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Previous studies have shown that bromocriptine mesylate (Bromo) lowers blood glucose 
levels in adults with type 2 diabetes mellitus. However, the mechanism of action of the anti-
diabetic effects of Bromo is unclear. As a dopamine receptor agonist, Bromo can alter brain 
dopamine activity affecting glucose control. However, Bromo also suppresses prolactin (Prl) 
secretion, and Prl levels modulate glucose homeostasis. Thus, the objective of the present 
study was to investigate whether Bromo improves insulin sensitivity via inhibition of Prl 
secretion. Male and female ob/ob animals (a mouse model of obesity and insulin resistance) 
were treated with Bromo and/or Prl. Bromo-treated ob/ob mice exhibited lower serum Prl 
concentration, improved glucose and insulin tolerance, as well as increased insulin sensitivity 
in the liver and skeletal muscle, compared to vehicle-treated mice. Prl replacement in Bromo-
treated mice normalized serum Prl concentration without inducing hyperprolactinemia. 
Importantly, Prl replacement partially reversed the improvements in glucose homeostasis 
caused by Bromo treatment. The effects of the Prl receptor antagonist G129R-hPrl on glucose 
homeostasis were also investigated. We found that central G129R-hPrl infusion increased 
insulin tolerance of male ob/ob mice. In summary, our findings indicate that part of Bromo 
effects on glucose homeostasis are associated with decrease in serum Prl levels. Since 
G129R-hPrl treatment also improved the insulin sensitivity of ob/ob mice, pharmacological 
compounds that inhibit Prl signaling may represent a promising and novel therapeutic 
approach to control blood glucose levels in individuals with insulin resistance. 

Introduction 

Type 2 diabetes mellitus (T2DM) is a syndrome characterized by dysfunctions in the 
metabolism of glucose, amino acids and free fat acids (1). The present scenario of modern 
life contributes to the exacerbated growth of metabolic disorders. The number of individuals 
with T2DM has doubled over the past three decades, which turned this disease into a health 
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global challenge (2). Importantly, changes in lifestyle and diet have not been enough to solve 
the burden of these diseases. Thus, ongoing efforts of health organizations, research groups 
and society are necessary to curb the frightening trends in morbidity and mortality 
attributable to this disease. Therefore, intensive investigations of more efficient therapeutic 
approaches to prevent and treat T2DM are urgently needed.  

Currently, drugs used to treat T2DM act stimulating insulin secretion by the pancreas 
(sulfonylureas), reducing hepatic glucose production (biguanides), delaying digestion and 
intestinal absorption of carbohydrates (alpha-glucosidase inhibitors) or increasing insulin 
sensitivity (thiazolidinediones and biguanides) (3,4). Additionally, there are relatively new 
classes of anti-diabetic drugs, including incretin receptor agonists that stimulate insulin 
secretion and suppress glucagon secretion (5) or sodium-glucose co-transporter-2 (SGLT2) 
inhibitors, which decrease renal glucose reabsorption (6).  

However, a growing interest in studying the central nervous system (CNS) as a potential 
target of anti-diabetic drugs is emerging since insulin sensitivity, hepatic glucose production 
and insulin/glucagon secretion are regulated by the autonomic nervous system (7). Moreover, 
insulin receptor is widely distributed in various brain nuclei that control glycemia and energy 
balance (8,9). Notably, central insulin signaling regulates peripheral glucose and fat 
metabolism (10). In addition to insulin, leptin has an important effect on glucose homeostasis 
via the CNS. Selective leptin receptor deletion in neurons leads to T2DM (11) and leptin 
action on proopiomelanocortin neurons is sufficient to normalize glucose and glucagon levels 
in mice otherwise knockout for the leptin receptor (12–14).  

In the context of drugs acting on CNS, the USA Food and Drug Administration has 
approved a quick release formulation of bromocriptine mesylate (Bromo), a dopamine D2 
receptor agonist, as a coadjutant treatment for T2DM (15). Human and animal tests have 
shown anti-diabetic effects of Bromo. Bromo lowers fasting blood glucose, improves glucose 
tolerance and reduces insulin levels in T2DM patients (16). Two weeks of treatment with 
Bromo plus a dopamine D1 receptor agonist reduced  hyperglycemia, hyperinsulinemia and 
hyperlipidemia of leptin deficient (ob/ob) mice (17).  However, the mechanism of action of 
the anti-diabetic effects of Bromo remains unclear.  It has been suggested that Bromo acts via 
the CNS to improve glucose homeostasis (18). In this context, Bromo administration in the 
early morning could hypothetically reset the circadian rhythm of dopamine in the 
hypothalamus, leading to improvements in insulin sensitivity and other metabolic aspects 
(19), although no clear evidence about this effect has been reported. 

As a dopamine receptor agonist, Bromo also inhibits prolactin (Prl) secretion. This occurs 
because tuberoinfundibular dopamine (TIDA) neurons are major regulators of pituitary Prl 
secretion via a negative feedback loop. Prl activates TIDA neurons, which in turn release 
dopamine into the hypophyseal portal system. Activation of dopamine receptors in pituitary 
lactotrophs inhibits Prl secretion (20,21). Importantly, Prl modulates glucose homeostasis 
(22) . In this sense, Prl level within the normal range is a protective factor against T2DM in 
healthy women (23). Additionally, Prl signaling plays an important physiological role 
favoring β-cell proliferation and expansion during pregnancy, thus contributing to the glucose 
homeostasis and preventing gestational diabetes mellitus (24,25). On the other hand, there is 
evidence that Prl may cause insulin resistance and produce diabetogenic effects. For example, 
hyperprolactinemia either induced by pituitary tumors or by antipsychotic drugs is an 
important risk factor for glucose intolerance and T2DM (22). Therefore, it is plausible to 
hypothesize that the anti-diabetic effects of Bromo are associated with reductions in Prl 
secretion. However, no study until now tested this hypothesis. In addition, Prl signaling 
seems to be an interesting target for the modulation of glucose metabolism. Of note, several 
Prl receptor antagonists have been developed, mainly to investigate their potential to treat 
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mammary cancer (26,27). However, whether Prl antagonists could exhibit anti-diabetic 
effects has never been evaluated.  

Therefore, the objective of the present study was to determine whether Bromo improves 
insulin sensitivity via inhibition of Prl secretion and to investigate if a specific Prl receptor 
antagonist is able to improve glucose homeostasis. For this purpose, we studied ob/ob mice 
since these animals are a natural model of obesity and insulin resistance (28) as well as being 
widely used in studies investigating the anti-diabetic effects of Bromo (17,29–31). 

Material and Methods 

Animals   
All experiments were performed on 5-month-old ob/ob mice, weighing an average of 56 
grams. As previously shown, ob/ob mice are infertile and females acyclic, maintaining a 
persistent estrous-like vaginal cytology (32–34). Male and female mice were produced in our 
local animal facility and the initial breeders were obtained from The Jackson Laboratory 
(stock#: 000632). Mice had ad libitum access to a regular rodent chow diet (2.99 kcal/g; 
9.4% calories from fat) and were maintained under standard conditions of light (12-h 
light/dark cycle) and temperature (23 ± 1 °C). The animal procedures were approved by the 
Ethics Committee on the Use of Animals of the Institute of Biomedical Sciences at the 
University of São Paulo and were performed according to the ethical guidelines adopted by 
the Brazilian College of Animal Experimentation. 

Study of the mechanism of action of the anti-diabetic effects of bromocriptine 
All mice were anesthetized with isoflurane and received subcutaneous implant of an osmotic 
mini-pump (Alzet; model #1002). Surgical incision was sutured with clips and asepsis was 
performed with iodine. Mice were separated into 4 experimental groups, according to the 
treatment (Fig 1A): Control group received mini-pump containing PBS and daily 
intraperitoneal (i.p.) injections of vehicle (50% DMSO + 50% saline) in the first hour of light 
cycle (9:00 am); Prl group received mini-pump containing Prl from sheep pituitary (infusion 
of 18 µg/day; Sigma) and daily i.p. injections of vehicle; Bromo group received mini-pump 
containing PBS and daily i.p. injections of bromocriptine mesylate (12 µg/g b.w.; Santa Cruz 
Biotechnology); Bromo+Prl group received mini-pump containing Prl and daily i.p. 
injections of bromocriptine mesylate. The treatments were performed for 16 days. Prl was 
administered via mini-pumps to maintain basal serum Prl levels due to its constant infusion. 
Bromo was provided via daily i.p. injections based on studies in humans and mice showing 
that a single daily administration of Bromo is sufficient to improve glucose homeostasis in 
insulin-resistant individuals (17,18,29,35).  

Food intake and body weight were measured daily. Glucose tolerance test (GTT) and 
insulin tolerance test (ITT) were conducted after 4 hours of fasting at the 12th and 14th day of 
treatment, respectively (Fig 1A). In these tests, mice received i.p. injections of either 1 g 
glucose/kg b.w. or 3 IU insulin/kg b.w., respectively. Glycemia was measured via blood 
samples collected from the tail before the injection and 20, 40, 60, and 90 minutes afterwards. 
For euthanasia, mice were anesthetized with isoflurane. Serum Prl (Mouse Prolactin ELISA 
Kit, Sigma) and insulin (Crystal Chem, Inc.) concentrations were determined by ELISA in 
male ob/ob mice. The subcutaneous, perigonadal (males), periuterine (females) and 
retroperitoneal fat pads were collected and weighted as an indicator of body adiposity. 

Tissue-specific insulin sensitivity 
A subset of the animals previously subjected to GTT and ITT were used to determine the 
sensitivity to insulin in the liver and skeletal muscle. Thus, male mice received an i.p. 
injection of 6 IU insulin/kg and were euthanized 15 min later at the 16th day of treatment. The 
liver and gastrocnemius/soleus muscle were processed for Western blotting as previously 
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described (36). We measured total AKT (1:1,000; Santa Cruz; sc-8312; RRID: AB_671714) 
and the phosphorylation of AKT (pAKTSer473; 1:1,000; Cell Signaling; #3787 RRID: 
AB_331170). The values were normalized to GAPDH expression (1:1,000; Santa Cruz; sc-
25778; RRID: AB_10167668). Proteins were analyzed using the Li-COR Odyssey system 
(Li-COR). 

Effects of the Prl receptor antagonist (G129R-hPrl) on glucose homeostasis of ob/ob mice 
 In order to confirm that the G129R-hPrl is capable of blocking Prl signaling in vivo, 
we implanted intracerebroventricular (icv) cannulas (Plastics One) to assess the capacity of 
the G129R-hPrl to block Prl-induced signal transducer and activator of transcription 5 
phosphorylation (pSTAT5) in the hypothalamus. After 4 days of recovery from surgery, mice 
received an acute icv injection of G129R-hPrl (4 µg in 2 µl) and 5 minutes later an i.p. 
injection of human recombinant Prl (2.5 µg/g b.w.). After 40 minutes, mice were euthanized 
and their hypothalami collected to determine STAT5 phosphorylation via Western blotting 
(pSTAT5Tyr694; 1:1000; Cell Signaling; #9351; RRID: AB_2315225). To study the effects of 
peripheral administration of G129R-hPrl on glucose metabolism, 5-month-old male ob/ob 
mice received subcutaneous implant of osmotic mini-pumps (Alzet; model #1002) filled 
either with PBS or G129R-hPrl (delivery of 14.4 µg/day for 14 days). To evaluate the effects 
of icv administration of G129R-hPrl, another group of 5-month-old male and female ob/ob 
mice were implanted with an icv cannula (Alzet; brain infusion kit 3) attached to an osmotic 
mini-pump (Alzet; model #1004) filled either with PBS or G129R-hPrl (delivery of 5.28 
µg/day for 28 days). In this surgical procedure, mice were anesthetized with a cocktail of 8% 
ketamine + 6% xylazine. The following stereotaxic coordinates in relation to the Bregma 
were used to implant the cannula in the lateral ventricle: anteroposterior: 0.5 mm, mid-
1ateral: 3 mm and dorsoventral: 2.2 mm. Glucose and insulin tolerance were evaluated in the 
same manner of the aforementioned experiment. 

Synthesis, purification and characterization of G129R-hPrl   
G129R-hPrl synthesis in the periplasm of E. coli followed the same procedures already used 
for other proteins, using the lambda PL promoter (37–39) . The DsbA signal sequence was 
utilized, replacing the “GGC” codon corresponding to amino acid 129 glycine with the 
“CGC” codon corresponding to arginine. Since hPRL tightly degrades at 42°C when it is 
present in the cytoplasm (38), G129R-hPRL expression was carried out at lower 
temperatures: 35°C and 37°C (38,39). Osmotic shock was then utilized to extract all proteins 
from the bacterial periplasm, as previously described (37). 

The periplasmic fluid obtained by osmotic shock was purified using metal (Ni) affinity 
chromatography. As a first purification step, a Hisprep Fast Flow 16/10 was utilized with 
0.05 M sodium phosphate pH 7.2, 0.8 M NaCl buffer, under two steps (10 mM and 20 mM 
Imidazole) and an Imidazole gradient from 20 mM to 100 mM, 5 column volume each, with 
a flow rate of 300 ml/h. G129R-hPrl was eluted from 50 to 90 mM Imidazole (peak at 72 
mM) in the middle of gradient. The second purification step was a size exclusion 
chromatography (S100 Sephacryl resin in a 26 x 100 mm column), run under isocratic 
conditions and eluting with ammonium bicarbonate buffer 0.05 M, pH 7.9, at a flow rate of 
60 ml/h. After purification and quantification via established methodologies, G129R-hPrl 
was lyophilized in ammonium bicarbonate buffer in aliquots of 1 mg/flask. 

Physico-chemical and immunological characterization was carried out via SDS-PAGE, 
Western blotting, reversed-phase high-performance liquid chromatography (RP-HPLC) and 
high-performance size-exclusion chromatography (HPSEC), as previously described (40,41). 
Electrospray ionization mass spectrometry (ESI-MS) was also utilized in order to accurately 
confirm the exact molecular mass of G129R-hPRL, as carried out in previous work analyzing 
a different receptor antagonist (40). 
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Statistical analysis 
The results are expressed as mean ± SEM. Data were analyzed using two-way ANOVA and 
Fisher’s LSD post hoc test. Repeated measures two-way ANOVA was used to analyze the 
data during the GTT and ITT. The effects of G129R-hPrl were analyzed by unpaired two-
tailed t-student test. GraphPad Prism software was used for the statistical analyses and only p 
values < 0.05 were considered to be statistically significant. 

Results 

Exogenous Prl infusion prevented the suppression of serum Prl concentration induced by 
Bromo treatment 
 As earlier mentioned, Bromo suppresses Prl secretion by activating dopamine 
receptors in the pituitary gland (15,42). Before investigating the metabolic effects of Bromo 
and/or Prl, we initially analyzed the consequences of our different treatments on serum Prl 
levels in male ob/ob mice (Fig 1B). Prl-treated mice (Prl group) showed similar serum Prl 
concentrations compared to control mice (Fig 1B). As expected, Bromo-treated mice 
exhibited a significant reduction in serum Prl levels, which was prevented by exogenous Prl 
infusion (Bromo+Prl group). Importantly, Prl replacement normalized serum Prl 
concentration without inducing hyperprolactinemia (Fig 1B). 

Effects of Bromo and/or Prl on energy homeostasis of ob/ob mice 
  Evidence in literature indicates that either Prl or Bromo can produce significant 
effects on energy homeostasis (16,43,44). However, body weight, food intake and body 
adiposity remained unaffected in male ob/ob mice treated with Bromo and/or Prl for 16 days 
(Fig. 2). Since the metabolic effects of Prl are sexually dimorphic (43,45), we also studied 
female ob/ob mice. As seen in males, Bromo and/or Prl treatment caused no significant 
changes in body weight, food intake or body adiposity of female ob/ob mice (Fig. 3).  

The anti-diabetic effects of Bromo in ob/ob mice is attenuated by Prl replacement 
  To study the effects of Bromo and/or Prl on glucose homeostasis, we evaluated the 
glucose and insulin tolerance of ob/ob mice. In males, we observed that Bromo treatment, 
independently of Prl replacement, led to improved glucose tolerance (Fig. 4A-B). In addition, 
Bromo increased insulin sensitivity of male ob/ob mice, but this improvement was prevented 
by Prl replacement (Fig. 4C-D). Bromo treatment also produced marked anti-diabetic effects 
in female ob/ob mice (Fig. 5). Importantly, the increased glucose and insulin tolerance caused 
by Bromo was blunted in Bromo+Prl group (Fig. 5), suggesting that Bromo effects on 
glucose homeostasis are partially associated with serum Prl levels.  

Bromo lowers serum insulin concentration and increases insulin sensitivity in the liver and 
skeletal muscle of male ob/ob mice, whereas Prl replacement prevents these effects 
  Serum insulin concentration is an important indicator of insulin resistance. We found 
that Bromo reduced in 35% the serum insulin concentration of male ob/ob mice, suggesting 
increased insulin sensitivity (Fig 6A). However, Prl replacement prevented this improvement 
(Fig 6A). To further assess glucose homeostasis, we evaluated the capacity of insulin to 
induce the phosphorylation of AKT (pAKT), a well-established intracellular protein recruited 
by insulin receptor activation, in key insulin-responsive tissues. An acute insulin stimulus 
was unable to increase pAKT in the liver and skeletal muscle of control and Prl groups (Fig. 
6B-C). These results are in accordance with the marked insulin resistance observed in ob/ob 
mice (46). Notably, Bromo treatment increased the response to insulin in the liver and 
skeletal muscle, whereas Prl replacement rendered the mice unresponsive to insulin in both 
tissues (Fig. 6B-C). Neither chronic treatments (Bromo and/or Prl) nor the acute insulin 
injection caused significant changes in total AKT levels in the liver and skeletal muscle (Fig. 
6B-C). 
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Synthesis and purification of the Prl receptor antagonist – G129R-hPrl 
 The G129R-hPrl obtained in the periplasmic fluid of W3110 strain of E. coli 
containing the constitutive lambda PL-DsbA-G129R-hPrl expression vector was purified 
from 3 L of 2x LB medium (final optical density = 5.05 ± 0.24 A600). Specific productivity 
was higher when the expression was conducted at 35 °C (0.49 µg/ml/A600) than at 37 °C 
(0.27 µg/ml/A600) (47). The periplasmic fluid containing ~5 mg of G129R-hPrl in 40 ml 
obtained by osmotic shock was dialyzed against 0.05 M sodium phosphate pH 7.2. This 
sample was applied to a Nickel affinity column (Hisprep FF 16/10) and eluted with an 
Imidazole gradient from 20 mM to 100 mM (47). A pool of fractions (#53 through #60) was 
applied to a size exclusion chromatography column (Sephacryl S100) eluting with 0.05 M 
ammonium bicarbonate, pH 7.9. Analysis of the pool from purification steps was performed 
by Western blotting (47) and RP-HPLC. HPSEC analysis of the final product obtained or of 
the lyophilized protein after 1 month of storage at 4 °C showed less than 5% of dimeric and 
aggregated forms (47). The theoretical molecular mass of G129R-hPrl is 22997 Da. 
Electrospray ionization mass spectrometry (ESI-MS) provided a value of 22999 Da, which is 
0.009% higher than the expected mass. Therefore, we were able to produce a highly purified 
G129R-hPrl, which was then used in the following in vivo experiments. 

Anti-diabetic effects of the G129R-hPrl 
  Our hypothesis was that Bromo’s effects on glucose homeostasis depend, at least 
partially, on the suppression of Prl secretion. To further test our hypothesis, we studied the 
anti-diabetic potential of the recombinant G129R-hPrl. Initially, we determined whether the 
G129R-hPrl is able to block Prl signaling in vivo. Thus, we assessed if a prior G129R-hPrl 
administration could prevent the capacity of Prl to induce pSTAT5 in the hypothalamus, a 
key brain area that contains a great number of Prl responsive neurons (48,49). We observed 
that systemic Prl administration induced a robust phosphorylation of STAT5 in the 
hypothalamus (Fig. 7A-B). Importantly, this increase was completely blocked by a prior icv 
injection of G129R-hPrl (Fig. 7A-B). These data confirm that G129R-hPrl is able to block Prl 
signaling in vivo. Next, we chronically infused G129R-hPrl either systemically or centrally in 
male ob/ob mice. We observed that subcutaneous administration of G129R-hPrl caused a 
non-significant improvement in glucose and insulin tolerance in male ob/ob mice (Fig. 7C-F). 
Icv G129R-hPrl infusion also did not affect glucose tolerance significantly (Fig. 7G-H). 
However, insulin responsiveness was increased by chronic icv G129R-hPrl infusion (Fig. 7I-
J), indicating a modest but biologically significant impact of G129R-hPrl on glucose 
homeostasis. A group of female ob/ob mice also received icv cannulas to infuse either 
G129R-hPrl or PBS. However, we did not observe significant effects of the G129R-hPrl on 
glucose homeostasis of female ob/ob mice (Fig. 7K-N). 

Discussion 

In the present study, we investigated the hypothesis that at least part of the anti-diabetic 
effects of Bromo depend on the inhibition of Prl secretion. Of note, hyperprolactinemia 
commonly causes insulin resistance, hyperinsulinemia and glucose intolerance (22,50–53) 
and the treatment of hyperprolactinemic patients with dopamine agonists have beneficial 
effects in the glycemic control (54). However, it is worth mentioning that ob/ob mice are not 
hyperprolactinemic (55). Therefore, we propose that reduction of circulating Prl to levels 
below the normal range improves glucose homeostasis in previously insulin resistant animals. 
Our findings are in accordance with our hypothesis because Prl replacement partially 
reversed the improvements in glucose homeostasis induced by Bromo treatment. 

Several methodological considerations are relevant for the present study. Our low-dose 
Prl infusion was able to normalize serum Prl concentration in Bromo-treated male mice, 
without inducing hyperprolactemia. Since Prl secretion is regulated by negative feedback 
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(20,21), adjustments in Prl secretion probably avoided high Prl levels in the Prl group. Thus, 
Prl treatment may have increased the central dopaminergic tone in the Prl group. However, 
this effect was likely specific for TIDA neurons which express Prl receptors (48,49), but not 
for other dopaminergic circuits, such as the mesolimbic dopamine system. Importantly, the 
Prl group did not differ from the control group in any of the analyzed parameters, indicating 
that if Prl administration affected the dopaminergic circuit, these effects did not change the 
main parameters evaluated. In addition, we cannot extrapolate our findings to other models, 
such as diet-induced obese animals. In fact, we showed in a previous study that while ob/ob 
mice are completely responsive to Prl, diet-induced obese mice exhibit both peripheral and 
central Prl resistance (56). Prl resistance in diet-induced obese mice is explained by their 
elevated serum leptin levels that can interact with Prl responsive cells in the brain and 
periphery (56,57). Therefore, additional studies are needed to investigate whether Bromo 
improves insulin sensitivity via inhibition of Prl secretion in other animal models of T2DM. 
Moreover, the storage capacity of the mini-pumps led us to study the animals for only two 
weeks. Thus, a longer treatment would have allowed additional experiments to evaluate 
energy and glucose homeostasis, as well as it could have amplified the effects we observed. 
Finally, the constant infusion by the mini-pump cannot reproduce the physiological pattern of 
Prl secretion, which is typically pulsatile and influenced by circadian and environmental 
factors (58). 

Previous studies have shown that energy homeostasis can be affected by Bromo treatment 
(17,29,59). However, in the present study we observed that Bromo treatment did not change 
food intake nor body weight of ob/ob mice. In this sense, our results are in accordance with 
Pijl et al. (15) who demonstrated an improvement of glucose tolerance in T2DM obese 
subjects treated with Bromo, without alterations in their body weight or body composition. 
Thus, it is interesting to highlight that Bromo-induced improvements in glucose homeostasis 
of ob/ob mice were not secondary to changes in body composition or adiposity. 

Bromo treatment improved glucose and insulin sensitivity of ob/ob mice and increased 
the capacity of insulin to activate its intracellular pathway in the skeletal muscle and liver. 
Previous studies suggested that Bromo has a direct action in pancreatic β-cells, regulating 
insulin secretion (60). However, other studies demonstrated that the anti-diabetic effects of 
Bromo depend on the CNS since icv Bromo infusion improves glucose homeostasis (18). 
Moreover, some authors propose that Bromo administration in the early morning modulates 
the dopaminergic system and this effect, particularly in the hypothalamus, could lead to 
increased postprandial insulin sensitivity in patients with T2DM (19,61). Although our study 
does not rule out that Bromo may have the aforementioned effects, we provided evidence that 
Prl replacement in Bromo-treated ob/ob mice can prevent major improvements in glucose 
and insulin tolerance. Thus, at least part of the anti-diabetic effects of Bromo depends on the 
changes induced in serum Prl levels. Accordingly, there is some evidence that other 
dopamine receptor agonists are also capable of improving glucose homeostasis in diabetic 
individuals (62). For example, cabergoline treatment reduced fasting and postprandial plasma 
glucose levels and HbA1c in type 2 diabetic patients (63). In addition, a combination of 
Bromo and SKF38393 (a dopamine D1 agonist) produces better effects on the glucose 
homeostasis of ob/ob mice than Bromo treatment only (17). Therefore, although Bromo may 
improve glucose homeostasis via several and perhaps unique mechanisms, the suppression of 
Prl secretion seems to play an important role in these effects and probably explains the anti-
diabetic properties of different dopamine receptor agonists. 

We observed some sexually dimorphic responses, particularly in the capacity of Prl 
replacement to affect glucose tolerance. In males, Prl replacement did not prevent the 
improvements in glucose tolerance caused by Bromo, whereas a significant effect of Prl 
treatment was observed in female ob/ob mice. Therefore, the anti-diabetic effects of Bromo 
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seem to be more dependent on Prl in females, whereas in males these effects depend on both 
Prl and other mechanisms. A stronger effect of Prl on the metabolism of females is not 
surprising. For example, Prl receptor knockout mice are leaner than control littermates, 
although this effect is greater in females (43). In addition, hyperprolactinemia induced by 
selective disruption of dopamine D2 receptors in pituitary lactotrophs increases body weight 
and adiposity of female mice, while males show no significant metabolic abnormalities (45). 
Of note, hyperprolactinemia causes no metabolic disturbances in global D2 receptor 
knockout mice (64), suggesting that an intact central dopaminergic system is required for the 
metabolic effects of Prl. 

We also tested our hypothesis by blocking Prl signaling using a Prl receptor antagonist. 
Prl receptor antagonists have been developed as potential drugs to treat breast cancer, 
prostate cancer and prolactinomas resistant to dopamine treatment (26). Therefore, this is the 
first study that aimed to investigate their anti-diabetic potential. The structure of these drugs 
comprises the Prl molecule itself, but with specific mutations that make them inverse agonists 
of the endogenous receptor. Different Prl receptor antagonists have been produced, including 
the G129R-hPrl which presents a substitution of glycine in position 129 for arginine, the 
S179D-hPrl, produced by introducing an aspartate in place of the normally phosphorylated 
serine 179, and the Del1-9-G129R-hPrl obtained by deleting the nine N-terminal residues of 
G129R-hPrl (26,65,66). The physical-chemical and biological properties of some Prl receptor 
antagonists were previously characterized by our group (67). In the present study we used the 
G129R-hPrl because it is primarily an antagonist of the Prl receptor with low residual action 
on other receptors (67–70). However, Prl receptor antagonists may have residual agonist 
activity in a dose-dependent manner, which is a difficult effect to measure in vivo (27,67). 
Using the capacity of Prl to phosphorylate STAT5 as a marker of Prl responsiveness, we 
observed that a prior icv injection of G129R-hPrl completely blocked the ability of a 
systemic Prl administration to induce pSTAT5 in the hypothalamus, providing evidence that 
G129R-hPrl is able to block Prl signaling in vivo. In addition, the injection of G129R-hPrl 
alone did not induce pSTAT5, discarding a possible agonistic effect of this drug, at least in 
this experimental design. Remarkably, we observed increased insulin responsiveness in ob/ob 
mice chronically treated with G129R-hPrl. Nonetheless, this effect was only observed when 
G129R-hPrl was administered centrally and in male mice. Although systemic Prl is fully 
capable of entering the CNS (48,71,72), we have no information about the central 
transportation of G129R-hPrl. Furthermore, systemic injections of Prl require higher doses to 
produce equivalent effects in the CNS, compared to central administration (49,73). Since the 
dose used in the peripheral infusion of the G129R-hPrl was only 3 times higher than the one 
administered centrally, we may have achieved greater inhibition of Prl signaling with the 
central infusion. Nevertheless, our results highlight the key role of the CNS in the regulation 
of glucose homeostasis (7). 

In summary, our findings indicated that Prl replacement partially reversed the 
improvements in glucose homeostasis caused by Bromo treatment. Despite the clear anti-
diabetic effects exhibited by Bromo treatment, dopamine agonists modulate several brain 
functions, including locomotion, cognition, eating behavior, energy homeostasis, motivation, 
reward, memory, mood, learning, and hormonal secretion (74). Thus, the identification of 
drugs with less potential side effects is of interest. Our study identified for the first time anti-
diabetic properties of Prl receptor antagonists. Taken together, our findings indicate that Prl 
intracellular signaling cascade represents a potentially promising target of novel therapeutic 
approaches to improve insulin sensitivity. 
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Figure 1. Experimental design and serum prolactin levels. A. Ob/ob mice received 
subcutaneous osmotic mini-pumps containing either ovine prolactin (infusion of 18 µg/day) 
or PBS, followed by daily intraperitoneal (i.p.) injections of bromocriptine (12 µg/g b.w.) or 
vehicle. Glucose and insulin tolerance tests were performed at 12th and 14th day of treatment, 
respectively, and mice were euthanized at 16th day. During this period, food intake and body 
weight were daily monitored. B. Serum prolactin concentration (n = 5-7/group) at the 16th 
day of treatment (main effect of Bromo [F(1, 20) = 7.155, P = 0.0146], main effect of Prl [F(1, 

20) = 5.470, P = 0.0298] and interaction [F(1, 20) = 6.847, P = 0.0165]). **P<0.01 vs Bromo 
group. 
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Figure 2. Energy balance of male ob/ob mice during treatments. A-B. Body weight (A) 
(main effect of Bromo [F(1, 97) = 3.145, P = 0.0793], main effect of Prl [F(1, 97) = 0.7515, P = 
0.3882] and interaction [F(1, 97) = 0.4262, P = 0.5154]) and daily food intake (B) (main effect 
of Bromo [F(1, 85) = 3.220, P = 0.0763], main effect of Prl [F(1, 85) = 0.0054, P = 0.9418] and 
interaction  [F(1, 85) = 0.3116, P = 0.5782]) of control, Prl, Bromo and Bromo+Prl groups. C-
E. Body adiposity indicated by the weight of subcutaneous (C) (main effect of Bromo [F(1, 83) 
= 0.0682, P = 0.7946], main effect of Prl [F(1, 83) = 0.0788, P = 0.7795] and interaction [F(1, 83) 
= 0.0156, P = 0.9006]), perigonadal (D) (main effect of Bromo [F(1, 83) = 0.0314, P = 0.8597], 
main effect of Prl [F(1, 83) = 0.3336, P = 0.5651] and interaction [F(1, 83) = 0.1108, P = 0.7401]) 
and retroperitoneal (E) (main effect of Bromo [F(1, 83) = 0.02349, P = 0.8786], main effect of 
Prl [F(1, 83) = 0.0078, P = 0.9295] and interaction [F(1, 83) = 0.3261, P = 0.5695]) fat pads.  

Figure 3. Energy balance of female ob/ob mice during treatments. A-B. Body weight (A) 
(main effect of Bromo [F(1, 56) = 0.0511, P = 0.8219], main effect of Prl [F(1, 56) = 0.1700, P = 
0.6817] and interaction [F(1, 56) = 0.1317, P = 0.7180]) and daily food intake (B) (main effect 
of Bromo [F(1, 36) = 2.687, P = 0.1099], main effect of Prl [F(1, 36) = 0.2591, P = 0.6139] and 
interaction [F(1, 36) = 0.0152, P = 0.9025]) of control, Prl, Bromo and Bromo+Prl groups. C-
E. Body adiposity indicated by the weight of subcutaneous (C) (main effect of Bromo [F(1, 56) 
= 0.0545, P = 0.8162], main effect of Prl [F(1, 56) = 0.0087, P = 0.9259] and interaction [F(1, 56) 
= 0.0805, P = 0.7776]), perigonadal (D) (main effect of Bromo [F(1, 56) = 1.248, P = 0.2687], 
main effect of Prl [F(1, 56) = 0.0072, P = 0.9323] and interaction [F(1, 56) = 0.0830, P = 0.7742]) 
and retroperitoneal (E) (main effect of Bromo [F(1, 56) = 0.2522, P = 0.6175], effect of Prl [F(1, 

56) = 0.1034, P = 0.7490] and interaction [F(1, 56) = 0.06714, P = 0.7965]) fat pads.  

Figure 4. Glucose and insulin tolerance in male ob/ob mice during treatments. A. Area 
under curve of the glucose tolerance test (GTT; main effect of Bromo [F(1, 57) = 27.53, P < 
0.0001], main effect of Prl [F(1, 57) = 0.1461, P = 0.7037] and interaction [F(1, 57) = 0.7926, P = 
0.3770]) ***P < 0.001 Bromo vs Control and Prl groups; ##P < 0.01 Bromo+Prl vs Control 
and Prl groups. B.  Blood glucose changes during the GTT. *P < 0.05 Bromo vs Control and 
Prl groups; #P < 0.05 Bromo+Prl vs Control and Prl groups. C. Area under curve of the 
insulin tolerance test (ITT; main effect of Bromo [F(1, 56) = 2.991, P = 0.0893], main effect of 
Prl [F(1, 56) = 5.746, P = 0.0199] and interaction [F(1, 56) = 2.840, P = 0.0975]) *P < 0.05 vs 
Bromo group; **P < 0.01 vs Bromo group. D. Blood glucose changes during the ITT. &P < 
0.05 Bromo vs Prl group; #P < 0.05 Bromo+Prl vs Prl group; *P < 0.05 Bromo vs 
Bromo+Prl group. 

Figure 5. Glucose and insulin tolerance in female ob/ob mice during treatments. A. Area 
under curve of the glucose tolerance test (GTT; main effect of Bromo [F(1, 50) = 15.57, P = 
0.0002], main effect of Prl [F(1, 50) = 7.434, P = 0.0088] and interaction [F(1, 50) = 0.5234, P = 
0.4728]. B. Blood glucose changes during the GTT. &P < 0.05 Bromo vs Prl group; *P < 
0.05 Bromo vs all groups; @P< 0.05 Bromo+Prl vs all groups; #P < 0.05 Prl vs Bromo+Prl 
group; +P < 0.05 Control and Prl vs Bromo group. C.  Area under curve of the insulin 
tolerance test (ITT; main effect of Bromo [F(1, 31) = 6.055, P = 0.0196], main effect of Prl [F(1, 

31) = 1.987, P = 0.1686] and interaction [F(1, 31) = 2.588, P = 0.1178]. *P < 0.05 vs Bromo 
group. **P < 0.01 vs Bromo group. D. Blood glucose changes during the ITT. +P < 0.05 
Bromo vs Control and Prl groups; ˆP < 0.05 Control vs Bromo+Prl group; * P < 0.05 Bromo 
vs all groups.  

Figure 6. Bromocriptine treatment in male ob/ob mice decreases serum insulin 
concentration and ameliorates insulin sensitivity while Prl replacement reverts these 
effects. A. Serum insulin concentration at 16th day of treatment (main effect of Bromo [F(1, 28) 
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= 3.202, P = 0.0844], main effect of Prl [F(1, 28) = 1.167, P = 0.2892] and interaction [F(1, 28) = 
1.302, P = 0.2635]; n = 8) B-C. Phospho-AKT-Ser473 quantification in the liver (main effect 
of Bromo [F(3, 27) = 0.9028, P = 0.4526], main effect of Prl [F(1, 27) = 2.328, P = 0.1387] and 
interaction [F(3, 27) = 1.332, P = 0.2847]; n = 3-5) and in the skeletal muscle (main effect of 
Bromo [F(3, 27) = 2.558, P = 0.1085], main effect of Prl [F(1, 11) = 0.03717, P = 0.8506] and 
interaction [F(3, 11) = 0.9253, P = 0.4607]; n = 3). Mice were infused with 6 IU insulin/kg 
(i.p.) or saline and euthanized 15 min later. *  P < 0.05 vs Bromo group. 

Figure 7. Glucose and insulin tolerance in male ob/ob mice that received systemic or 
central administration of prolactin receptor antagonist (G129R-hPrl). A-B. 
Phosphorylation of STAT5 (pSTAT5) in the hypothalamus of mice that received 
intracerebroventricular injection of G129R-hPrl (4 µg in 2 µl) or saline, and 5 minutes later 
i.p. injection of Prl (2.5 µg/g b.w.) or PBS (main effect of G129R-hPrl [F(1, 8) = 27.01, P = 
0.0008], main effect of Prl [F(1, 8) = 16.72, P = 0.0035] and interaction [F(1, 8) = 15.58, P = 
0.0043]; n = 3/group). Hypothalami were collected 40 minutes after the i.p. injection. C-F. 
Area under the curve of the GTT (C), blood glucose changes during the GTT (D), area under 
the curve of the ITT (E) and blood glucose changes during the ITT (F) in male ob/ob mice 
that received subcutaneous infusion of G129R-hPrl (n = 11) or PBS (n = 13). G-J. Area 
under the curve of the GTT (G), blood glucose changes during the GTT (H), area under the 
curve of the ITT (I) and blood glucose changes during the ITT (J) in male ob/ob mice that 
received intracerebroventricular infusion of G129R-hPrl or PBS (n = 4/group). K-N.  Area 
under the curve of the GTT (K), blood glucose changes during the GTT (L), area under the 
curve of the ITT (M) and blood glucose changes during the ITT (N) in female ob/ob mice 
that received intracerebroventricular infusion of G129R-hPrl or PBS (n = 4/group). * P < 
0.05 (unpaired two-tailed t-student test). 
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