

saline injection (B, D and F, respectively). The first 5h following injection are shown. Data 

represent mean±SEM, n=10/group. 

 

 

 

 

Fig. 6: Ghrelin induced increase of respiratory quotient depends on food availability. 

Respiratory quotient was measured at 21°C following single i.p. saline injection (A) and 

during acute cold exposure following single i.p. ghrelin (10 mg/kg) or saline injection (B). The 

whole measurement period of 23h following injection is shown. Data represent mean±SEM, 

n=10/group. 

 

 

 

 

Fig. 7: Ghrelin has no effect on body surface temperature in humans. Synthetic human 

ghrelin (0.2 and 0.6 nmol/kg/hr) or saline were infused on three separate days for a total of 

225 minutes each in 16 healthy volunteers. No difference in body surface temperature 

between ghrelin treatment and control was found (p = 0.15, two-way repeated measures 

ANOVA). Data represent mean ± SEM. 
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