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Hyperprolactinemia in 
LDL receptor knockout 
mice is associated with a 
pro-atherogenic metabolic 
phenotype, but not with 
increased atherosclerosis.  

Anne Q. Reuwer, Ronald J. van der Sluis, 

Zhaosha Li, Vincent Goffin, Marcel Th.B. 

Twickler, John Kastelein, Theo J.C. Van Berkel 

and Menno Hoekstra. 

Submitted. 



Hyperprolactinemia in LDL receptor knockout mice

Ch
ap

te
r 

9

ABSTRACT 

Objectives: Prolactinoma patients tend to exhibit dyslipidemia and insulin resistance, 

both acknowledged cardiovascular risk markers. In this study, we used a translational 

dyslipidemic mouse model to investigate the causes of the deteriorated metabolic 

phenotype as observed in prolactinoma patients, and to explore the effect of 

hyperprolactinemia on atherosclerosis development. 

Methods and Results: Hyperprolactinemia induction by treatment with the dopamine 

receptor D2 antagonist haloperidol was associated with less glucose tolerance (p=0.02) 

in high cholesterol/high fat diet-fed low-density lipoprotein (LDL) receptor knockout mice. 

Additionally, hyperprolactinemic mice exhibited a significant increase in plasma very-low-

density lipoprotein (VLDL) and LDL levels (p<0.001). Furthermore, hepatic unesterified 

cholesterol levels were 24% higher (p=0.02) in hyperprolactinemic mice. In accordance 

with this phenotype reminiscent of hepatic steatosis, we detected a 23-51% increase 

in the hepatic mRNA expression level of the macrophage markers Cd68 and Abcg1 

and the pro-inflammatory cytokines Tnfα, Mcp-1, and Il-6. Hepatic expression levels 

of cholesterol removal-associated genes Cyp7a1 and Abca1 were stimulated, possibly 

suggesting a protective response to overcome cellular toxicity associated with the hepatic 

accumulation of unesterified cholesterol. Strikingly, despite the atherogenic phenotype 

in these LDL receptor knockout mice, we observed a significant decrease (p=0.04) in the 

extent of atherosclerotic lesion formation in the aortic root. 

Conclusion: We have shown that hyperprolactinemia in high cholesterol/high fat diet-

fed LDL receptor knockout mice is associated with a change in the metabolic phenotype 

comparable to that observed in prolactinoma patients. Furthermore, our data in rodents 

suggest that the metabolic disturbances observed in hyperprolactinemic humans may 

result from a change in hepatic lipid metabolism. In our hyperprolactinemic mice, all 

of these derangements did not lead to increased atherogenesis, an observation that 

supports our prospective data in humans on the role of prolactin in the occurrence of 

cardiovascular disease. 

INTRODUCTION

Prolactin was discovered in the 1930s as a hormone secreted by lactotrope cells in the anterior pituitary. 

The hormone was primarily known for its function to induce milk synthesis by mammary epithelial 

cells. However, in the last two decades several in vitro and mouse studies, including mice deficient 

for prolactin or for its receptor, have indicated that prolactin may have other roles besides its well-

established function in lactation, such as growth and development, endocrinology and metabolism, 

brain and behavior, reproduction, and immune regulation and protection [1]. Lactotrope cells produce 

prolactin in response to signals including estrogen, progesterone and thyrotropin-releasing hormone. 

In contrast, dopamine has an inhibitory effect on prolactin secretion [2]. If lactotrope cells undergo 

neoplastic transformation, they will give rise to a prolactinoma, a prolactin-secreting pituitary adenoma. 

Recent data show a high prevalence of these tumors in the general population, 3-5 times higher than 

was previously reported [3]: the latest reported incidence rate of prolactinomas is 2.2 per 100,000 

and the latest reported prevalence is 750 per 100,000 [4,5]. 

Interestingly, prolactinoma patients represent the archetype of the metabolic syndrome. Although the 

concept of the metabolic syndrome as a disease entity is vehemently debated, it provides a means 

by which patients at risk for future diabetes and cardiovascular disease can be identified. Diagnostic 

criteria include abdominal obesity, insulin resistance, atherogenic dyslipidemia, elevated blood pressure 

and a pro-inflammatory state [6-10]. Indeed, prolactinoma patients are prone to insulin resistance, 

as reflected by a higher HOMA-IR or ISI-composite and decreased insulin sensitivity in response to 

euglycemic hyperinsulinemic clamps [11-15]. Moreover, prolactinoma patients have dyslipidemia, 

indicated by low high density lipoprotein (HDL)-cholesterol, high LDL-cholesterol and high triglyceride 

levels [11-13,16,17]. Additionally, prolactinoma patients show low-grade systemic inflammation, since 

they have higher plasma hsCRP and sELAM1 levels [14,15]. Strikingly, these metabolic parameters 

improve after treatment with prolactin lowering therapy, such as the dopamine-agonists bromocriptine 

or cabergoline [12,14,15]. Against this background, we set out to explore, in rodents, the potential 

underlying mechanisms of the deteriorated metabolic phenotype observed in hyperprolactinemic 

patients. In addition, in our prospective data in humans in the EPIC-Norfolk study we have demonstrated 

that higher prolactin levels did not predict future occurrence of cardiovascular disease endpoints [18]. 

Therefore, we also aimed at determining the extent of atherosclerosis in LDL receptor knockout mice 

exhibiting hyperprolactinemia versus normoprolactinemia. 

METHODS

Mice
Animal experiments were performed at the Gorlaeus laboratories of the Leiden/Amsterdam Center 

for Drug Research. Female homozygous LDL receptor knockout mice, thirteen to sixteen weeks old 

were bred in house at the Gorlaeus Laboratories. Food and water were supplied ad libitum. Mice were 
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housed in groups consisting of four to five mice, in a temperature and light controlled environment. 

All animal experiments were performed in accordance with the principles of laboratory animal care 

and regulations of Dutch law on animal welfare, and the experimental protocol was approved by the 

Animal Ethics Committee of Leiden University.

Experimental design: treatment with haloperidol or placebo
Mice were randomly assigned to either haloperidol treatment (7.5mg/pellet 60 day release=0.125 

mg/day, n=13) or placebo treatment (n=12). Mice were anaesthetized by use of isoflurane inhalation, 

4% starting dose, 1.5% maintenance dose. Pellets containing either haloperidol or placebo (Innovative 

Research, Sarasota, FL, USA) were implanted subcutaneously between the shoulders, ensuring 

continuous drug release. The following day a Western type diet containing 15% (w/w) total fat and 

0.25% (w/w) cholesterol (Diet W, Special Diet Services, Whitham, UK) was started. Mice remained on 

this diet throughout the study and non-fasted body weight was measured weekly. After 29 days, mice 

were anaesthetized, blood was withdrawn by orbital bleeding, and mice were euthanized by cervical 

dislocation. Following perfusion of the arterial tree in situ with PBS, the heart and other organs were 

excised and fixed in 3.7% neutral-buffered formalin (Formal-fixx; Shandon Scientific Ltd., UK) or stored 

in -20°C until further analysis. 

Plasma prolactin and lipid analysis
Plasma prolactin levels were measured using a mouse prolactin-specific ELISA (Calbiotech Inc, 

Spring valley, California, USA). Triglycerides in plasma were determined using a standard enzymatic 

colorimetric assay (Roche Diagnostics, Mannheim, Germany). The concentrations of cholesterol in 

liver and plasma were determined as previously described [19]. The distribution of cholesterol over 

the different lipoproteins in plasma was determined by fractionation of a pool of 12 μl serum of 3 

to 4 individual mice using a Superose 6 column (3.2 x 300 mm, Smart-system; Pharmacia, Uppsala, 

Sweden). Cholesterol content of the effluent was determined as indicated. 

Oral glucose tolerance test
After 22 days of treatment, 6 mice of both treatment groups were subjected to an oral glucose tolerance 

test (GTT). All mice were fasted after food withdrawal from 5.30 p.m. the day before the test. The GTT 

started at 10.00 a.m. An initial blood sample (t=0) was taken, immediately followed by administration 

of 2 g/kg glucose in water, through an oro-gastric tube. Additional blood samples were taken via tail 

bleeding at 20, 40, 60, 90 and 120 minutes after glucose injection for measurement of plasma glucose 

levels with an Accu-Check glucometer (Roche Diagnostics, Almere, the Netherlands). 

Peripheral blood count analysis
Peripheral blood plasma obtained at sacrificing was evaluated for quantification of white blood cell 

counts using an automated Sysmex XT-2000iV Veterinary Hematology analyzer (Sysmex Corporation, 

Kobe, Japan). The XT-2000iV employs a fluorescent flow cytometry method using a fluorescent dye 

staining cellular DNA and RNA and a semiconductor laser to detect forward-, side-scattered, and 

fluorescent light. 

Gene expression by real-time quantitative PCR
Total RNA from spleen and liver was extracted by the acid guanidium thiocyanate-phenol chloroform 

extraction method according to Chomczynski et al. [20]. RNA concentrations were measured using the 

Nanodrop Spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). cDNA was synthesized 

from 1 μg of total RNA and mRNA levels were quantitatively determined as described before [21]. PCR 

primers were designed using Primer Express 1.5 Software with the manufacturer’s default settings 

(Applied Biosystems, Carlsbad, CA, USA). The primers we used can be found in Supplementary table 1. 

Expression levels were normalized to those of ribosomal protein S13 (Rps13), hypoxanthine-guanine 

phosphoribosyltransferase (Hprt), β-actin and ribosomal protein 36B4 (Rp36b4). 

Histological analysis of atherosclerosis
The hearts were bisected just below the atria, and the base of the hearts plus aortic roots were taken 

for analysis. The hearts were then sectioned perpendicular to the axis of the aorta on a Cryostat 

(Microm HM 500 M; Adamas Instruments, Leersum, The Netherlands), starting within the heart and 

working towards the aortic arch as described by Paigen et al. [22]. Once the aortic root was identified 

by the appearance of aortic valve leaflets, alternate 10-μm sections were taken and mounted on 

gelatinized slides and stained with Oil red O for neutral lipids. The atherosclerotic lesion area in 

the sections was quantified by using a Leica image analysis system, consisting of a Leica DMRE 

microscope coupled to a camera and Leica QWin Imaging software (Leica Ltd., Cambridge, UK). 

Analyses were performed blinded for treatment strategy. Mean lesion area was calculated (in μm2) 

from an average of 8 sections, starting at the appearance of the aortic root. Additionally, sections 

were stained immunohistochemically for the presence of macrophages using a rat MOMA-2 antibody, 

dilution 1:750 (Serotec Ltd, Oxford, UK). Goat anti-rat coupled to horse radish peroxidase (HRP) 

(1:100) (Dako, Glostrup, Denmark) was used as a secondary antibody and Nova red substrate (Vector 

Laboratories, Burlingame, CA, USA) was used for HRP visualization. Collagen content of the lesions 

was determined after Masson’s Trichrome staining (Sigma diagnostics, St Louis, MO, USA). Terminal 

deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining of lesions was 

performed to determine the rate of apoptosis of macrophages in the atherosclerotic lesions using 

the In Situ Cell Death Detection Kit (Roche Diagnostics, Mannheim, Germany). TUNEL-positive nuclei 

were visualized with Nova Red (Vector Laboratories), and sections were counterstained with 0.3% 

methylgreen. All quantifications were performed blinded by computer-aided morphometric analysis 

using the Leica image analysis system. 

Statistical analysis
Data are presented as the mean±SEM. Statistical analysis was conducted using GraphPad Prism Software 

(version 5.0; Inc, CA, USA). Statistically significant differences among the means of the two treatment 
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groups was tested using the two-tailed unpaired Student’s t-test, or a two-way ANOVA with a Bonferroni 

post-test to compare replicate means by row where appropriate. A probability value of < 0.05 was 

considered to confer statistical significance.

RESULTS

To investigate the cause of the deteriorated metabolic phenotype (i.e. dyslipidemia and insulin 

resistance) observed in hyperprolactinemic patients, we induced hyperprolactinemia in high cholesterol/

high fat diet-fed low-density lipoprotein (LDL) receptor knockout mice, an established mouse model 

to study diet-induced obesity and insulin resistance in the presence of hyperlipidemia [23]. Previous 

studies have suggested that treatment with the dopamine receptor D2-antagonist haloperidol results 

in a persistently high circulating level of prolactin in both mice [24,25] and man [26,27]. In accordance, 

in the current study, haloperidol exposure induced a marked 44-fold rise (p<0.001) in the plasma 

prolactin level of atherogenic diet-fed LDL receptor knockout mice, reaching plasma prolactin levels in 

haloperidol-treated mice (121±14 μg/l; Figure 1) comparable to those found in human patients with 

prolactinomas [28]. In contrast to the human situation, body weight was lower in hyperprolactinemic 

mice (27,45±0,47 g) than in normoprolactinemic mice (29,24±0,49 g), p=0.02. 

Similarly as observed in the prolactinoma patients, hyperprolactinemia in LDL receptor knockout mice 

seemed to be associated with decreased insulin sensitivity. As shown in Figure 2, the plasma glucose 

response during an oral glucose tolerance test was significantly higher (two-way ANOVA p=0.02) in 

hyperprolactinemic mice as compared to controls. 

Hyperprolactinemia in LDL receptor knockout mice was not associated with a change in the plasma 

level of unesterified cholesterol or triglycerides (Table 1). In contrast, a significant increase in the 

plasma cholesteryl ester content was detected (+32%; p=0.05; Table 1), which could be attributed to 

a 32% increase (p<0.001; two-way ANOVA) in the cholesterol level associated with pro-atherogenic 

very-low-density lipoprotein (VLDL) and low-density (LDL) lipoproteins (Figure 3A). Plasma levels of 

the anti-atherogenic high-density lipoprotein (HDL) were essentially unaffected by the presence of 

hyperprolactinemia (Figure 3A), resulting in a 25% stimulated non-HDL/HDL ratio (p=0.04; Figure 3B), 

suggestive of an overall increased plasma atherogenic index in hyperprolactinemic mice.

The liver is the primary organ involved in the regulation of plasma lipid levels, since it 1) is responsible 

for the secretion of native VLDL and HDL particles and 2) mediates the clearance of excess cholesterol 

for subsequent excretion into the bile. To provide further insight into the cholesterol-raising effect 

associated with high plasma prolactin levels, we therefore determined the effect of hyperprolactinemia 

on hepatic lipid levels and on the relative expression of genes involved in lipid metabolism. As depicted 

in Figure 4A, hepatic unesterified cholesterol levels were 24% higher (p=0.02) in hyperprolactinemia, 

whilst the liver triglyceride and cholesteryl ester content as well as the body corrected liver weight 

were not significantly altered. Cholesterol accumulation in the liver is a key feature of non-alcoholic 

fatty liver disease (NAFLD) that precedes the influx of inflammatory cells leading to the occurrence of  

Table 1. Plasma cholesterol and triglyceride levels in normoprolactinemic and 
hyperprolactinemic LDL receptor knockout mice. 

Normoprolactinemic mice Hyperprolactinemic mice P

Free cholesterol (mg/dl) 481±42 501±41 0.67

Cholesteryl esters (mg/dl) 2286±235 3011±249 0.05

Triglycerides (mg/dl) 4675±544 4130± 475 0.46

non-alcoholic steatohepatitis (NASH), a pathology characterized by excessive liver inflammation [29]. In 

line with a higher cholesterol content in livers of hyperprolactinemic mice, we detected a concomitant 

23-51% increase in the mRNA expression level of the macrophage markers Cd68 and ATP-binding 

cassette transporter G1 (Abcg1) and the pro-inflammatory cytokines tumor necrosis factor-alpha (Tnf-

alpha), monocyte chemoattractant protein-1 (Mcp-1), and interleukin-6 (Il-6) (Figure 4B). Interestingly, 

similar hepatic mRNA expression levels of genes involved in lipogenesis and the synthesis of VLDL 

particles, i.e. Fas, Dgat1, Pnpla3, Scd1, and ApoB, as well as the clearance of VLDL/LDL particles by the 

liver, i.e. Sr-bI and Lrp1 were observed in hyperprolactinemic and control mice (Figure 4C). Strikingly, 

however, we detected a marked increase in the expression of two genes associated with the removal of 

unesterified cholesterol from the liver, possibly suggesting a protective response to overcome cellular 

toxicity associated with the hepatic accumulation of unesterified cholesterol. Cholesterol 7alpha-

hydroxylase (Cyp7a1) expression was stimulated 1.98-fold (p=0.007; Figure 4C), suggestive of an overall 

faster conversion rate of unesterified cholesterol into bile acids that are subsequently secreted into 

the bile. Furthermore, mice with hyperprolactinemia exhibited a 51% increase (p=0.02; Figure 4C) 

in the hepatic expression of ATP-binding cassette transporter A1 (Abca1), a membrane-associated 

cholesterol efflux protein involved in the hepatic generation of native HDL particles. Combined, these 

findings suggest that hyperprolactinemia in high cholesterol/high fat diet-fed LDL receptor knockout 

mice is associated with a change in the blood metabolic phenotype comparable to that observed in 

prolactinoma patients, which can probably be attributed to a hyperprolactinemia-associated change 

in hepatic lipid metabolism.

Although we primarily aimed to determine whether hyperprolactinemia induced a similar metabolic 

profile in LDL receptor knockout mice as observed in the human context, we also investigated the 

effect on atherogenesis, since multiple studies have shown that LDL receptor knockout mice are highly 

susceptible to atherosclerotic lesion development upon feeding high cholesterol/high fat diets [30]. 

Interestingly, atherosclerosis susceptibility was not increased, despite the higher plasma atherogenic 

index associated with hyperprolactinemia. We actually observed a significant >30% decrease (p=0.04; 

Figure 5A and B) in the extent of atherosclerotic lesion formation in the aortic root of LDL receptor 

knockout mice with high prolactin levels. In accordance with the Oil red O-positive lesion area measured 

in both groups of mice (≤100 x 103 µm2), further morphological analysis of the atherosclerotic lesions
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Figure 1. Prolactin levels in normoprolactinemic and hyperprolactinemic mice. Prolactin levels increased significantly in 
hyperprolactinemic mice compared to normoprolactinemic mice; 120.8±13.7 µg/l vs. 2.8± 0.12 µg/l, respectively, p=<0.001. 

Figure 2. Glucose levels during the oral glucose tolerance test (OGTT) in normoprolactinemic and hyperprolactinemic mice. 
Hyperprolactinemia was associated with higher glucose concentrations during the OGTT, p=0.02. 

Figure 3. 
(A) Total cholesterol distribution according to lipoprotein size (smart-system and enzymatic colorimetric assay). The 
significant increase in plasma cholesterol ester content as shown in Table 1 could be attributed to a 32% increase (p<0.001; 
two-way ANOVA) in the cholesterol level associated with atherogenic very-low-density lipoprotein (VLDL) and low-density 
(LDL) lipoproteins in hyperprolactinemic mice.
(B) Non-HDL/HDL ratio (smart-system and enzymatic colorimetric assay). A 29% stimulated non-HDL/HDL ratio (p=0.04) was 
found in hyperprolactinemic mice, suggestive of an overall increased plasma atherogenic index in hyperprolactinemic mice.
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Figure 4.
(A) Hepatic cholesterol. Hepatic free (unesterified) cholesterol levels were 24% higher (p=0.02) in hyperprolactinemic mice, 
whilst the liver triglyceride and cholesteryl ester content as well as the body corrected liver weight were not significantly 
altered.
(B) Hepatic expression of macrophage markers and pro-inflammatory cytokines. In hyperprolactinemic mice, a 23-51% 
increase in the mRNA expression level of the macrophage markers Cd68 and ATP-binding cassette transporter G1 (Abcg1) 
was observed. Additionally, the pro-inflammatory cytokines tumor necrosis factor-alpha (Tnf-α), monocyte chemoattractant 
protein-1 (Mcp-1), and interleukin-6 (Il-6) showed a trend towards elevation in hyperprolactinemic mice.
(C) Hepatic mRNA expression levels of genes involved in lipogenesis and the synthesis of VLDL particles, i.e. Fas, Dgat1, 
Pnpla3, Scd1, and ApoB, as well as the clearance of VLDL/LDL particles by the liver, i.e. Sr-bI, Lrp1 were similar between 
hyperprolactinemic and normoprolactinemic mice. However, the expression of Cyp7a1 and Abca1, two genes associated 
with the removal of unesterified cholesterol from the liver, was significantly increased in hyperprolactinemic mice (p=0.007 
and p=0.02, respectively). 

A

B
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(A) Quantification of the sizes of atherosclerotic lesions in the aortic root showed that hyperprolactinemia was associated 
with a decreased mean lesion size as compared to normoprolactinemia (68.9±8.6×103 μm2 vs. 100.4±11.7×103 μm2, 
respectively, p=0.04). 
(B) Representative staining for atherosclerotic area with with Oil red-O (red), counterstaining with hematoxylin (purple). 
5x magnification. 
(C) Representative staining for macrophages within atherosclerotic lesions with MoMa (red), counterstaining with 
hematoxylin (purple). 40x magnification. 
(D) Representative staining for collagen within atherosclerotic lesions with Massons Trichome (blue), counterstaining with 
hematoxylin (purple). 40x magnification. 
(E) Percentage of apoptotic cells in atherosclerotic lesions. There was no difference in the percentage apoptotic cells within 
the atherosclerotic lesions between normo- and hyperprolactinemic mice (15.60±3.20% vs. 14.41±4.40%, respectively, 
p=0.82).  
(F) Representative staining with TUNEL (black), counterstaining with methylgreen (green). 40x magnification. 
(G) Splenic expression of cholesterol efflux genes. There was no significant difference between the two groups of mice in the 
splenic expression of genes known to affect cholesterol efflux. 
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Figure 6
(A) Spleen and thymus weight as a percentage of total body weight. Hyperprolactinemia was not associated with an 
increased spleen weight, however, thymus weight was increased in this condition (p=0.006). 
(B) White blood cell count and its differentiation. White blood cell count and its differentiation were similar between normo- 
and hyperprolactinemic mice. 
(C) Relative expression of cytokines in the spleen. There was no significant difference between normo- and hyperprolactinemic 
mice in the splenic expression of several cytokines. 
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revealed the presence of initial stage lesions that fully consisted of lipid-rich macrophages (“fatty 

streaks”) (Figure 5C and D). Although previous studies have suggested a possible role for prolactin 

in the regulation of cell cycle control and apoptosis [31-34], we did not detect a change in the intra-

plaque apoptosis rate (15.60±3.20% in normoprolactinemia vs. 14.41±4.40% in hyperprolactinemia, 

respectively, p=0.82); Figure 5E and F. Since macrophages cannot limit their uptake of oxidized or 

alternatively modified lipoproteins, they rely on an efficient cholesterol efflux system to maintain 

cholesterol homeostasis. Hence, we examined whether prolactin may stimulate peripheral macrophages 

to incite cholesterol efflux by quantifying the expression of key cholesterol efflux genes Abcg1, Abca1, 

Sr-bI and ApoE in the spleen [35-37]. However, prolactin did not affect the expression of these genes 

(Figure 5G). 

Atherosclerosis is an inflammatory disease that involves the attraction and vessel wall infiltration of 

leukocytes, which secrete pro- or anti-inflammatory signalling molecules (i.e. cytokines and chemokines) 

that may respectively enhance or delay atherosclerotic lesion formation [38,39]. Previous studies have 

shown that prolactinoma patients have elevated plasma parameters of low-grade systemic inflammation 

[14,15]. To investigate whether the hyperprolactinemia-associated decrease in atherosclerotic lesion 

size was due to changes in the inflammatory status of the animals, we determined the effect of high 

prolactin levels on the weight of the lymphoid organs thymus and spleen, blood leukocyte counts, as 

well as splenic cytokine gene expression levels. A distinct 28% increase (p=0.006) in thymus weight/

body weight ratio was observed in hyperprolactinemic LDL receptor knockout mice on the atherogenic 

high cholesterol/high fat diet (Figure 6A), which may result from proliferation of thymic epithelium 

[40]. No other remarkable changes in inflammatory-related parameters were noted (Figure 6B and 

C), suggesting that the immunological status of the mice was probably unaffected in response to the 

increase in prolactin levels.

DISCUSSION

Similarly as observed in the human situation [11-15], hyperprolactinemia in LDL receptor knockout mice 

seemed to be associated with decreased insulin sensitivity. Others had already shown that haloperidol 

has the potential to abolish glucose tolerance and to reduce insulin sensitivity [41]. In contrast to 

others [41], we report a decrease in body weight after haloperidol treatment. This dissimilarity in 

observations may result from a difference in dose. Additionally, our mice displayed a significant increase 

in their plasma cholesteryl ester content, which could be attributed to a significant increase in the 

cholesterol level associated with atherogenic very-low-density lipoprotein (VLDL) and low-density (LDL) 

lipoproteins. Similar observations have been made in prolactinoma patients [11-13,16,17]. Interestingly, 

hepatic unesterified cholesterol levels were markedly enhanced in hyperprolactinemic mice. In fact, 

this suggests that hyperprolactinemia may induce cholesterol accumulation in the liver, which is a key 

feature of NAFLD that precedes the influx of inflammatory cells leading to the occurrence of NASH, a 

pathology characterized by excessive liver inflammation [29]. In line with the hypercholesterolemic state 

in livers of hyperprolactinemic mice, we detected a concomitant 23-51% increase in the hepatic mRNA 

expression level of Cd68 and Abcg1, Tnf-α, Mcp-1 and Il-6, suggesting increased hepatic inflammation. 

The marked increase in the expression of Cyp7a1 and Abca1 in hyperprolactinemic mice possibly results 

from a protective response to overcome cellular toxicity associated with the hepatic accumulation of 

unesterified cholesterol. Thus, the higher plasma VLDL levels and impaired glucose tolerance may be 

explained by a higher cholesterol efflux from the liver, as a secondary response to hepatic steatosis. 

Whether hepatic lipid metabolism is changed in prolactinoma patients is unknown. However, our data 

suggest that this may certainly be of relevance and needs to be assessed in such patients. 

Based on the dramatic metabolic derangements observed, reduced atherosclerosis susceptibility 

was a totally unexpected phenotype of hyperprolactinemic mice. Plaque composition was not 

different between hyperprolactinemic and normoprolactinemic mice and the expression of genes 

involved in macrophage cholesterol efflux (Abcg1, Abca1, Sr-bI and ApoE) was not affected by the 

hyperprolactinemic condition. We found that the decrease in atherosclerotic lesion size did not result 

from changes in the inflammatory status of the animals. Experiments, which have suggested that 

prolactin may stimulate the inflammatory response, were conducted in vitro, often in combination 

with LPS [42-45], which may not be a relevant trigger in vivo. Studies involving prolactin receptor 

knockout mice have indeed suggested that prolactin receptor pathways may not be essential for 

immunomodulation in vivo [46]. In this study, we could not assess the prolactin receptor expression 

within the atherosclerotic plaques, since there is no commercially available antibody directed against 

the mouse prolactin receptor. However, since we previously observed that the prolactin receptor is 

expressed in both macrophages and T-cells within human atherosclerotic plaques [47], we propose 

that prolactin may have the potency to modulate the microenvironment locally in the plaque, possibly 

by inhibition of local inflammatory pathways, subsequently leading to a reduction in atherogenesis. In 

fact, this hypothesis would be in accordance with our previous observation that prolactin levels are 

not predictive of the occurrence of coronary artery disease events in apparently healthy individuals 

[18]. Nonetheless, it is unclear to which extent haloperidol might have influenced these results. 

In conclusion, we have shown that hyperprolactinemia in high cholesterol/high fat diet-fed LDL 

receptor knockout mice is associated with a change in the metabolic phenotype comparable to that 

observed in prolactinoma patients. Furthermore, our translational data suggest that the metabolic 

derangements observed in prolactinoma patients may result in alteration of hepatic lipid metabolism. 

In our hyperprolactinemic mice, none of these derangements led to increased atherogenesis; instead, 

a decreased atherosclerosis susceptibility was found. The occurrence of atherosclerotic vascular 

disease among prolactinoma patients has not been assessed yet. Based upon our striking finding 

that hyperprolactinemia in mice is actually associated with decreased atherosclerosis susceptibility, 

we anticipate that it is worthwhile to study the relative occurrence of cardiovascular disease or its 

surrogate markers in prolactinoma patients.  

156 157



Hyperprolactinemia in LDL receptor knockout mice

Ch
ap

te
r 

9

Sources of funding
M. Hoekstra (PhD) is an awardee of a Dutch Heart Foundation Dekker Junior Staff Member Grant 

(project number 2008T070). Th.B. Twickler (MD,PhD) is supported by the Netherlands Organization 

of Health and Science (NWO-ZonMW; project number 916.66.124). The funding sources had no role 

in study design, conduct analysis and decision to submit the manuscript for publication. 

Disclosures
None.

REFERENCE LIST

1.  Bole-Feysot C, Goffin V, Edery M, et al. Prolactin (PRL) and its receptor: actions, signal transduction pathways and 
phenotypes observed in PRL receptor knockout mice. Endocr Rev 1998;19:225-68.

2.  Ben-Jonathan N, LaPensee CR, LaPensee EW. What can we learn from rodents about prolactin in humans? Endocr Rev 
2008;29:1-41.

3.  Colao A, Lombardi G. Growth-hormone and prolactin excess. Lancet 1998;352:1455-61.

4.  Daly AF, Rixhon M, Adam C, et al. High prevalence of pituitary adenomas: a cross-sectional study in the province of 
Liege, Belgium. J Clin Endocrinol Metab 2006;91:4769-75.

5.  Raappana A, Koivukangas J, Ebeling T, et al. Incidence of pituitary adenomas in Northern Finland in 1992-2007. J Clin 
Endocrinol Metab 2010;95:4268-75.

6.  Isomaa B, Almgren P, Tuomi T, et al. Cardiovascular morbidity and mortality associated with the metabolic syndrome. 
Diabetes Care 2001;24:683-9.

7.  Lakka HM, Laaksonen DE, Lakka TA, et al. The metabolic syndrome and total and cardiovascular disease mortality in 
middle-aged men. JAMA 2002;288:2709-16.

8.  Lorenzo C, Okoloise M, Williams K, et al. The metabolic syndrome as predictor of type 2 diabetes: the San Antonio 
heart study. Diabetes Care 2003;26:3153-9.

9.  Mathieu P, Pibarot P, Despres JP. Metabolic syndrome: the danger signal in atherosclerosis. Vasc Health Risk Manag 
2006;2:285-302.

10.  Ross R, Despres JP. Abdominal obesity, insulin resistance, and the metabolic syndrome: contribution of physical activity/
exercise. Obesity 2009;17 Suppl 3:S1-S2.

11.  Berinder K, Nystrom T, Hoybye C, et al. Insulin sensitivity and lipid profile in prolactinoma patients before and after 
normalization of prolactin by dopamine agonist therapy. Pituitary 2010 (Epub ahead of print).

12.  Dos Santos Silva CM, Barbosa FR, Lima GA, et al. BMI and Metabolic Profile in Patients With Prolactinoma Before and 
After Treatment With Dopamine Agonists. Obesity 2011;19:800-5.

13.  Pelkonen R, Nikkila EA, Grahne B. Serum lipids, postheparin plasma lipase activities and glucose tolerance in patients 
with prolactinoma. Clin Endocrinol 1982;16:383-90.

14.  Serri O, Li L, Mamputu JC, et al. The influences of hyperprolactinemia and obesity on cardiovascular risk markers: 
effects of cabergoline therapy. Clin Endocrinol 2006;64:366-70.

15.  Yavuz D, Deyneli O, Akpinar I, et al. Endothelial function, insulin sensitivity and inflammatory markers in 
hyperprolactinemic pre-menopausal women. Eur J Endocrinol 2003;149:187-93.

16.  Erem C, Kocak M, Nuhoglu I, et al. Blood coagulation, fibrinolysis and lipid profile in patients with prolactinoma. Clin 
Endocrinol 2010;73:502-7.

17.  Heshmati HM, Turpin G, de Gennes JL. Chronic hyperprolactinemia and plasma lipids in women. Klin Wochenschr 
1987;65:516-9.

18.  Reuwer AQ, Twickler MT, Hutten BA, et al. Prolactin levels and the risk of future coronary artery disease in apparently 
healthy men and women. Circ Cardiovasc Genet 2009;2:389-95.

19.  Zhao Y, Pennings M, Hildebrand RB, et al. Enhanced foam cell formation, atherosclerotic lesion development, and 
inflammation by combined deletion of ABCA1 and SR-BI in Bone marrow-derived cells in LDL receptor knockout mice 
on western-type diet. Circ Res 2010;107:e20-e31.

20.  Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform 
extraction. Anal Biochem 1987;162:156-9.

21.  Hoekstra M, Korporaal SJ, Li Z, et al. Plasma lipoproteins are required for both basal and stress-induced 
adrenal glucocorticoid synthesis and protection against endotoxemia in mice. Am J Physiol Endocrinol Metab 
2010;299:E1038-E1043.

22.  Paigen B, Morrow A, Holmes PA, et al. Quantitative assessment of atherosclerotic lesions in mice. Atherosclerosis 
1987;68:231-40.

23.  Kennedy AJ, Ellacott KL, King VL, et al. Mouse models of the metabolic syndrome. Dis Model Mech 2010;3:156-66.

158 159



Hyperprolactinemia in LDL receptor knockout mice

Ch
ap

te
r 

9

24.  Xu R, Parlow AF, Wang Y. The effects of dopamine and D2 receptor antagonists on pituitary hormone secretion are 
intact in mice lacking dopamine D2L receptor. Brain Res 2002;939:95-9.

25.  Hruska RE. Modulatory role for prolactin in the elevation of striatal dopamine receptor density induced by chronic 
treatment with dopamine receptor antagonists. Brain Res Bull 1986;16:331-9.

26.  Veselinovic T, Schorn H, Vernaleken IB, et al. Impact of different antidopaminergic mechanisms on the dopaminergic 
control of prolactin secretion. J Clin Psychopharmacol 2011;31:214-20.

27.  Zhang XY, Zhou DF, Cao LY, et al. Prolactin levels in male schizophrenic patients treated with risperidone and haloperidol: 
a double-blind and randomized study. Psychopharmacology (Berl) 2005;178:35-40.

28.  Anagnostis P, Adamidou F, Polyzos SA, et al. Long term follow-up of patients with prolactinomas and outcome of 
dopamine agonist withdrawal: a single center experience. Pituitary 2011 (Epub ahead of print).

29.  Van Rooyen DM, Larter CZ, Haigh WG, et al. Hepatic free cholesterol accumalates in obese, diabetic mice and causes 
non-alcoholic steatohepatitis. Gastroenterology 2011 (Epub ahead of print).

30.  Zadelaar S, Kleemann R, Verschuren L, et al. Mouse models for atherosclerosis and pharmaceutical modifiers. 
Arterioscler Thromb Vasc Biol 2007;27:1706-21.

31.  Aziz MM, Ishihara S, Rumi MA, et al. Prolactin induces MFG-E8 production in macrophages via transcription factor C/
EBPbeta-dependent pathway. Apoptosis 2008;13:609-20.

32.  LaPensee EW, Schwemberger SJ, LaPensee CR, et al. Prolactin confers resistance against cisplatin in breast cancer cells 
by activating glutathione-S-transferase. Carcinogenesis 2009;30:1298-304.

33.  Terra LF, Garay-Malpartida MH, Wailemann RA, et al. Recombinant human prolactin promotes human beta cell survival 
via inhibition of extrinsic and intrinsic apoptosis pathways. Diabetologia 2011;54:1388-97.

34.  Yamamoto T, Mita A, Ricordi C, et al. Prolactin supplementation to culture medium improves beta-cell survival. 
Transplantation 2010;89:1328-35.

35.  Lammers B, Out R, Hildebrand RB, et al. Independent protective roles for macrophage Abcg1 and Apoe in the 
atherosclerotic lesion development. Atherosclerosis 2009;205:420-6.

36.  Out R, Hoekstra M, Hildebrand RB, et al. Macrophage ABCG1 deletion disrupts lipid homeostasis in alveolar macrophages 
and moderately influences atherosclerotic lesion development in LDL receptor-deficient mice. Arterioscler Thromb 
Vasc Biol 2006;26:2295-300.

37.  van Eck M, Bos IS, Kaminski WE, et al. Leukocyte ABCA1 controls susceptibility to atherosclerosis and macrophage 
recruitment into tissues. Proc Natl Acad Sci U S A 2002;99:6298-303.

38.  Zernecke A, Weber C. Chemokines in the vascular inflammatory response of atherosclerosis. Cardiovasc Res 2010;86:192-201.

39.  Hansson GK. Inflammatory mechanisms in atherosclerosis. J Thromb Haemost 2009;7 Suppl 1:328-31.

40.  Dardenne M, Savino W, Gagnerault MC, et al. Neuroendocrine control of thymic hormonal production. I. Prolactin stimulates 
in vivo and in vitro the production of thymulin by human and murine thymic epithelial cells. Endocrinology 1989;125:3-12.

41.  de Leeuw van Weenen JE, Auvinen HE, Parlevliet ET, et al. Blocking dopamine D2 receptors by haloperidol curtails 
the beneficial impact of calorie restriction on the metabolic phenotype of high-fat diet induced obese mice. J 
Neuroendocrinol 2011;23:158-67.

42.  D’Isanto M, Vitiello M, Raieta K, et al. Prolactin modulates IL-8 production induced by porins or LPS through different 
signalling mechanisms. Immunobiology 2004;209:523-33.

43.  Brand JM, Frohn C, Cziupka K, et al. Prolactin triggers pro-inflammatory immune responses in peripheral immune 
cells. Eur Cytokine Netw 2004;15:99-104.

44.  Corbacho AM, Valacchi G, Kubala L, et al. Tissue-specific gene expression of prolactin receptor in the acute-phase 
response induced by lipopolysaccharides. Am J Physiol Endocrinol Metab 2004;287:E750-E757.

45.  Matalka KZ. Prolactin enhances production of interferon-gamma, interleukin-12, and interleukin-10, but not of tumor 
necrosis factor-alpha, in a stimulus-specific manner. Cytokine 2003;21:187-94.

46.  Bouchard B, Ormandy CJ, Di Santo JP, et al. Immune system development and function in prolactin receptor-deficient 
mice. J Immunol 1999;163:576-82.

47.   Reuwer AQ, van Eijk M, Houttuijn-Bloemendaal FM, et al. The prolactin receptor is expressed in macrophages within 
human carotid atherosclerotic plaques: a role for prolactin in atherogenesis? J Endocrinol 2011;208:107-17.

Supplementary table 1. Primers used for quantitative real-time PCR.

Gene Forward primer Reverse Primer

Cd68 [NM_009853] 5’-CCTCCACCCTCGCCTAGTC-3’ 5’-TTGGGTATAGGATTCGGATTTGA-3’

Abcg1 [NM_009593] 5’-AGGTCTCAGCCTTCTAAAGTTCCTC-3’ 5’-TCTCTCGAAGTGAATGAAATTTATCG-3’

Tnf-α [X02611] 5’-GCCAGCCGATGGGTTGTA-3’ 5’-AGGTTGACTTTCTCCTGGTATGAG A-3’

Mcp-1 [NM_008570] 5’-GATGTGAGCAAGAGTGAATC-3’ 5’-GGGAATTACATCCACAGTAGGAG-3’

Fas [NM_007987] 5’-CTGCGATGAAGAGCATGGTTT-3’ 5’-CCATAGGCGATTTCTGGGAC-3’

Scd1 [NM_009127] 5’-TACTACAAGCCCGGCCTCC-3’ 5’-CAGCAGTACCAGGGCACCA-3’

Pnpla3 [AY037763] 5’-ATTCCCCTCTTCTCTGGCCTA-3’ 5’-ATGTCATGCTCACCGTAGAAAGG-3’

Dgat1 [NM_010046] 5’-GGTGCCCTGACAGAGCAGAT-3’ 5’-CAGTAAGGCCACAGCTGCTG-3’

ApoB [XM_894981] 5’-ATGTCATAATTGCCATAGATAGTGCCA-3’ 5’-TCGCGTATGTCTCAAGTTGAGAG-3

Sr-bI [NM_016741] 5’-GGCTGCTGTTTGCTGCG-3’ 5’-GCTGCTTGATGAGGGAGGG-3’

Lrp1 [NM_008512] 5’-TGGGTCTCCCGAAATCTGTT-3’ 5’-ACCACCGCATTCTTGAAGGA-3’

Cyp7a1 [NM_007824] 5’-CTGTCATACCACAAAGTCTTATGTCA-3’ 5’-ATGCTTCTGTGTCCAAATGCC-3’

Abca1[NM_013454] 5’-GGTTTGGAGATGGTTATACAATAGTTGT-3’ 5’-TTCCCGGAAACGCAAGTC-3’

ApoE [NM_009696] 5’-AGCCAATAGTGGAAGACATGCA-3’ 5’-GCAGGACAGGAGAAGGATACTCAT-3’

Il-6 [M20572] 5’-GAAGAATTTCTAAAAGTCACTTTGAGATCTAC-3’ 5’-CACAGTGAGGAATGTCCACAAAC-3’

Il-1β [NM_008361] 5’-TGGTGTGTGACGTTCCCATTA-3’ 5’-AGGTGGAGAGCTTTCAGCTCATAT-3’

Il-4 [NM_NM_021283] 5’-ACTTGAGAGAGATCATCGGCATTT-3’ 5’-AGCACCTTGGAAGCCCTACAG-3’

Il-10 [NM_010548] 5’-TCTTACTGACTGGCATGAGGATCA-3’ 5’-GTCCGCAGCTCTAGGAGCAT-3’

Ifn-γ [NM_008337] 5’-ATAACTATTTTAACTCAAGTGGCATAGATGT-3’ 5’-TCTGGCTCTGCAGGATTTTCA-3’

β-actin [X03672] 5’-AACCGTGAAAAGATGACCCAGAT-3’ 5’-CACAGCCTGGATGGCTACGTA-3’

Hprt [NM_013556] 5’-TTGCTCGAGATGTCATGAAGGA-3’ 5’-AGCAGGTCAGCAAAGAACTTATAG-3’

Rps13 NM_026533 5’-TGCTCCCACCTAATTGGAAA 5’-CTTGTGCACACAACAGCATTT-3’

36b4 [NM_007475] 5’-GGACCCGAGAAGACCTCCTT-3’ 5’-GCACATCACTCAGAATTTCAATGG-3’
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