Endocrinology

L
—
S,
|_
is
<
L
O
Z
<
>
a
<

ENDOCRINE =
SOCETY Ema

ENDOCRINE IR
SOCIETY mmm -‘

Suppression of prolactin secretion partially explainsthe anti-diabetic
effect of bromocriptinein ob/ob mice

Isadora C. Furigo, Miriam F. Suzuki, Jo&o E. OlgeAngela M. Ramos-Lobo, Pryscila
D.S. Teixeira, Jodo A. Pedroso, Amanda de Alenidaais T. Zampieri, Daniella C.
Buonfiglio, Paula G.F. Quaresma, Patricia O. Pr&@a|o Bartolini, Carlos R.J. Soares,
and Jose Donato Jr

Endocrinology
Endocrine Society

Submitted: June 29, 2018
Accepted: November 15, 2018
First Online: November 20, 2018

Advance Articles are PDF versions of manuscripts that have been peer reviewed and accepted but
not yet copyedited. The manuscripts are published online as soon as possible after acceptance and
before the copyedited, typeset articles are published. They are posted "as is" (i.e., as submitted by
the authors at the modification stage), and do not reflect editorial changes. No
corrections/changes to the PDF manuscripts are accepted. Accordingly, there likely will be
differences between the Advance Article manuscripts and the final, typeset articles. The
manuscripts remain listed on the Advance Article page until the final, typeset articles are posted.
At that point, the manuscripts are removed from the Advance Article page.

DISCLAIMER: These manuscripts are provided "as is" without warranty of any kind, either express
or particular purpose, or non-infringement. Changes will be made to these manuscripts before
publication. Review and/or use or reliance on these materials is at the discretion and risk of the
reader/user. In no event shall the Endocrine Society be liable for damages of any kind arising
references to, products or publications do not imply endorsement of that product or publication.

810z Joquiaoaq 01 U0 Jasn dHINH Ad ¥615815/62900-810Z US/0LZ L 01/I0P/AOBISE-[ILE-00UBAPE/OPUS/WOD"dNO"0IUSPEIE//:SARY WOl papeojumod



Endocrinology

L1
—
S
I_
oC
<
L
O
Z
<
>
o
<

ENDOCRINE
SOCIETY

Endocrinology; Copyright 2018 DOI: 10.1210/en.2018-00629

Prolactin inhibition improves glucose homeostasis.
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Previous studies have shown that bromocriptine fagsyBromo) lowers blood glucose
levels in adults with type 2 diabetes mellitus. Howr, the mechanism of action of the anti-
diabetic effects of Bromo is unclear. As a dopameezptor agonist, Bromo can alter brain
dopamine activity affecting glucose control. Howe\Bromo also suppresses prolactin (Prl)
secretion, and Prl levels modulate glucose homsisstahus, the objective of the present
study was to investigate whether Bromo improveslinsensitivity via inhibition of Prl
secretion. Male and fematd/obanimals (a mouse model of obesity and insulirstasce)
were treated with Bromo and/or Prl. Bromo-treatbtbbmice exhibited lower serum Prl
concentration, improved glucose and insulin toleearas well as increased insulin sensitivity
in the liver and skeletal muscle, compared to Vekieated mice. Prl replacement in Bromo-
treated mice normalized serum Prl concentratiohaut inducing hyperprolactinemia.
Importantly, Prl replacement partially reversedithprovements in glucose homeostasis
caused by Bromo treatment. The effects of thedegptor antagonist G129R-hPrl on glucose
homeostasis were also investigated. We found @atal G129R-hPrl infusion increased
insulin tolerance of maleb/obmice. In summary, our findings indicate that gdrBromo
effects on glucose homeostasis are associatedleadtiease in serum Prl levels. Since
G129R-hPrl treatment also improved the insulin gty of ob/obmice, pharmacological
compounds that inhibit Prl signaling may represeptomising and novel therapeutic
approach to control blood glucose levels in indirlts with insulin resistance.

Introduction

Type 2 diabetes mellitus (T2DM) is a syndrome cbi@rdzed by dysfunctions in the
metabolism of glucose, amino acids and free fatsa(i). The present scenario of modern
life contributes to the exacerbated growth of melialdisorders. The number of individuals
with T2DM has doubled over the past three decaslkigh turned this disease into a health
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global challenge (2). Importantly, changes in lijés and diet have not been enough to solve
the burden of these diseases. Thus, ongoing effbhsalth organizations, research groups
and society are necessary to curb the frightemamgds in morbidity and mortality

attributable to this disease. Therefore, intensivestigations of more efficient therapeutic
approaches to prevent and treat T2DM are urgeetyled.

Currently, drugs used to treat T2DM act stimulaiimgulin secretion by the pancreas
(sulfonylureas), reducing hepatic glucose productimguanides), delaying digestion and
intestinal absorption of carbohydrates (alpha-ghigase inhibitors) or increasing insulin
sensitivity (thiazolidinediones and biguanides}#(3Additionally, there are relatively new
classes of anti-diabetic drugs, including increéiceptor agonists that stimulate insulin
secretion and suppress glucagon secretion (5)dmurseglucose co-transporter-2 (SGLT2)
inhibitors, which decrease renal glucose reabsm®).

However, a growing interest in studying the centexivous system (CNS) as a potential
target of anti-diabetic drugs is emerging sincellinssensitivity, hepatic glucose production
and insulin/glucagon secretion are regulated byttienomic nervous system (7). Moreover,
insulin receptor is widely distributed in variousim nuclei that control glycemia and energy
balance (8,9). Notably, central insulin signaliegulates peripheral glucose and fat
metabolism (10). In addition to insulin, leptin kEsimportant effect on glucose homeostasis
via the CNS. Selective leptin receptor deletionenrrons leads to T2DM (11) and leptin
action on proopiomelanocortin neurons is sufficisnormalize glucose and glucagon levels
in mice otherwise knockout for the leptin receftt?—14).

In the context of drugs acting on CNS, the USA Fand Drug Administration has
approved a quick release formulation of bromoangtinesylate (Bromo), a dopamine D2
receptor agonist, as a coadjutant treatment forM 2L6). Human and animal tests have
shown anti-diabetic effects of Bromo. Bromo lowksting blood glucose, improves glucose
tolerance and reduces insulin levels in T2DM pasi€h6). Two weeks of treatment with
Bromo plus a dopamine D1 receptor agonist redurgaerglycemia, hyperinsulinemia and
hyperlipidemia of leptin deficienbp/ob mice (17). However, the mechanism of action of
the anti-diabetic effects of Bromo remains uncldéahas been suggested that Bromo acts via
the CNS to improve glucose homeostasis (18). Bidbntext, Bromo administration in the
early morning could hypothetically reset the ciieadhythm of dopamine in the
hypothalamus, leading to improvements in insulimsgévity and other metabolic aspects
(19), although no clear evidence about this effast been reported.

As a dopamine receptor agonist, Bromo also inhpmitgactin (Prl) secretion. This occurs
because tuberoinfundibular dopamine (TIDA) neurasmajor regulators of pituitary Prl
secretion via a negative feedback loop. Prl actw@iDA neurons, which in turn release
dopamine into the hypophyseal portal system. Attweof dopamine receptors in pituitary
lactotrophs inhibits Prl secretion (20,21). Impathg, Prl modulates glucose homeostasis
(22) . In this sense, Prl level within the normethge is a protective factor against T2DM in
healthy women (23). Additionally, Prl signaling yéaan important physiological role
favoringp-cell proliferation and expansion during pregnaribys contributing to the glucose
homeostasis and preventing gestational diabetdguagP4,25). On the other hand, there is
evidence that Prl may cause insulin resistancepardlice diabetogenic effects. For example,
hyperprolactinemia either induced by pituitary tusor by antipsychotic drugs is an
important risk factor for glucose intolerance ar®DM (22). Therefore, it is plausible to
hypothesize that the anti-diabetic effects of Bram®associated with reductions in Prl
secretion. However, no study until now tested hiyisothesis. In addition, Prl signaling
seems to be an interesting target for the moduatiglucose metabolism. Of note, several
Prl receptor antagonists have been developed, ynaimhvestigate their potential to treat
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mammary cancer (26,27). However, whether Prl amiggocould exhibit anti-diabetic
effects has never been evaluated.

Therefore, the objective of the present study watetermine whether Bromo improves
insulin sensitivity via inhibition of Prl secreti@nd to investigate if a specific Prl receptor
antagonist is able to improve glucose homeostgsisthis purpose, we studieth/obmice
since these animals are a natural model of obasiyinsulin resistance (28) as well as being
widely used in studies investigating the anti-dtabeffects of Bromo (17,29-31).

Material and Methods

Animals

All experiments were performed on 5-month-oldobmice, weighing an average of 56
grams. As previously shownb/obmice are infertile and females acyclic, maintagnan
persistent estrous-like vaginal cytology (32—-34al&land female mice were produced in our
local animal facility and the initial breeders wetgtained from The Jackson Laboratory
(stock#: 000632). Mice haatl libitumaccess to a regular rodent chow diet (2.99 kcal/g;
9.4% calories from fat) and were maintained untlmndard conditions of light (12-h
light/dark cycle) and temperature (23 + 1 °The animal procedures were approved by the
Ethics Committee on the Use of Animals of the bus#i of Biomedical Sciences at the
University of Sdo Paulo and were performed accaorttirthe ethical guidelines adopted by
the Brazilian College of Animal Experimentation.

Study of the mechanism of action of the anti-diabét effects of bromocriptine

All mice were anesthetized with isoflurane and ne=& subcutaneous implant of an osmotic
mini-pump (Alzet; model #1002). Surgical incisiomasvwsutured with clips and asepsis was
performed with iodine. Mice were separated intoxgegimental groups, according to the
treatment (Fig 1A): Control group received mini-guoontaining PBS and daily
intraperitoneal (i.p.) injections of vehicle (5030 + 50% saline) in the first hour of light
cycle (9:00 am); Prl group received mini-pump caonitay Prl from sheep pituitary (infusion
of 18 pg/day; Sigma) and daily i.p. injections ehicle; Bromo group received mini-pump
containing PBS and daily i.p. injections of bromptine mesylate (12 pg/g b.w.; Santa Cruz
Biotechnology); Bromo+Prl group received mini-pusgntaining Prl and daily i.p.
injections of bromocriptine mesylate. The treatraemére performed for 16 days. Prl was
administered via mini-pumps to maintain basal seRuhtevels due to its constant infusion.
Bromo was provided via daily i.p. injections basedstudies in humans and mice showing
that a single daily administration of Bromo is stiffint to improve glucose homeostasis in
insulin-resistant individuals (17,18,29,35).

Food intake and body weight were measured dailyc@e tolerance test (GTT) and
insulin tolerance test (ITT) were conducted aftéiodrs of fasting at the f2and 14 day of
treatment, respectively (Fig 1A). In these tesisemeceived i.p. injections of either 1 g
glucose/kg b.w. or 3 IU insulin/kg b.w., respeclyvéslycemia was measured via blood
samples collected from the tail before the injetéod 20, 40, 60, and 90 minutes afterwards.
For euthanasia, mice were anesthetized with isailerr Serum Prl (Mouse Prolactin ELISA
Kit, Sigma) and insulin (Crystal Chem, Inc.) conications were determined by ELISA in
maleob/obmice. The subcutaneous, perigonadal (males), tpeine (females) and
retroperitoneal fat pads were collected and wetjatean indicator of body adiposity.

Tissue-specific insulin sensitivity

A subset of the animals previously subjected to @mdl ITT were used to determine the
sensitivity to insulin in the liver and skeletal seie. Thus, male mice received an i.p.
injection of 6 IU insulin/kg and were euthanizedrib later at the 6day of treatment. The
liver and gastrocnemius/soleus muscle were proddssé&Vestern blotting as previously
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described (36). We measured total AKT (1:1,000;t&&rwuz; sc-8312; RRID: AB_671714)
and the phosphorylation of AKT (pAKT“"2 1:1,000; Cell Signaling; #3787 RRID:
AB_331170). The values were normalized to GAPDHresgion (1:1,000; Santa Cruz; sc-
25778; RRID: AB_10167668). Proteins were analyzgdgithe Li-COR Odyssey system
(Li-COR).

Effects of the Prl receptor antagonist (G129R-hPrlpn glucose homeostasis of ob/ob mice

In order to confirm that the G129R-hPrl is capaiflélocking Prl signalingn vivo,
we implanted intracerebroventricular (icv) cannyRkastics One) to assess the capacity of
the G129R-hPrl to block Prl-induced signal trangaend activator of transcription 5
phosphorylation (pSTATS) in the hypothalamus. Aftetays of recovery from surgery, mice
received an acute icv injection of G129R-hPrl (4mug pl) and 5 minutes later an i.p.
injection of human recombinant Prl (2.5 pg/g b.vffer 40 minutes, mice were euthanized
and their hypothalami collected to determine STARdosphorylation via Western blotting
(pPSTAT5Y™%* 1:1000; Cell Signaling; #9351; RRID: AB_2315225h study the effects of
peripheral administration of G129R-hPrl on glucosstabolism, 5-month-old matg/ob
mice received subcutaneous implant of osmotic pumips (Alzet; model #1002) filled
either with PBS or G129R-hPrl (delivery of 14.4 gay/ for 14 days). To evaluate the effects
of icv administration of G129R-hPrl, another grafb-month-old male and fematd/ob
mice were implanted with an icv cannula (Alzet;ibriafusion kit 3) attached to an osmotic
mini-pump (Alzet; model #1004) filled either witlB8B or G129R-hPrl (delivery of 5.28
pg/day for 28 days). In this surgical proceduresewere anesthetized with a cocktail of 8%
ketamine + 6% xylazine. The following stereotaxdoinates in relation to the Bregma
were used to implant the cannula in the lateratna@a: anteroposterior: 0.5 mm, mid-
lateral: 3 mm and dorsoventral: 2.2 mm. Glucoseisulin tolerance were evaluated in the
same manner of the aforementioned experiment.

Synthesis, purification and characterization of G12R-hPrl

G129R-hPrl synthesis in the periplasntofcoli followed the same procedures already used
for other proteins, using the lambda PL promot&~8®) . The DsbA signal sequence was
utilized, replacing the “GGC” codon correspondingatnino acid 129 glycine with the
“CGC” codon corresponding to arginine. Since hPRbtty degrades at 42°C when it is
present in the cytoplasm (38), G129R-hPRL expressws carried out at lower
temperatures: 35°C and 37°C (38,39). Osmotic shakthen utilized to extract all proteins
from the bacterial periplasm, as previously descti(87).

The periplasmic fluid obtained by osmotic shock wasfied using metal (Ni) affinity
chromatography. As a first purification step, apfep Fast Flow 16/10 was utilized with
0.05 M sodium phosphate pH 7.2, 0.8 M NaCl bufieder two steps (10 mM and 20 mM
Imidazole) and an Imidazole gradient from 20 mM.@® mM, 5 column volume each, with
a flow rate of 300 ml/h. G129R-hPrl was eluted fréhto 90 mM Imidazole (peak at 72
mM) in the middle of gradient. The second purificatstep was a size exclusion
chromatography (S100 Sephacryl resin in a 26 xriOcolumn), run under isocratic
conditions and eluting with ammonium bicarbonatédy0.05 M, pH 7.9, at a flow rate of
60 ml/h. After purification and quantification véstablished methodologies, G129R-hPrl
was lyophilized in ammonium bicarbonate buffer ligq@ots of 1 mg/flask.

Physico-chemical and immunological characterizatias carried out via SDS-PAGE,
Western blotting, reversed-phase high-performaigeed chromatography (RP-HPLC) and
high-performance size-exclusion chromatography EPS$as previously described (40,41).
Electrospray ionization mass spectrometry (ESI-M&$ also utilized in order to accurately
confirm the exact molecular mass of G129R-hPRIcaaged out in previous work analyzing
a different receptor antagonist (40).
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Statistical analysis

The results are expressed as mean + SEM. Dataanafgzed using two-way ANOVA and
Fisher's LSD post hoc test. Repeated measures @yoAMOVA was used to analyze the
data during the GTT and ITT. The effects of G123Rtwere analyzed by unpaired two-
tailed t-student test. GraphPad Prism softwareusas for the statistical analyses and gnly
values < 0.05 were considered to be statisticalyifscant.

Results

Exogenous Prl infusion prevented the suppression serum Prl concentration induced by
Bromo treatment

As earlier mentioned, Bromo suppresses Prl secrély activating dopamine
receptors in the pituitary gland (15,42). Beforegstigating the metabolic effects of Bromo
and/or Prl, we initially analyzed the consequerafesur different treatments on serum Prl
levels in maleob/obmice (Fig 1B). Prl-treated mice (Prl group) shoveedilar serum Prl
concentrations compared to control mice (Fig 1B).eXpected, Bromo-treated mice
exhibited a significant reduction in serum Prl lsygvhich was prevented by exogenous Prl
infusion (Bromo+Prl group). Importantly, Prl reptanent normalized serum Prl
concentration without inducing hyperprolactinent#y(1B).

Effects of Bromo and/or Prl on energy homeostasid ob/ob mice

Evidence in literature indicates that eitherd?Bromo can produce significant
effects on energy homeostasis (16,43,44). Howdaely weight, food intake and body
adiposity remained unaffected in mal&/obmice treated with Bromo and/or Prl for 16 days
(Fig. 2). Since the metabolic effects of Prl aneusdly dimorphic (43,45), we also studied
femaleob/obmice. As seen in males, Bromo and/or Prl treatrmaansed no significant
changes in body weight, food intake or body adiyasi femaleob/obmice (Fig. 3).

The anti-diabetic effects of Bromo in ob/ob mice iattenuated by Prl replacement

To study the effects of Bromo and/or Prl on ghkeebomeostasis, we evaluated the
glucose and insulin tolerance @b/obmice. In males, we observed that Bromo treatment,
independently of Prl replacement, led to improveatgse tolerance (Fig. 4A-B). In addition,
Bromo increased insulin sensitivity of malle/obmice, but this improvement was prevented
by Prl replacement (Fig. 4C-D). Bromo treatmend gdsoduced marked anti-diabetic effects
in femaleob/obmice (Fig. 5). Importantly, the increased glucasd insulin tolerance caused
by Bromo was blunted in Bromo+Prl group (Fig. &)ggesting that Bromo effects on
glucose homeostasis are partially associated witlms Prl levels.

Bromo lowers serum insulin concentration and increaes insulin sensitivity in the liver and
skeletal muscle of male ob/ob mice, whereas Prl riggzement prevents these effects

Serum insulin concentration is an important iathe of insulin resistance. We found
that Bromo reduced in 35% the serum insulin comedéioh of maleob/obmice, suggesting
increased insulin sensitivity (Fig 6A). However| Rplacement prevented this improvement
(Fig 6A). To further assess glucose homeostasigwaiated the capacity of insulin to
induce the phosphorylation of AKT (pAKT), a welltablished intracellular protein recruited
by insulin receptor activation, in key insulin-regigive tissues. An acute insulin stimulus
was unable to increase pAKT in the liver and slkletuscle of control and Prl groups (Fig.
6B-C). These results are in accordance with thé&eahinsulin resistance observedio/ob
mice (46). Notably, Bromo treatment increased #sponse to insulin in the liver and
skeletal muscle, whereas Prl replacement rendbeethice unresponsive to insulin in both
tissues (Fig. 6B-C). Neither chronic treatmento(Bo and/or Prl) nor the acute insulin
injection caused significant changes in total AkVdls in the liver and skeletal muscle (Fig.
6B-C).
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Synthesis and purification of the Prl receptor antgonist — G129R-hPrl

The G129R-hPrl obtained in the periplasmic fluid\MB3110 strain oE. coli
containing the constitutive lambda-BsbA-G129R-hPrl expression vector was purified
from 3 L of 2x LB medium (final optical density =0 + 0.24 Aog). Specific productivity
was higher when the expression was conducted &€ 36.49 pg/ml/Aqg) than at 37 °C
(0.27 pg/ml/Aoo) (47). The periplasmic fluid containing ~5 mg ofZ9R-hPrl in 40 ml
obtained by osmotic shock was dialyzed against PlG®dium phosphate pH 7.2. This
sample was applied to a Nickel affinity column (ptesp FF 16/10) and eluted with an
Imidazole gradient from 20 mM to 100 mM (47). A pobfractions (#53 through #60) was
applied to a size exclusion chromatography colugepbacryl S100) eluting with 0.05 M
ammonium bicarbonate, pH 7.9. Analysis of the gowh purification steps was performed
by Western blotting (47) and RP-HPLC. HPSEC analgséithe final product obtained or of
the lyophilized protein after 1 month of storagd 4C showed less than 5% of dimeric and
aggregated forms (47). The theoretical moleculassmd G129R-hPrl is 22997 Da.
Electrospray ionization mass spectrometry (ESI-j®yided a value of 22999 Da, which is
0.009% higher than the expected mass. Thereforgyexe able to produce a highly purified
G129R-hPrl, which was then used in the followingivo experiments.

Anti-diabetic effects of the G129R-hPrl

Our hypothesis was that Bromo’s effects on gladasmeostasis depend, at least
partially, on the suppression of Prl secretionfurther test our hypothesis, we studied the
anti-diabetic potential of the recombinant G129RkEhiRitially, we determined whether the
G129R-hPrl is able to block Prl signalimgvivo. Thus, we assessed if a prior G129R-hPrl
administration could prevent the capacity of Prinduce pSTATS in the hypothalamus, a
key brain area that contains a great number afeBdonsive neurons (48,49). We observed
that systemic Prl administration induced a robbstsphorylation of STATS in the
hypothalamus (Fig. 7A-B). Importantly, this increasas completely blocked by a prior icv
injection of G129R-hPrl (Fig. 7A-B). These data fion that G129R-hPrl is able to block Prl
signalingin vivo. Next, we chronically infused G129R-hPrl eithestgynically or centrally in
maleob/obmice. We observed that subcutaneous administrafi@129R-hPrl caused a
non-significant improvement in glucose and instdilerance in maleb/obmice (Fig. 7C-F).
Ilcv G129R-hPrl infusion also did not affect glucéskerance significantly (Fig. 7G-H).
However, insulin responsiveness was increased mnahicv G129R-hPrl infusion (Fig. 71-
J), indicating a modest but biologically significampact of G129R-hPrl on glucose
homeostasis. A group of femade/obmice also received icv cannulas to infuse either
G129R-hPrl or PBS. However, we did not observeiiggmt effects of the G129R-hPrl on
glucose homeostasis of female/obmice (Fig. 7K-N).

Discussion

In the present study, we investigated the hyposhibsit at least part of the anti-diabetic
effects of Bromo depend on the inhibition of Pdregion. Of note, hyperprolactinemia
commonly causes insulin resistance, hyperinsulineand glucose intolerance (22,50-53)
and the treatment of hyperprolactinemic patientl Wwopamine agonists have beneficial
effects in the glycemic control (54). However sitworth mentioning thaib/obmice are not
hyperprolactinemic (55). Therefore, we propose tedtiction of circulating Prl to levels
below the normal range improves glucose homeostapieviously insulin resistant animals.
Our findings are in accordance with our hypothésisause Prl replacement partially
reversed the improvements in glucose homeostadie@d by Bromo treatment.

Several methodological considerations are relefa@rihe present study. Our low-dose
Prl infusion was able to normalize serum Prl cotregion in Bromo-treated male mice,
without inducing hyperprolactemia. Since Prl saorets regulated by negative feedback
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(20,21), adjustments in Prl secretion probably @dihigh Prl levels in the Prl group. Thus,
Prl treatment may have increased the central dopagic tone in the Prl group. However,
this effect was likely specific for TIDA neurons iwh express Prl receptors (48,49), but not
for other dopaminergic circuits, such as the mesuili dopamine system. Importantly, the
Prl group did not differ from the control groupany of the analyzed parameters, indicating
that if Prl administration affected the dopaminergircuit, these effects did not change the
main parameters evaluated. In addition, we canxtoajgolate our findings to other models,
such as diet-induced obese animals. In fact, wevstion a previous study that whibé/ob
mice are completely responsive to Prl, diet-indugleelse mice exhibit both peripheral and
central Prl resistance (56). Prl resistance inidieticed obese mice is explained by their
elevated serum leptin levels that can interact Rillresponsive cells in the brain and
periphery (56,57). Therefore, additional studiesrageded to investigate whether Bromo
improves insulin sensitivity via inhibition of Pskecretion in other animal models of T2DM.
Moreover, the storage capacity of the mini-pumpisuse to study the animals for only two
weeks. Thus, a longer treatment would have alloadtitional experiments to evaluate
energy and glucose homeostasis, as well as it ¢mud amplified the effects we observed.
Finally, the constant infusion by the mini-pump ganhreproduce the physiological pattern of
Prl secretion, which is typically pulsatile andlugnced by circadian and environmental
factors (58).

Previous studies have shown that energy homeost@sise affected by Bromo treatment
(17,29,59). However, in the present study we oleskthiat Bromo treatment did not change
food intake nor body weight @b/obmice. In this sense, our results are in accordaiite
Pijl et al. (15) who demonstrated an improvemerglo€ose tolerance in T2DM obese
subjects treated with Bromo, without alterationghi@ir body weight or body composition.
Thus, it is interesting to highlight that Bromo-ugéd improvements in glucose homeostasis
of ob/obmice were not secondary to changes in body coriipogir adiposity.

Bromo treatment improved glucose and insulin seMityitof ob/obmice and increased
the capacity of insulin to activate its intracedlupathway in the skeletal muscle and liver.
Previous studies suggested that Bromo has a dicgioh in pancreatif-cells, regulating
insulin secretion (60). However, other studies destrated that the anti-diabetic effects of
Bromo depend on the CNS since icv Bromo infusioprowes glucose homeostasis (18).
Moreover, some authors propose that Bromo admétistr in the early morning modulates
the dopaminergic system and this effect, parti¢piarthe hypothalamus, could lead to
increased postprandial insulin sensitivity in patisewith T2DM (19,61). Although our study
does not rule out that Bromo may have the aforeimeed effects, we provided evidence that
Prl replacement in Bromo-treated/obmice can prevent major improvements in glucose
and insulin tolerance. Thus, at least part of titediabetic effects of Bromo depends on the
changes induced in serum Prl levels. Accordindigre is some evidence that other
dopamine receptor agonists are also capable obwvimy glucose homeostasis in diabetic
individuals (62). For example, cabergoline treatthmeduced fasting and postprandial plasma
glucose levels and HbA1c in type 2 diabetic pasi€68). In addition, a combination of
Bromo and SKF38393 (a dopamine D1 agonist) prodbetsr effects on the glucose
homeostasis afb/obmice than Bromo treatment only (17). Therefordhalgh Bromo may
improve glucose homeostasis via several and petn@gse mechanisms, the suppression of
Prl secretion seems to play an important role @s¢heffects and probably explains the anti-
diabetic properties of different dopamine recepigonists.

We observed some sexually dimorphic responsescplary in the capacity of Prl
replacement to affect glucose tolerance. In m&dgeplacement did not prevent the
improvements in glucose tolerance caused by Brevhereas a significant effect of Prl
treatment was observed in femal@obmice. Therefore, the anti-diabetic effects of Boom
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seem to be more dependent on Prl in females, whareaales these effects depend on both
Prl and other mechanisms. A stronger effect obRrhe metabolism of females is not
surprising. For example, Prl receptor knockout naiceleaner than control littermates,
although this effect is greater in females (43)adidition, hyperprolactinemia induced by
selective disruption of dopamine D2 receptors tnifary lactotrophs increases body weight
and adiposity of female mice, while males showigaiicant metabolic abnormalities (45).
Of note, hyperprolactinemia causes no metabolitidiances in global D2 receptor
knockout mice (64), suggesting that an intact ed¢mtopaminergic system is required for the
metabolic effects of Prl.

We also tested our hypothesis by blocking Prl diggausing a Prl receptor antagonist.
Prl receptor antagonists have been developed ast@dtdrugs to treat breast cancer,
prostate cancer and prolactinomas resistant tordimgstreatment (26). Therefore, this is the
first study that aimed to investigate their anafmBtic potential. The structure of these drugs

comprises the Prl molecule itself, but with specifiutations that make them inverse agonists

of the endogenous receptor. Different Prl receattagonists have been produced, including
the G129R-hPrl which presents a substitution ofigly in position 129 for arginine, the
S179D-hPrl, produced by introducing an aspartatgane of the normally phosphorylated
serine 179, and the Del1-9-G129R-hPrl obtainedddgtohg the nine N-terminal residues of
G129R-hPrl (26,65,66). The physical-chemical amaddgical properties of some Prl receptor
antagonists were previously characterized by commi67). In the present study we used the
G129R-hPrl because it is primarily an antagonighefPrl receptor with low residual action
on other receptors (67—70). However, Prl recepttagonists may have residual agonist
activity in a dose-dependent manner, which is ficdit effect to measuran vivo (27,67).
Using the capacity of Prl to phosphorylate STAT@asarker of Prl responsiveness, we
observed that a prior icv injection of G129R-hRyinpletely blocked the ability of a
systemic Prl administration to induce pSTATS in biypothalamus, providing evidence that
G129R-hPrl is able to block Prl signalimgvivo. In addition, the injection of G129R-hPrl
alone did not induce pSTAT5, discarding a possalgienistic effect of this drug, at least in
this experimental design. Remarkably, we obsermerkased insulin responsivenessliviob
mice chronically treated with G129R-hPrl. Nonetlks|ehis effect was only observed when
G129R-hPrl was administered centrally and in mateemAlthough systemic Prl is fully
capable of entering the CNS (48,71,72), we havfoomation about the central
transportation of G129R-hPrl. Furthermore, systamjexctions of Prl require higher doses to
produce equivalent effects in the CNS, comparexidral administration (49,73). Since the
dose used in the peripheral infusion of the G128R-Was only 3 times higher than the one
administered centrally, we may have achieved gréaltéoition of Prl signaling with the
central infusion. Nevertheless, our results hidttlifpe key role of the CNS in the regulation
of glucose homeostasis (7).

In summary, our findings indicated that Prl replaeat partially reversed the
improvements in glucose homeostasis caused by Btmratment. Despite the clear anti-
diabetic effects exhibited by Bromo treatment, dopee agonists modulate several brain
functions, including locomotion, cognition, eatibghavior, energy homeostasis, motivation,
reward, memory, mood, learning, and hormonal sieer¢74). Thus, the identification of
drugs with less potential side effects is of inser©ur study identified for the first time anti-
diabetic properties of Prl receptor antagonist&enaogether, our findings indicate that Prl
intracellular signaling cascade represents a patBnpromising target of novel therapeutic
approaches to improve insulin sensitivity.
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Figure 1. Experimental design and serum prolactindvels.A. Ob/obmice received
subcutaneous osmotic mini-pumps containing eitki@reoprolactin (infusion of 18 pg/day)
or PBS, followed by daily intraperitoneal (i.p.)entions of bromocriptine (12 pug/g b.w.) or
vehicle. Glucose and insulin tolerance tests weréopmed at 19 and 14 day of treatment,
respectively, and mice were euthanized &t déy. During this period, food intake and body
weight were daily monitored8. Serum prolactin concentration (n = 5-7/grouphat 16"

day of treatment (main effect of Bromqy[Fo)= 7.155,P = 0.0146], main effect of Prl [E
20)= 5.470,P = 0.0298] and interaction {f2)= 6.847,P = 0.0165]). *P<0.01 vs Bromo

group.
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Figure 2. Energy balance of male@b/ob mice during treatments. A-B.Body weight (A)
(main effect of Bromo [fr, 97y= 3.145,P = 0.0793], main effect of Prl [Fg7y= 0.7515P =
0.3882] and interaction [Fg7y= 0.4262P = 0.5154]) and daily food intake (B) (main effect
of Bromo [Ry, s5)= 3.220,P = 0.0763], main effect of Prl [Fgs= 0.0054P = 0.9418] and
interaction [k, g5y= 0.3116P = 0.5782]) of control, Prl, Bromo and Bromo+Prbgps.C-
E. Body adiposity indicated by the weight of subcetaus (C) (main effect of Bromo {Fss)
= 0.0682,P = 0.7946], main effect of Prl [Fg3y= 0.0788P = 0.7795] and interaction {Fg3)
= 0.0156,P = 0.9006]), perigonadal (D) (main effect of Broffg, g3)= 0.0314 P = 0.8597],
main effect of Prl [[z, s3y= 0.3336 P = 0.5651] and interaction {Fgs = 0.1108 P = 0.7401])
and retroperitoneal (E) (main effect of Brome, [k = 0.02349P = 0.8786], main effect of
Prl [F, 83y= 0.0078P = 0.9295] and interaction {fs3= 0.3261P = 0.5695]) fat pads.

Figure 3. Energy balance of femal®b/ob mice during treatments A-B. Body weight (A)
(main effect of Bromo [fr, 56y= 0.0511P = 0.8219], main effect of Prl [Fs= 0.1700P =
0.6817] and interaction [Fs6= 0.1317P = 0.7180]) and daily food intake (B) (main effect
of Bromo [Ry, 36y= 2.687,P = 0.1099], main effect of Prl {F3s= 0.2591P = 0.6139] and
interaction [k, 36y= 0.0152 P = 0.9025]) of control, Prl, Bromo and Bromo+Prbgps.C-
E. Body adiposity indicated by the weight of subcetaus (C) (main effect of Bromo {Fse)
= 0.0545P = 0.8162], main effect of Prl [E 5= 0.0087 P = 0.9259] and interaction {Fsg)
= 0.0805,P = 0.7776]), perigonadal (D) (main effect of Broff@, s¢)= 1.248,P = 0.2687],
main effect of Prl [z, s6y= 0.0072P = 0.9323] and interaction {Fss = 0.0830P = 0.7742])
and retroperitoneal (E) (main effect of Brome.[Fs)= 0.2522P = 0.6175], effect of Prl [,
s6)= 0.1034 P = 0.7490] and interaction {fs¢)= 0.06714P = 0.7965]) fat pads.

Figure 4. Glucose and insulin tolerance in maleb/ob mice during treatments. A Area
under curve of the glucose tolerance test (GTTnreéfiect of Bromo [, 57y= 27.53 P <
0.0001], main effect of Prl [Es7)= 0.1461P = 0.7037] and interaction {Fs7= 0.7926 P =
0.3770]) ***P < 0.001 Bromo vs Control and Prl groupsP##0.01 Bromo+Prl vs Control
and Prl groupsB. Blood glucose changes during the GTP.< 0.05 Bromo vs Control and
Prl groups; # < 0.05 Bromo+Prl vs Control and Prl groufs.Area under curve of the
insulin tolerance test (ITT; main effect of Bronfe[ss = 2.991,P = 0.0893], main effect of
Prl [F, s6)= 5.746,P = 0.0199] and interaction {f-s¢)= 2.840,P = 0.0975]) P < 0.05 vs
Bromo group; *P < 0.01 vs Bromo grou. Blood glucose changes during the ITTR &
0.05 Bromo vs Prl group;R#< 0.05 Bromo+Prl vs Prl groupP*< 0.05 Bromo vs
Bromo+Prl group.

Figure 5. Glucose and insulin tolerance in femaleb/ob mice during treatments.A. Area
under curve of the glucose tolerance test (GTTnreéfiect of Bromo [f, s0)= 15.57,P =
0.0002], main effect of Prl [E s0)= 7.434,P = 0.0088] and interaction {Fso)= 0.5234P =
0.4728].B. Blood glucose changes during the GTTR & 0.05 Bromo vs Prl groupf*<
0.05 Bromo vs all groups; & 0.05 Bromo+Prl vs all groupsP# 0.05 Prl vs Bromo+Prl
group; 4P < 0.05 Control and Prl vs Bromo grop. Area under curve of the insulin
tolerance test (ITT; main effect of Bromqyk1)= 6.055,P = 0.0196], main effect of Prl [F
31y = 1.987,P = 0.1686] and interaction {f31)= 2.588,P = 0.1178]. P < 0.05 vs Bromo
group. **P < 0.01 vs Bromo groufD. Blood glucose changes during the ITP. € 0.05
Bromo vs Control and Pgroups; “P < 0.05 Control vs Bromo+Prl group;» < 0.05 Bromo
vs all groups.

Figure 6. Bromocriptine treatment in male ob/ob mice decreases serum insulin

concentration and ameliorates insulin sensitivity \Wwile Prl replacement reverts these
effects. A.Serum insulin concentration at"lflay of treatment (main effect of Bromq[ks,
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= 3.202,P = 0.0844], main effect of Prl [F2s = 1.167,P = 0.2892] and interaction {f2g)=
1.302,P = 0.2635]:n = 8) B-C. Phospho-AKT-Sé¥? quantification in the liver (main effect
of Bromo [Rs, 27y= 0.9028 P = 0.4526], main effect of Prl [E.7= 2.328,P = 0.1387] and
interaction [ks, 27y= 1.332,P = 0.2847];n = 3-5) and in the skeletal muscle (main effect of
Bromo [Rs, 27)= 2.558,P = 0.1085], main effect of Prl {F11)= 0.03717P = 0.8506] and
interaction [k, 11y= 0.9253 P = 0.4607];n = 3). Mice were infused with 6 1U insulin/kg
(i.p.) or saline and euthanized 15 min lateP. < 0.05 vs Bromo group.

Figure 7. Glucose and insulin tolerance in maleb/ob mice that received systemic or
central administration of prolactin receptor antagonist (G129R-hPrl). A-B.
Phosphorylation of STATS (pSTAT5) in the hypothalesof mice that received
intracerebroventricular injection of G129R-hPrlug in 2 ul) or saline, and 5 minutes later
I.p. injection of Prl (2.5 pg/g b.w.) or PBS (maiffect of G129R-hPrl [fr, gy = 27.01P =
0.0008], main effect of Prl [E g = 16.72,P = 0.0035] and interaction {fg)= 15.58,P =
0.0043];n = 3/group). Hypothalami were collected 40 minwésr the i.p. injectionC-F.
Area under the curve of the GTT (C), blood glucasanges during the GTT (D), area under
the curve of the ITT (E) and blood glucose chartyesg the ITT (F) in maleb/obmice
that received subcutaneous infusion of G129R-hP¥l 11) or PBSr{ = 13).G-J. Area
under the curve of the GTT (G), blood glucose clearduring the GTT (H), area under the
curve of the ITT (I) and blood glucose changesrduthe ITT (J) in maleb/obmice that
received intracerebroventricular infusion of G128R4 or PBS if = 4/group) K-N. Area
under the curve of the GTT (K), blood glucose cleasnduring the GTT (L), area under the
curve of the ITT (M) and blood glucose changesrdythe ITT (N) in femal®b/obmice

that received intracerebroventricular infusion d28R-hPrl or PBSn= 4/group). *P <

0.05 (unpaired two-tailed t-student test).
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