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Abstract

Pregnancy-associated plasma protein-A (PAPP-A) is a novel zinc metalloproteinase that functions

in many systems outside of pregnancy. Data in both humans and mice suggest a role for PAPP-A

in aging and age-related diseases. However, our knowledge of tissue-specific PAPP-A expression

and possible changes in this expression with age is limited. Thus, the aim of this study was to

determine PAPP-A mRNA expression in multiple tissues with age in both male and female mice

using real-time PCR. These included heart, liver, kidney, bone, fat, skeletal muscle, gonads, brain,

thymus and spleen. In young mice, PAPP-A mRNA was expressed at relatively high levels in all

tissues examined except for liver. The only difference in expression between males and females

was seen in kidney, subcutaneous fat and gonads. The highest PAPP-A mRNA expression levels

were found in visceral fat and these were 10-fold higher than in subcutaneous fat. PAPP-A

expression significantly increased with age in kidney, brain and gonads. PAPP-A expression

significantly deceased with age in bone and skeletal muscle. In the thymus, PAPP-A mRNA

showed a biphasic response with age. There were no age-related changes in PAPP-A expression

seen in any of the other tissues examined. Expression of IGFBP-5 mRNA, a marker of insulin-like

growth factorI (IGF-I) bioactivity known to be regulated by PAPP-A, paralleled the changes in

PAPP-A expression with age in kidney, bone, skeletal muscle and thymus. Thus, tissue-specific

PAPP-A expression in mice is differentially affected during aging, and may regulate local IGF-I

bioactivity in certain tissues.

INTRODUCTION

Pregnancy-associated plasma protein-A (PAPP-A), a novel proteinase in the Metzincin

superfamily, is expressed in several human and mouse tissues outside of pregnancy,

including those in the cardiovascular, renal, adipose, musculoskeletal and immune systems
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(reviewed in 1). In humans, elevated PAPP-A expression has been shown to be associated

with acute coronary syndromes and kidney disease (2–8). It was also noted that PAPP-A

was highly expressed in human preadipocytes obtained from visceral fat depots compared to

those from subcutaneous fat depots (9). Similar findings were reported for mice (10). These

studies suggest not only diagnostic and prognostic value, but also potential therapeutic value

for PAPP-A. Indeed, in the mouse, global deletion of PAPP-A has been shown to have

beneficial effects promoting resistance to atherosclerotic plaque progression, visceral fat

accumulation and diabetic nephropathy (8,10,11), and in the maintenance of immune

competence with age (12). Furthermore, these PAPP-A knock-out mice live significantly

longer than wild-type littermates (13). However, the tissues relevant to these effects are

unclear.

Thus, the primary aim of this study was to determine PAPP-A expression in multiple tissues

with age in mice, the rationale being that the findings would offer a better understanding of

the role of PAPP-A in aging and age-related diseases and provide a scientific basis for

targeting strategies that could be translatable to humans.

MATERIALS and METHODS

Mice

Wild-type mice on a mixed C57BL/6, 129 genetic background were used in these

experiments. Males and females were housed separately up to five to a cage and fed a

standard chow diet. At 1 month, 6 months and 18 months of age, mice were put under deep

anesthesia with ketamine/xylazine (90/10 mg/kg) and tissues rapidly excised, snap frozen in

liquid nitrogen, and stored at −80°C.

RNA isolation and real-time PCR

Frozen tissues were immediately transferred into 1 ml of Trizol (Life Technologies,

Carlsbad, CA) and thoroughly minced. Fat depots, brain, and thymus were homogenized by

passing tissue through a 21 gauge needle several times prior to centrifugation. All tissues

were centrifuged for 15 minutes at 12,000 rpm. The Trizol layer was extracted into a new

tube, 200 μl of chloroform was added to each sample and vigorously shaken for 45 seconds.

Samples were allowed to sit at room temperature for 3–5 minutes to allow layers to separate

before centrifuging for 15 minutes at 12,000 rpm. The aqueous supernatant was extracted

into a clean microcentrifuge tube containing 0.5 ml of isopropanol and vortexed. RNA was

allowed to precipitate at room temperature for 10–60 minutes before the RNA was pelleted

at 10,000 rpm for 10 minutes. RNA pellets were washed three times with 75% ethanol and

allowed to air dry. Approximately 20 μl of molecular grade water was added to each sample.

1 ug of RNA, assessed with a NanoDrop Spectrophotometer (NanoDrop Technologies,

Wilmington, DE), was diluted in 10 μl of molecular grade water and reverse transcribed

with the SuperScript® III First-Strand Synthesis System (Life Technologies). PAPP-A

mRNA expression was evaluated by quantitative real-time PCR using the iCycler iQ5

Detection System with iQ SYBR green PCR Master Mix (Bio-Rad, Hercules, CA).

Amplification plots were analyzed with iQ5 Optical System Software version 2.1 (Bio-Rad).

Primer sequences used for mouse PAPP-A, mouse IGFBP-5 and the various reference
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genes: TATTA binding protein (TBP), ribosomal protein L22 (RPL22), glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) and beta-actin (β-ACT) can be found in Table 1.

Relative quantification, fold change and statistical significance of gene expression (P <

0.05) were determined by the Pfaffl method using the relative expression software tool

(REST) 2009 (QIAGEN Inc., Valencia, CA).

RESULTS

PAPP-A expression in tissues of young mice

PAPP-A mRNA expression levels in 1-month-old male and female WT mice are presented

in Table 2. The highest PAPP-A expression levels were found in visceral fat, skeletal

muscle, bone and testes. High levels were also found in subcutaneous fat, spleen, ovaries,

heart, kidney, brain and thymus. PAPP-A mRNA expression was undetectable in liver.

There were three tissues that showed significant differences between males and females:

gonads, kidney and subcutaneous fat. Males had higher PAPP-A expression (490%) in testes

than did females in the ovaries. Females had higher expression of PAPP-A in subcutaneous

fat (195%) and kidneys (157%) compared to males.

PAPP-A expression with age

PAPP-A expression significantly increased with age in kidney (~ 2-fold), brain (2- to 4-

fold), and gonads (2- to 6-fold) in both males and females (Fig. 1). PAPP-A expression

significantly decreased with age in the tibia (70–80%) and quadriceps muscle (~ 40%) in

both males and females (Fig. 2). Interestingly, the thymus showed a biphasic effect on

PAPP-A mRNA expression with age; expression significantly decreased (~ 50%) between 1

month and 6 months and then increased to the young levels at 18 months in both male and

female mice. There were no significant changes in PAPP-A expression across age in adipose

tissue, heart, and liver. Thus, PAPP-A mRNA expression remained the highest in visceral fat

and undetectable in liver from 1 month to 18 months of age in mice. There was no

significant sex*age interaction effect on PAPP-A expression in any of the tissues examined.

IGFBP-5 expression with age

To date, the only established function of PAPP-A is to regulate local IGF bioactivity, i.e.,

high levels of PAPP-A are associated with increased bioactivity and low levels are

associated with decreased bioactivity (1). It is difficult to evaluate IGF-I bioactivity in vivo.

However, IGFBP-5 is an IGF-I responsive gene, and IGFBP-5 mRNA levels have been used

as a surrogate marker for IGF receptor activation in several tissues in vivo (11, 14–19).

Therefore, we measured IGFBP-5 mRNA in the tissues in Figures 1 and 2 (Table 3). The

pattern of IGFBP-5 mRNA across age paralleled that of PAPP-A in kidney, bone, skeletal

muscle and thymus. IGFBP-5 expression did not correlate with PAPP-A expression in brain

and gonads.

DISCUSSION

In this study we present data on the levels of PAPP-A mRNA expression in multiple tissues

of young wild-type mice, both males and females, and differential changes in the expression
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with age. Although there have been previous reports assessing PAPP-A mRNA expression

in mouse tissues (20–22), these have been limited to semi-quantitative methodologies and/or

were assessed at a single young age with insufficient consideration of possible sex-based

differences. Thus, the data from this study provide a more comprehensive evaluation of

tissue- and sex-specific PAPP-A expression, and for the first time, indicate differential age-

dependent changes in PAPP-A expression. The discussion highlights some of the most

noteworthy findings.

Sex differences

We saw sex-based differences in PAPP-A expression in three tissues: kidney, subcutaneous

fat and gonads. PAPP-A expression was significantly higher in kidneys and subcutaneous fat

from females than males. The reason(s) for these differences are unknown. However, sexual

dimorphism has been reported for kidney (23), and, in general, females have more

subcutaneous fat than males (24). PAPP-A expression was lower in the ovaries compared to

the testes, but this may not be an appropriate comparison since these gonadal tissues serve

different functions. The rest of the tissues examined had similar levels in both males and

females, pointing to a common functionality of PAPP-A.

Tissue differences with age

Visceral fat had the highest expression of PAPP-A mRNA in male and female mice, 4- to

10-fold higher than subcutaneous fat, and the levels did not change significantly with age.

Thus, it remained the tissue with the highest level of PAPP-A expression in 18-month-old

mice. We have previously shown a preferential impact of PAPP-A gene deletion on visceral

fat accumulation in young mice on a high fat diet (10). These PAPP-A knock-out mice also

live longer than wild-type littermates when started at 12 months of age on a high fat diet

(our unpublished data). Based on these data, one could anticipate targeted PAPP-A

inhibition as a feasible approach to limiting visceral obesity and associated morbidity.

The significant up-regulation of PAPP-A expression in the kidney with age was of particular

interest. We have previously reported that PAPP-A knock-out mice show decreased

incidence and severity of age-related nephropathy (13). Also, 14-month-old female PAPP-A

knock-out mice were resistant to experimentally-induced type 2 diabetic nephropathy (8).

We had chosen female mice to do the latter studies, since the preliminary data coming out of

this study indicated higher levels of PAPP-A expression in females compared to males, and,

thus, we reasoned that there might be a greater effect of PAPP-A gene deletion in female

mice.

The up-regulation of PAPP-A mRNA expression with age in the brain was also an original

finding that warrants further exploration of possible physiological significance. The role of

PAPP-A in the brain has not been investigated to date, and it will be important to determine

the specific areas of the brain that express PAPP-A, along with the effects of PAPP-A

deletion on central regulation of motor function and cognition.

PAPP-A expression in the gonads was high in young mice and somewhat surprisingly

increased with age, even though the reproductive capacity is diminished in older mice,

especially female mice. We have shown that female PAPP-A knock-out mice have reduced
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ovarian function, although they remain fertile (25,26). Male PAPP-A knock-out mice may

also have reduced reproductive capacity, although they are able to sire broods. It may be that

PAPP-A has an alternative function in these reproductive tissues that could be influenced by

age.

On the other hand, PAPP-A mRNA in bone and skeletal muscle significantly decreased with

age. Interestingly, PAPP-A expression in heart muscle was not affected by age.

The biphasic change in PAPP-A expression in the thymus, i.e., decreased between 1 and 6

months and increased between 6 and 18 months, was intriguing. The early effects may

reflect changes in thymic function during development and the late effects may reflect

changes in tissue cellular content, such as adipose tissue infiltration during age-related

involution (12). It may be relevant that adipose tissue has high levels of PAPP-A expression

as demonstrated in this and a previous study (10).

Liver showed no detectable PAPP-A expression at any of the ages examined. Therefore,

liver-specific targeting of PAPP-A is unlikely to have impact, at least in mice.

Mechanism

A major limitation in this study was the lack of a suitable antibody that recognizes mouse

PAPP-A, so we were not able to confirm changes in PAPP-A protein at this time.

Nonetheless, in this study we used a surrogate marker of PAPP-A regulation of IGF-I

bioactivity, IGFBP-5 mRNA levels (11, 14–19). Changes in IGFBP-5 mRNA levels

paralleled those of PAPP-A in kidney, bone, skeletal muscle and thymus of both male and

female mice, supporting an IGF-dependent role for PAPP-A in these tissues. Previously,

Swindell et al. (14) reported a significant decrease in IGFBP-5 mRNA levels in kidneys

from 3–6 month old male PAPP-A KO mice compared to wild-type controls. Unlike PAPP-

A, there was no change in IGFBP-5 mRNA across age in brain, and IGFBP-5 mRNA levels

in the gonads were the exact opposite of PAPP-A suggesting possible IGF-independent

effects of PAPP-A.

In conclusion, tissue-specific PAPP-A expression in mice is differentially affected during

aging and should be taken into account in future studies designed to target PAPP-A.
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*Highlights

• Tissue-specific expression of PAPP-A indicated variable mRNA levels from

highest in visceral fat to undetectable in liver.

• Levels of PAPP-A mRNA expression differed between males and females in

kidney, subcutaneous fat and gonads.

• PAPP-A mRNA expression increased with age in kidney, brain, and gonads, and

decreased with age in bone and skeletal muscle.

• PAPP-A mRNA expression was biphasic with age in the thymus.

• Change in PAPP-A mRNA across age paralleled that of IGFBP-5 mRNA in

kidney, bone, skeletal muscle and thymus.
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Figure 1.
Tissues showing significant increases in PAPP-A mRNA expression with age.

Results are mean ± SEM (N = 5–7).

Males (solid line), Females (dashed line)
*Significantly different relative to 1 month
#Significant difference between 6 months and 18 months
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Figure 2.
Tissues showing significant decreases in PAPP-A mRNA expression with age.

Results are mean ± SEM (N = 5–7).

Males (solid line), Females (dashed line)
*Significantly different relative to 1 month
#Significant difference between 6 months and 18 months
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Table 2

PAPP-A mRNA expression in tissues of young mice

Copy number/μg RNA × 104

Males Females

Visceral Fat 1060 ± 499 712 ± 85

Quadriceps 539 ± 54 539 ± 46

Soleus 373 ± 93 200 ± 39

Tibia 344 ± 56 355 ± 66

Gonads 221 ± 23 45 ± 8*

Subcutaneous Fat 97 ± 20 189 ± 18*

Spleen 38 ± 7 50 ± 6

Heart 34 ± 5 25 ± 3

Kidney 7 ± 0.8 12 ± 2*

Thymus 6 ± 0.3 4 ± 0.9

Brain 4 ± 0.9 5 ± 1

Liver UD UD

Results are means ± SEM, N = 5–7

UD, undetected; levels below the lowest standard (5 × 102)

Significant difference between males and females,

*
P < 0.05
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