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Abstract Deletion of pregnancy-associated plasma
protein-A (PAPP-A), a protease that cleaves some but
not all IGF1 binding proteins, postpones late-life dis-
eases and extends lifespan in mice, but the mechanism
of this effect is unknown. Here we show that PAPP-A
knockout (PKO) mice display a set of changes, in mul-
tiple tissues, that are characteristic of other varieties of
slow-aging mice with alterations in GH production or
GH responsiveness, including Ames dwarf, Snell dwarf,
and GHRKO mice. PKO mice have elevated UCP1 in
brown and white adipose tissues (WAT), and a change
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in fat-associated macrophage subsets that leads to
diminished production of inflammatory cytokines. PKO
mice also show increased levels of muscle FNDCS
and its cleavage product, the myokine irisin, thought
to cause changes in fat cell differentiation. PKO mice
have elevated production of hepatic GPLD1 and plasma
GPLDI1, consistent with their elevation of hippocam-
pal BDNF and DCX, used as indices of neurogenesis.
In contrast, disruption of PAPP-A limited to muscle
(“muPKO” mice) produces an unexpectedly complex
set of changes, in most cases opposite in direction from
those seen in PKO mice. These include declines in
WAT UCPI, increases in inflammatory macrophages
and cytokines in WAT, and a decline in muscle FNDC5
and plasma irisin. muPKO mice do, however, resem-
ble global PKO mice in their elevation of hippocampal
BDNF and DCX. The data for the PKO mice support
the idea that these changes in fat, macrophages, liver,
muscle, plasma, and brain are consistent and biologi-
cally significant features of the slow-aging phenotype in
mice. The results on the muPKO mice provide a foun-
dation for further investigation of the complex, local,
and global circuits by which PAPP-A modulates signals
ordinarily controlled by GH and/or IGF1.
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Introduction

Pregnancy-associated plasma protein-A (PAPP-A) is
a protease that cleaves some of the IGF1 binding pro-
teins in mice, and in this way is thought to regulate
effective concentration of IGF1 in multiple tissues [1].
Disruption of PAPP-A in PAPP-A-KO mice (“PKO”
mice) leads to a 20-40% increase in lifespan compared
to wild-type (WT) control littermates [2—4]. Inhibition
of IGF1-mediated signaling causes proportional dwarf-
ism in PKO mice during the beginning of embryogen-
esis before organogenesis [1]. Biological processes
regulated by IGF over the course of puberty and early
adulthood are also affected in PKO mice, resulting in
decreased bone mass and ovarian steroidogenesis com-
pared to WT littermates [5, 6]. Altered glucose—insulin
homeostasis and decreased energy expenditure were
found not to be factors in the increased longevity of
PKO mice, and circulating levels of IGF1 in PKO mice
are similar to those in wild-type littermates [7]. Evalu-
ations of expression of genes related to IGF1 and IGF2
responses were altered in heart, liver, and kidney of
PKO mice, with parallel changes in the corresponding
tissues of long-lived Snell dwarf mice, in which circu-
lating IGF1 is reduced [8]. PKO mice are resistant to
the development of atherosclerosis, show delay in age-
dependent thymic atrophy, and have delayed cancer
development [3, 9]. PKO mice are also resistant to the
development of diabetic nephropathy [10].

Uncoupling protein 1 (UCP1) was first identified as
a 32,000 M, cold-inducible protein in brown adipose
tissue [11]. It plays a crucial role in thermogenesis by
uncoupling oxidative phosphorylation [12, 13]. Clus-
ters of UCP1-expressing adipocytes in white adipose
tissue (WAT) increase in response to cold stimulation
or P3-adrenergic receptor agonists [14-16]. These
adipocytes have been termed beige, “brite” (brown
in white), iBAT (induced BAT), recruitable BAT, and
wBAT (white adipose BAT) [17]. These beige cells
have a common ability to undergo thermogenesis
[18]. Brown and beige cells differ in many ways and
are considered distinct cell types [19, 20].

Adipose tissue is also immunologically active [21].
Macrophages play an important role in the inflamma-
tory response of adipose tissue [22]. Macrophages can
be divided into pro-inflammatory M1 type (classically
activated macrophage) and anti-inflammatory M2 type
(alternatively activated macrophage), although cells
with intermediate phenotypes exist as well [23, 24].
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M1 macrophages secrete pro-inflammatory cytokines
and chemokines, such as such as TNF-a, interleukin
IL-6, and MCP-1, promoting many kinds of protective
immune responses [25]. In contrast, M2 macrophages
mainly secrete arginase-1, IL-10, IL-4, and other anti-
inflammatory cytokines, which reduce inflammation
[25-28] and protect against tissue damage. Adipose
tissue inflammation, characterized by increased mac-
rophage infiltration and polarization from the M2 to
the pro-inflammatory M1 phenotype, plays an impor-
tant role in obesity-induced chronic systemic inflam-
mation and insulin resistance [28]. Low-grade adipose
tissue inflammation is also characteristic of aging in
humans and in rodents [29-31], and M1/M2 mac-
rophage polarization provides an index of this age-
related inflammation [32, 33].

FNDCS5, a transmembrane protein, was first char-
acterized in 2002 [34, 35]. In response to exercise,
FNDCS5, a PGC-la-dependent myokine, is cleaved
and secreted as irisin. Irisin acts in WAT to promote
fat browning by conversion of white adipose tissue
(WAT) to brown adipose tissue (BAT) [36]. FNDC5
is expressed in multiple tissues including heart, brain,
ovary, testis, kidney, stomach, and liver in addition
to skeletal muscle [37]. Irisin reduces levels of pro-
inflammatory cytokines (TNFa, IL-1p, IL-6, MCP-1)
and promotes secretion of anti-inflammatory cytokines
(IL-10, IL-4, IL-13) in adipose tissue [38—40].

Brain-derived neurotrophic factor (BDNF) belongs
to a family of neurotrophins that have a crucial role
in survival and differentiation of neuronal popula-
tions during development [41]. The microtubule-
associated protein doublecortin (DCX) is expressed
widely in neuronal precursor cells, immature neurons,
and migrating neurons throughout the developing and
adult nervous system [42, 43], and an increase in DCX
is thus considered a sign of increased neurogenesis.
Age-dependent impairment in cognitive function is
associated with decreases in BDNF and DCX expres-
sion in the primary regions of the brain [44—46].

We have begun to define sets of traits, in multiple
organs, that distinguish various kinds of slow-aging
mice from their controls. In a study of Snell dwarf
(Pit19V™) and growth hormone receptor (GHR)
knockout (“GHRKO”) mice, for example [47], we
noted upregulation of uncoupling protein 1 (UCP1)
in brown adipose tissue (BAT) and in three depots of
white adipose tissue (WAT) including inguinal, perigo-
nadal, and mesenteric fat. We also noted conversion of
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adipocytes in WAT to the brown/beige cell type char-
acterized by smaller size, increased cytoplasm, and
increased mitochondrial number. This conversion of
WAT adipocytes was accompanied by a decline in the
number of pro-inflammatory M1 macrophages and a
corresponding increase in the number of anti-inflam-
matory M2 macrophages, along with lower mRNA
levels of three inflammatory cytokines produced by
M1 cells. Disruption of GHR in liver did not replicate
any of these changes, implying that the changes were
unlikely to be due to decline in GH-dependent secre-
tion of IGF1 by the liver. Similarly, depletion of GHR
in fat tissue did not reproduce any of these changes,
implying that the effects on fat cells and on fat-asso-
ciated macrophage populations were dependent on
GH-dependent status in some other tissue. In contrast,
disruption of GHR in skeletal muscle did replicate
most of the changes, in fat cells and in fat-associated
macrophages of Snell and global GHRKO mice [47],
suggesting that some GH-regulated myokine was
implicated in these effects. We then noted an increase,
in Snell, GHRKO, and muscle-specific GHRKO, in
serum irisin, previously implicated [47] in signaling
muscle status to fat tissue as a consequence of exercise.
Irisin did not, however, increase in mice where GHR
was disrupted in liver or fat cells. FNDCS5, the mus-
cle protein of which irisin is a cleavage product, was
also shown to be increased in Snell, global GHRKO,
and muscle-specific GHRKO mice. This suggested a
model in which low GH signals in muscle of the long-
lived Snell and GHRKO mice led to increased muscle
FNDCS, increased plasma irisin, increased white-to-
brown fat conversion, and alterations in the balance
between M1 and M2 macrophages.

In a separate study, we have extended the analysis
of Snell and GHRKO mice to show an increase, in
both kinds of mice, in production of the liver protein
GPLD1 [48]. Others have shown that when mice exer-
cise, their livers secrete a protein called GPLD1 (gly-
cosylphosphatidylinositol (GPI)-degrading enzyme)
into the blood. When GPLD1 was overexpressed in
liver of young adult mice, plasma GPLDI1 increased,
and the animal showed improvements in cognition
and memory, and increased hippocampal neuro-
genesis within 3 weeks [49]. This group found that
GPLDI1 produced by the liver does not pass through
the blood-brain barrier. The mechanism by which
plasma GPLDI1 modulates cell physiology and func-
tion in the central nervous system is not known, but

may involve pathways that reduce inflammation and
blood coagulation throughout the body [49]. In our
work, we noted elevation of GPLDI protein in liver
and in plasma of Snell dwarf and GHRKO mice. Inter-
estingly, the elevation of liver GPLD1 protein in these
long-lived mutant mice was not accompanied by any
change in mRNA level, suggesting that the increase in
GPLDI1 protein reflected alterations in mRNA trans-
lation or protein stability. GPLD1 was also elevated,
in culture and in mice, by a drug that induces trans-
lation of mRNAs via cap-independent translation
(CIT), and was increased in liver of mice carrying a
YTHDF]1 transgene that also induces CIT. This evi-
dence indicates that the increase in GPLDI in Snell
and GHRKO mice reflects the general increase of CIT
activity in these long-lived mice [50, 51]. Induced
over-expression of GPLD1 has been shown, in mice,
to produce increased neurogenesis, as indicated by
levels of doublecortin (DCX) in hippocampus, and
to increased levels of brain-derived neurotrophic fac-
tor (BDNF). Our own work [48] has established that
Snell and GHRKO mice did indeed have higher levels
of DCX and BDNF in hippocampus, consistent with
their higher plasma levels of GPLDI.

The current investigation began as an evaluation of
the extent to which these changes in adipocytes, mac-
rophages, skeletal muscle, liver, plasma, and brain,
which are seen in Snell and GHRKO mice, were also
characteristic of PKO mice, presumed to have dimin-
ished levels of PAPP-A in multiple tissues. The data
presented below show that this suite of phenotypic
changes is replicated almost entirely in PKO mice.
To test whether deletion of PAPP-A in muscle alone
might lead to parallel alterations in multiple tissues,
we also created and studied mice in which PAPP-A
was disrupted in skeletal muscle only, and noted a
remarkable, and in many cases, paradoxical set of
changes that, taken together, suggest a complex set
of unsuspected feedback loops contingent on tissue-
specific PAPP-A effects.

Materials and methods
Mice

Breeding stock for PKO mice was provided by Cheryl
Conover (Mayo Clinic, Rochester, MN) and mice were
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produced as previously described [1, 52]. PKO mice were
used at ages from 5 to 6 months, and heterozygous littermates
were used as controls. All experiments were approved by the
University of Michigan Institutional Animal Care and Use
Committee. Mice used were fed ad lib.

Generation of muscle-specific PKO mice (muPKO
model)

Transgenic mice hemizygous for B6.FVB(12954)-
Tg(Ckmm-cre)5Khn/J, a Cre recombinase with skel-
etal and cardiac muscle—specific expression driven by the
muscle creatine kinase promoter (MCK-Cre), were pur-
chased from The Jackson Laboratory (Strain 006,475) and
crossed to homozygous PAPP-A floxed mice (fPAPP-A)
[52]. Progeny were bred to homozygous fPAPP-A mice
to generate offspring that were homozygous for fPAPP-A
and either Cre negative or hemizygous MCK-Cre positive.
To assess the degree of specificity of PAPP-A disruption
in muPKO mice, we evaluated the level of the excised
PAPPA sequence in four male Cre-positive (knockout)
and four Cre-negative (control) mice, using muscle, liver,
hippocampus, brown adipose tissue, inguinal fat, and
perigonadal fat. Muscle from all four Cre-positive mice
showed a band at the expected size of the excised PAPPA
sequence, and this excision band was absent from all other
tissues in the mice tested, and absent from all tissues from
the non-mutant mice. We conclude that the mutant does,
as expected, lead to disruption of the PAPPA sequence
in muscle but not in any of the other 5 tested tissues. Sex-
matched littermates with and without MCK-Cre were
selected for analysis at 80—100 days of age.

Genotyping of mice and tissues

To identify experimental mice, DNA from tail snips
was obtained for PCR. Generic Cre primers were
5'-CAAAACAGGTAGTTATTCGG-3' (forward) and
5'-CGTATAGCCGAAATTGCCAG-3' (reverse). The
PCR protocol was 94 °C for 3 min and then 94 °C for
30 s, 59 °C for 30 s, and 72 °C for 30 s for 35 cycles,
and then a hold at 4 °C.

DNA isolation and PAPP-A excision PCRs in tissues
of muscle-specific PAPP-A knockout mice

Tissue samples were taken from adult (4—6 months
old) wild-type littermate control mice (WT) and
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MuPKO mice of both sexes. Samples were homoge-
nized utilizing the Bullet Blender from Next Advance
(Averill Park, NY, USA). DNA was isolated from
various tissues (liver, brown adipose, inguinal adi-
pose, perigonadal adipose, hippocampus, and mus-
cle) of MuPKO using Mammalian Genomic DNA
Miniprep kit (MilliporeSigma, Inc, Rockville, MD)
according to the manufacturer’s instruction. The con-
centration of total DNA was measured by absorb-
ance at 260 nm by using a Nanodrop ND-100. The
efficiency of PAPP-A deletion in various tissues of
muPKO mice was determined by a 3-primer end-
point PCR. Primers were the following: common
forward, 5'-TAGTTCCTCCAGCTTTTACCTTG-3';
intact reverse, 5'-ATTTGTCATACAGCCCTATGTG-
3'; and excised reverse, 5'-AAAATGCCATAAACT
ATAGGG-3'. The PCR protocol used an initial dena-
turization step of 95 °C for 3 min and then 32 cycles
of 95 °C for 10 s, 54 °C for 30 s, a final elongation
of 72 °C for 7 min, and a hold at 4 °C. End products
were visualized on a 2% agarose/ethidium bromide
gel. For this PCR, the WT allele will be at 200 bps,
intact PAPP-A flox will be detected at 288 bps, and
excised PAPP-A will be detected at 240 bps.

RNA isolation and cDNA synthesis

Tissue samples were taken from adult (4-6 months
old) mice of both sexes. Samples were homogenized
utilizing the Bullet Blender from Next Advance
(Averill Park, NY, USA). Total RNA was isolated
from mouse livers and adipose tissues using Carbon-
Prep Phenol/Trizol kit (Life Magnetics, Inc, Detroit,
MI) according to the manufacturer’s instruction. The
RNA was cleaned using the QiagenRNeasy miniRNA
cleanup protocol (Qiagen, Valencia, CA). The con-
centration of total RNA was performed by measuring
the absorbance of RNA sample solutions at 260 nm
by using a Nanodrop ND-100. Total RNA (1.0 pg)
was reverse transcribed using iScript cDNA reverse
transcription kits (1,708,891; Bio-Rad, Hercules, CA)
according to the manufacturer’s instructions.

Quantitative real-time PCR

gPCR was performed using the Fast Start Univer-
sal SYBR Green Master Mix (Applied Biosystems,
Foster City, CA). Reactions were performed using
an Applied Biosystems 7500 Real-Time RT-PCR
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System. RT-PCR was performed using quantitative
PCR systems (Applied Biosystems® 7500 Real-Time
PCR Systems, Thermo Fisher Scientific, Waltham,
MA, USA) with corresponding primers (Table 1, Inv-
itrogen). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was simultaneously assayed as a load-
ing control. The cycle time (CT) was normalized to
GAPDH in the same sample. The expression levels of
mRNA were reported as fold changes vs. sham con-
trol. Reactions were performed using an Applied Bio-
systems 7500 Real-Time RT-PCR System. Data was
analyzed using a AACT approach. See Table S1 for a
list of primers used.

Western blot analyses

Proteins from various tissues of the experimental
mice (brown adipose, inguinal adipose, perigonadal
adipose, liver, muscle, and hippocampus) were
extracted after homogenization in Immunopre-
cipitation Assay Buffer (RIPA Buffer, Fisher Sci-
entific, Pittsburgh, PA, USA) supplemented with
Complete Protease Inhibitor Cocktail (Roche Inc.).
Protein content was measured using a BCA assay
(Fisher Scientific, Pittsburgh, PA, USA). The pro-
tein extracts were separated by SDS/PAGE on a
4-15% running gel, transferred to polyvinylidene
difluoride membranes, and electro-transferred to an

Table 1 Collection of statistical results of PKO and MuPKO

Immobilon-P Transfer Membrane (Millipore, Bill-
erica, MA, USA) for immune blot analyses. Mem-
branes were blocked in Tris buffered saline contain-
ing 0.05% Tween20 (TBS-T) and 5% bovine serum
albumin (BSA) for 1 h. After blocking, membranes
were probed overnight with primary antibodies in
TBS-T supplemented with 5% BSA with shaking at
4 °C, followed by three 10-min washes with TBS-
T, incubation with secondary antibody for 1 h, and
three 10-min washes with TBS-T. Membranes were
then evaluated using an ECL chemiluminescent sub-
strate (Fisher Scientific, Pittsburgh, PA, USA). The
following antibodies were used: anti-GPLD1 (Abcam,
catalog no. 210753, 1:1000), anti-BDNF (Abcam, cata-
log no. 108319, 1:1000), anti-doublecortin (Abcam,
catalog no. 18723, 1:1000), anti-p-actin (Santa Cruz
Biotechnology, 1:1000), HRP-conjugated anti-
mouse (GE Healthcare UK Limited, 1:2000), and
anti-rabbit (GE Healthcare UK Limited, 1:5000).
Quantification was performed using Imagel] soft-
ware. Table S2 provides a list of the antibodies
used.

Adipose histology

Adipose tissue was cut into small pieces, rinsed in
PBS, and fixed overnight in Bouin’s solution. Fixed

Tissue Protein p-value (PKO) Direction (PKO) p-value (MuPKO) Direction (MuPKO)
Inguinal fat UCP1 »<0.001 Up »<0.001 Down
Perigonadal fat UCP1 »<0.001 Up p<0.01 Down
BAT UCP1 »<0.001 Up p=0.4 No change
Inguinal fat ARGl »<0.001 Up »<0.001 Down
Perigonadal fat ARG1 p<0.05 Up p<0.01 Down
BAT ARG1 p<0.01 Up p=0.7 No change
Inguinal fat iNOS p<0.001 Down p<0.001 Up
Perigonadal fat iNOS p<0.05 Down p<0.001 Up

BAT iNOS p<0.01 Down p=0.3 No change
Muscle FNDC5 pr<0.01 Up pr<0.01 Down
Hippocampus FNDC5 p<0.001 Up p<0.001 Up

Liver GPLD1 r<0.01 Up p<0.001 Down
Hippocampus GPLD1 p=0.8 No change r<0.001 Up

BAT GPLD1 r<0.01 Up p=0.5 No change
Hippocampus BDNF p<0.01 Up r<0.001 Up
Hippocampus DCX p<0.001 Up »<0.001 Up

@ Springer



936

GeroScience (2023) 45:931-948

tissues were flushed for 10 min with tap water and
stored at 4 °C in PBS, then sectioned and stained with
hematoxylin—eosin.

Measurement of irisin and GPLDI1 levels by
enzyme-linked immunosorbent assay

Blood samples from the PKO and MuPKO mice
were collected into ethylene diamine tetraacetic acid
(EDTA)-coated tubes, and plasma was isolated by
centrifugation (10,000 rpm, 4 °C, 10 min). ELISA
kits were used to determine the levels of FNDC5/
irisin (LSBio, Seattle, WA) and GPLDI1 (antibodies-
online INC, Limerick, PA, USA) according to the
standard protocol. Briefly, serum samples from PKO
and MuPKO mice were added into each well and
incubated at room temperature for 120 min. Then
the biotin-conjugated antibody was added, followed
by incubation for 90 min. Thereafter, the substrate
solution was added into the well and incubated for
30 min. After washing five times with 0.01 mol/L
tris-buffered saline (TBS), 3,3',5,5'-tetramethylbenzi-
dine (TMB) was added and incubated for 30 min in
the dark. The absorbance at 450 nm was determined
using a Bio-Rad iMark microplate reader.

Statistical analysis

The data shown in each figure represent results of a
minimum of three independent experiments. All data
are presented as mean+SEM. The Student’s two-
tailed #-test was used for comparisons of two experi-
mental groups. P <0.05 was regarded as significant.

Results

UCP1 protein levels in BAT and WAT of PKO and
MuPKO mice. As shown in Fig. 1 (panels A, C, E),
UCP1 protein levels are higher in BAT and in ingui-
nal and perigonadal WAT of PKO mice, compared
to heterozygote littermate controls. A two-factor
ANOVA (sex, genotype, interaction) found no evi-
dence for a sex-specific effect on UCP1, and so data
were combined across sex, with both males and
females shown in this and subsequent figures. Results
of these ANOVA calculations, for each endpoint used
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in this report, are collected in Table S3. UCP1 pro-
tein was elevated by a factor of 1.6-2.5 in the three fat
depots, in each case with p <0.001 for the #-test com-
parison to controls. Tissue sections, shown in Fig. S1,
show that BAT and WAT undergo transitions in cell
size and structure consistent with the upregulation of
UCPI1 and conversion of white to beige adipose tis-
sue, as previously noted in Snell and GHRKO mice.

We found, as expected, that MuPKO mice showed
disruption of the PAPPA sequence in muscle but not
in liver, brown adipose, inguinal adipose, perigonadal
adipose, or hippocampus (Supplemental Fig. S2). In
contrast to the mice with global deletion of PAPPA,
MuPKO mice exhibit a dramatically different set of
changes in adipose tissue. The increase in UCP1 seen
in BAT of PKO mice is absent from MuPKO (Fig. 1,
panel B; mutant/control ratio of 0.9, p=0.4). In the
WAT of MuPKO mice, UCPI is significantly lower
than in controls (ratio 0.7 and p<0.01 for perigo-
nadal fat; ratio 0.7 and p <0.001 for inguinal fat), i.e.,
opposite in direction to that seen in fat of global PKO
mice (Fig. 1, panels D and F).

Evaluation of mRNA levels of UCP1 in PKO
and MuPKO mice is collected in Fig. S3, panel A,
and shows patterns quite consistent with the data
on UCP1 protein, i.e., elevated mRNA in WAT and
BAT of PKO mice, decline in UCP1 mRNA in WAT
of MuPKO, and no change in BAT of MuPKO ani-
mals. The mRNA data thus support the immunoblot-
ting results of Fig. 1 and suggest that the changes in
UCP1 protein caused by PAPP-A genotype are likely
to reflect transcriptional regulation. Table 1 collects
the fold-change and p-value calculations for these
endpoints, and for all the other endpoints presented in
this report.

Shift in macrophage subsets from inflammatory to
anti-inflammatory status. We used Argl (Fig. 2) as an
index of M2 macrophages and iNOS (Fig. 3) as an index
of inflammatory macrophages, chosen from a broader
panel of markers employed in our previous work on
Snell and GHRKO mice [47]. Argl is elevated in BAT,
in inguinal WAT, and in perigonadal WAT of PKO mice
(Fig. 2, panels A, C, E), by factors of 1.4- to 1.7-fold.
Conversely, iNOS is diminished significantly in each of
these three PKO tissues (Fig. 3, panels A, C, E), to lev-
els 60-70% of those in heterozygous control mice; see
Table 1 for a compilation of these statistics. By contrast,
in MuPKO mice, BAT shows no alteration in Argl or
iNOS levels. Inguinal and perigonadal WAT depots do
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Fig.1 Expression of UCP1 in adipose tissue of PAPP-A
knockout mice (PKO) and muscle specific PAPP-A knockout
mice (MuPKO). A, C, E Cell lysates were prepared from adi-
pose tissues of 24-week-old wild-type littermate control mice
(WT), PKO mice, and MuPKO mice. Protein levels of UCP1
(brown and beige fat marker) were measured by western blot-
ting. Representative gel images showing UCPI in brown adi-

show significant changes, but they are opposite in direc-
tion to those noted in global PKO mice for both Argl and
iNOS (Figs. 2 and 3; panels B, D, F). This pattern thus
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pose tissue (A), inguinal adipose tissue (C), and perigonadal
adipose tissue (E). B, D, F Protein quantification data nor-
malized to f-actin and expressed as fold change compared
with WT control (defined as 1.0). N=6 mice for each group
(WT and PKO). N=8 mice for each group (MuPKOWT and
MuPKO). Data are means + SEM. ** P<0.01, *** P<0.001
versus WT

matches precisely that seen for UCP1 in both mouse mod-
els. Data on mRNA encoding Argl and iNOS (Fig. S3,
panels B and C) are fully consistent with the protein data
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Fig. 2 Effects of PKO and MuPKO on inguinal adipose tissue
macrophage infiltration and M2 macrophage marker. A, C, E
Cell lysates were prepared from adipose tissues of 24-week-
old wild-type littermate control mice (WT), PKO mice, and
MuPKO mice. Protein levels of Argl (M2 macrophage marker)
were then measured by western blotting. Representative gel
images showing UCP1 in brown adipose tissue (A), ingui-

in both kinds of mice, supporting the conclusions from
the immunoblotting and suggesting an important role for
transcriptional control of expression of these proteins.
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nal adipose tissue (C), and perigonadal adipose tissue (E).
B, D, F Protein quantification data normalized to f-actin and
expressed as fold change compared with WT control (defined
as 1.0). N=6 mice for each group (PKOWT and PKO). N=8
mice for each group (MuPKOWT and MuPKO). Data are
means + SEM. ** P<0.05, ** P<0.01, *** P<0.001 versus
WT

Consistent with the data on M1 macrophages, we
also noted decreased levels of mRNA for IL6, TNFa,
and MCP1 in BAT and both WAT depots of PKO mice
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Fig. 3 Effects of PKO and MuPKO on inguinal adipose tissue pose tissue (E). B, D, F Protein quantification data normalized
macrophages. A, C, E Cell lysates were prepared from adipose to P-actin and expressed as fold change compared with WT
tissues of 24-week-old wild-type littermate control mice (WT), control (defined as 1.0). N=6 mice for each group (PKOWT
PKO mice, and MuPKO mice. Protein levels of iNOS (M1 and PKO). N=8 mice for each group (MuPKOWT and
macrophage marker) were then measured by western blotting. MuPKO). Data are means+SEM. ** P<0.05, ** P<0.01,
Representative gel images showing UCPI in brown adipose #k* P<(0.001 versus WT
tissue (A), inguinal adipose tissue (C), and perigonadal adi-
(Fig. S4). Conversely, IL6 and TNFao mRNA were sig- mutation. There were no significant changes in any of

nificantly elevated in WAT depots of MuPKO mice, these cytokine mRNAs in BAT of MuPKO mice, con-
although MCP1 did not show any effects of the MuPKO sistent with the absence of effect on iNOS levels.
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Muscle FNDCS5 and plasma irisin changes consist-
ent with the alterations of adipose tissue. In our previ-
ous study [47], we found evidence for elevations of
muscle FNDCS5, and of its cleavage product irisin,
in plasma of GHRKO and Snell mice. These effects
were also seen in mice with muscle-specific GHR dis-
ruption. Figure 4 shows that muscle FNDCS5 is 50%
higher in PKO mice than in controls, and 50% lower
in MuPKO mice compared to their own littermates,
each significant at p<0.01. Plasma irisin (Fig. 4,
panels E, F) shows the same pattern of results, with
elevation in PKO and decline in MuPKO mice. In
the context of our previous data from muscle-specific
GHRKO mice, these observations provide a plausi-
ble explanation for the changes in UCP1 and mac-
rophage changes seen in adipose tissues of the PKO
and MuPKO animals.

We also evaluated FNDCS5 in hippocampal tis-
sues of these mice. FNDCS is highly expressed in the
brain [34, 53, 54]. It plays an important role in neuron
development, and knockdown of FNDCS5 in neuronal
precursors impairs their development into mature
neurons [54]. Recent data suggest that increased
FNDCS levels can improve cognitive function in
mice [55]. PKO mice had higher levels of FNDCS5 in
brain, consistent with the results in skeletal muscle.
Although, as noted above, muscle of MuPKO mice
had lower levels of FNDCS5 than controls, hippocam-
pal FNDCS was higher in MuPKO animals, similar to
the levels seen in global PKO mice (1.8-fold higher,
p<0.001) (Fig. 4, panels C, D). It is not known
whether the genetic and neuroendocrine signals that
regulate FNDCS5 in brain overlap with those that
affect muscle tissue, but the differences between the
pattern in PKO mice (elevation in both tissues) and
the results in MuPKO mice (down in muscle but up in
hippocampus) strongly suggest local effects of IGF1
and IGFBPs with specific effects in hippocampus.
The muscle FNDCS5 results are consistent with the
adipose tissue UCPI1, Argl, and iNOS data in both
kinds of mice, but the hippocampal data are inconsist-
ent in the MuPKO mice.

GPLDI1 levels in tissues and plasma of global
and muscle-specific PKO mice. We have previously
noted elevated plasma and liver GPLDI1 protein lev-
els in Snell and GHRKO mice [48], and predicted
that these would also be elevated in PKO mice. Fig-
ure 5 (panels A and B) shows that GPLDI1 protein
is indeed 40% higher in PKO mice than in controls,
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but, paradoxically, it is significantly lower (by 40%)
in liver of MuPKO animals. Plasma levels of GPLD1
protein, shown in Fig. 6 (panels A and B), are consist-
ent with the liver protein levels, i.e., higher in PKO
but lower in MuPKO.

In the Snell and GHRKO mice, GPLD1 protein
is also detected in hippocampus, but at levels not dif-
ferent from those of control mice [48]. Hippocampal
GPLDI1 is, as expected, unaffected by the PKO muta-
tion (Fig. 5, panels C and D), but in contrast is signifi-
cantly elevated, twofold (»p<0.001) in MuPKO mice.
GPLD1 is also increased in the brown fat of the PKO
mice, similar to the effect seen in liver, but is unaltered
in BAT of MuPKO mice, despite the decline of liver
GPLDI in these mice (Fig. 5, panels E and F). Thus,
plasma GPLDI levels show the same pattern of change
seen in liver, which are different from the GPLDI lev-
els of BAT and hippocampus in both PKO and MuPKO
mice, consistent with the idea that plasma GPLD1 may
principally reflect production of this protein by the liver.

The idea that CIT might be responsible for elevated
hepatic GPLD1 protein levels in the Snell and GHRKO
mice emerged from the lack of genotype effects on
GPLDI mRNA in these two kinds of mice, prompting
measurements of mRNA in the PKO animals as well.
As shown in Fig. 6 (panel C), there are no differences
in GPLDI mRNA between PKO and heterozygous
control mice in liver, hippocampus, or BAT, consistent
with our prior data showing control of this protein by
selective, cap-independent mRNA translation.

BDNF and DCX elevation in hippocampus of
PKO and MuPKO mice. Because GPLD1 in plasma
has been shown to increase BDNF and DCX in brain
[49], and because these two proteins are increased
in hippocampus of Snell and GHRKO mice [48],
we expected to find both proteins elevated in brain
of PKO but not in MuPKO mice. Both proteins are
indeed at significantly higher levels (1.3 to 1.4 times
increase, p <0.01) of PKO mice, as shown in Fig. 7
(panels A, B, C, D). Surprisingly, they are also ele-
vated, by twofold and 1.4-fold, respectively, in hip-
pocampus of MuPKO mice (panels A, B, C, D;
p<0.001 in each case).

Discussion

It is not known why PKO mice are long lived. The
predominant theory focuses on a possible role of
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Fig. 4 Expression of FNDCS5 in gastrocnemius muscle and
hippocampus of PKO and MuPKO mice. A Cell lysates were
prepared from gastrocnemius muscle of 24-week-old wild-type
littermate control mice (WT), PKO mice, and MuPKO mice.
Protein levels of FNDCS5 were measured by western blotting.
Representative gel images are shown. B Protein quantification
data normalized to f-actin and expressed as fold change com-
pared with WT control (defined as 1.0). N=5 mice for each
group (PKOWT and PKO). N=4 mice for each group (MuP-
KOWT and MuPKO). Data are means+SEM. ** P<0.01
versus WT. C Representative gel images showing FNDCS5 in
hippocampus. D Protein quantification data for hippocam-

pus. N=4 mice for each group (PKOWT and PKO and MuP-
KOWT and MuPKO). Data are means + SEM. *** P<(0.001
versus WT. E Irisin content measured by ELISA assay on
plasma samples of 24-week-old wild-type littermate control
mice (WT) and long-lived mice (PKQO). Data are shown as
mean+SEM for each group (n=6). * P<0.05 for genotype
effect by two-way ANOVA. F Irisin content was measured
by ELISA assay on plasma samples of 24-week-old wild-type
littermate control mice (WT) and muscle specific PAPP-A
knockout mice (MuPKO). Data are shown as mean+ SEM for
each group (n=6). ** P<0.01 for genotype effect by two-way
ANOVA
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Fig. 5 Effects of PKO and MuPKO on GPLDI in liver, hip-
pocampus, and brown adipose tissue. A, C, E Cell lysate was
prepared from liver, hippocampus, and brown adipose tis-
sues of 24-week-old wild-type littermate control mice (WT),
PKO mice, and MuPKO mice. Protein levels of GPLD1 were
then measured by western blotting. Representative gel images

reduced IGF1 signaling, because PAPP-A is known to
cleave at least two IGF binding proteins and because
Ames, Snell, GHRKO, and other mutant mice with
low GH levels of GH receptors exhibit low plasma
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showing GPLD1 in liver tissue (A), hippocampus tissue (C),
and brown adipose tissue (E). B, D, F Protein quantification
data normalized to B-actin and expressed as fold change com-
pared with WT control (defined as 1.0). N=4-8 mice for each
group. ** P<0.01, *** P<0.001 versus WT

IGF1 levels. The prevailing model suggests that
global removal of PAPP-A would, in some unknown
tissue(s), shift the balance between free IGF1- and
IGF-binding proteins to diminish IGF1-dependent
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Fig. 6 Effects of PKO and MuPKO on mRNA levels of
GPLD1 in liver, hippocampus, and brown adipose tissue. A
GPLDI protein was measured by ELISA assay on plasma sam-
ples of 24-week-old wild-type littermate control mice (WT)
and long-lived mice (PKO). Data are shown as mean+SEM
for each group (n=6). ** p<0.01 for genotype effect by two-
way ANOVA. B GPLDI1 content was measured by ELISA
assay on plasma samples of 24-week-old wild-type littermate
control mice (WT) and muscle specific PAPP-A knockout mice

signaling in one or more unknown cell types, with
beneficial effects on health and lifespan through path-
ways to be determined. The details through which
these IGF1-dependent events are controlled, and by
which they lead to health benefits, await discovery. It
is also possible that PAPP-A deficits slow aging by
routes that are not related to the effects of this enzyme
on IGF1 action.

This study was motivated by our recent work show-
ing a set of traits shared by long-lived Snell, Ames,
and GHRKO mice, including changes in adipocyte
differentiation, macrophage polarization, myokine
production, hepatic secretion of GPLD1 regulated by
CIT, and two indices of brain health ([47]; Li et al.
submitted). All of these changes were, in the current
data set, replicated in the PKO mice (see Table 1 for
summary). It seems plausible, but unproven, that the
alterations in UCP1 and other regulators of adipocyte
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(MuPKO). Data are shown as mean+SEM for each group
(n=6). *** P<0.001 by two-way ANOVA. C Total RNAs
were isolated from liver, hippocampus, and brown adipose tis-
sues of 24-week-old wild-type littermate control mice (WT)
and PKO mice. mRNA levels of GPLDI were measured by
qRT-PCR. Data (mean+ SEM; n=4) were normalized by the
amount of GAPDH mRNA and expressed relative to the cor-
responding male WT value. *P <0.05 versus WT

activity could lead to favorable metabolic status in
long-lived mice [47], and plausible that changes
in macrophage balance, with lower production of
inflammatory cytokines, might retard some aspects
of late-life disease. Moreover, increased levels of
DCX and BDNF might contribute to the documented
increase in late-life neurogenesis in Ames mice [56]
and to the documented delay in age-dependent loss of
cognitive function in Ames and GHRKO mice [57,
58]. We have also found that this set of changes, in
fat, liver, muscle, macrophages, plasma, and brain, is
characteristic of Ames dwarf mice, and can be pre-
vented by transient exposure of Ames mice to GH
injections from 2 to 8 weeks of age [59].

We note that these changes are apparent in healthy
young adult mice in three of the genotypes (Snell,
PKO, and GHRKO). They thus do not represent any
retardation of age effects on the endpoints we have
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Fig. 7 Expression of BDNF and doublecortin (DCX) in hip-
pocampus of PKO and MuPKO mice. A Cell lysates were pre-
pared from hippocampus of 24-week-old wild-type littermate
control mice (WT), PKO mice, and MuPKO mice. Protein
levels of BDNF were measured by western blotting. Repre-
sentative gel images are shown. B Protein quantification data
normalized to f-actin and expressed as fold change compared
with WT control (defined as 1.0). N=4 mice for each group

evaluated. Since the changes are apparent in young
adults, it is possible that they contribute to the excep-
tional preservation of good health at old ages in all
four kinds of mice. Consistent with this idea, we have
found increases in plasma GPLDI1 in young adult
mice that have been subjected to caloric restriction
or treated with drugs that extend lifespan, including
rapamycin, acarbose, 17a-estradiol, and canagliflozin
[48]. Thus, increased GPLD1 in plasma is a common
feature of mice destined for long lifespan, whether
the increased longevity reflects a mutation (PAPP-A,
Snell, Ames, GHRKO), dietary restriction, or drug.
We speculate that it may be possible to use GPLD1
induction to screen for new drugs to prioritize them
prior to expensive, time-consuming tests of their
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(PKOWT and PKO). N=4 mice for each group (MuPKOWT
and MuPKO). Data are means+SEM. ** P<0.01, *#**
P<0.001 versus WT. C Representative gel images showing
doublecortin (DCX) in hippocampus. D Protein quantification
data for hippocampus. N=5 mice for each group (PKOWT and
PKO). N=4 mice for each group (MuPKOWT and MuPKO).
Data are shown as mean+SEM for each group (n=6). ***
P <0.001 versus WT

effects on lifespan and age-sensitive health outcomes
in mice or, possibly, in humans.

The changes in adipocytes and fat-associated
macrophages notable in GHRKO mice can be repro-
duced in mice in which GHR is disrupted in muscle
cells [47], suggesting that they reflect GH-dependent
regulation of muscle FNDC5 and its cleavage prod-
uct irisin. We hypothesized that disruption of PAPP-
A in muscle might reproduce some, or all, of the
changes we had detected in global PKO mice, but
the results seen in MuPKO were thoroughly unex-
pected and do not suggest any simple, global expla-
nation. In the WAT depots, inguinal and perigonadal,
MuPKO leads to significant changes in UCP1, Argl,
and iNOS, but they are all opposite in direction to
those seen in PKO mice (and in Ames, Snell, and
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GHRKO mice). Similarly, muscle FNDCS5 is elevated
in PKO, but depressed in MuPKO. It seems likely
that the changes in FNDCS5 may lead to the alterations
in UCP1 and M1/M2 ratio in WAT of this series of
mutant mice, but more work would be needed to test
this hypothesis.

Changes in FNDCS5, WAT adipocytes, and WAT-
associated macrophage ratios are significant in both
PKO and MuPKO mice, but in opposite directions.
The changes in BAT of PKO mice, however, are not
seen in the MuPKO animals, implying that control
of these changes in BAT must differ, at least partly,
from the control pathways in WAT. Similarly, we can
conclude that the unknown pathways that upregulate
FNDCS5 in muscle of PKO mice must not involve
direct action of PAPP-A in skeletal muscle, since
muscle-specific disruption of PKO leads to significant
decline in FNDCS. It is clear that FNDCS5 changes
in muscle must reflect contributions from PAPP-
A action in at least one non-muscle cell type that
remains to be identified.

Changes in BDNF and DCX, markers of neu-
ronal health and turnover, in the brain of PKO mice
are very similar to those seen in Ames, Snell, and
GHRKO mice. In contrast, the alterations in brains of
MuPKO seem to reflect one or more alternate PAPP-
A-sensitive influences. BDNF and DCX are elevated
in hippocampus of both PKO and MuPKO mice, but
plasma GPLD1, thought to be a major influence on
brain BDNF and DCX [49], is elevated in PKO but
significantly diminished in the muscle-specific PAPP-
A mutant. The hippocampus contains GPLDI1 at
levels that are not modulated by the elevated plasma
GPLD1 in PKO mice, but MuPKO mice have a two-
fold elevation of hippocampal GPLDI1 that is not
seen in any of the four tested long-lived varieties of
mice. It is possible that local elevation of GPLDI1
in hippocampus of MuPKO mice could induce the
observed increase in BNDF and DCX, but this is an
ad hoc speculation not yet supported by experimen-
tal data. Although GPLDI is also produced by BAT,
and shows the same elevation in PKO mice noted
for liver and plasma, BAT production of GPLDI in
BAT is significantly lower in the MuPKO mice, just
as it is in plasma and liver. Additional work will be
needed to delineate the complex multi-cellular sign-
aling networks that modulate GPLD1, BDNF, and
DCX in brain and in peripheral tissues, but it is clear
already that simple linear models, in which PAPP-A

regulation of IGF1 activity explains the set of traits
in the PKO mice, will not be adequate to account for
the differences between PKO and MuPKO mice. The
sequence of events by which GPLDI1 in plasma modi-
fies levels of BNDF and DCX in brain is, similarly,
obscure and in need of detailed exploration [49].

Eukaryotic mRNAs are translated via cap-depend-
ent and cap-independent pathways [60]. Usually,
eukaryotic mRNAs are translated in a cap-dependent
fashion. Under stress conditions, however, mRNA
can be translated through a specific type of transla-
tion termed m6A-mediated cap-independent transla-
tion, which allows protein production from a subset
of modified mRNAs only [61, 62]. Other work.

from our group has documented elevation of many
CIT-regulated proteins in multiple organs of long-
lived mutant mice (Snell, GHRKO), and also in tis-
sues of mice treated with drugs that extend healthy
mouse lifespan by pharmacological intervention,
including rapamycin, acarbose, and 17a-estradiol
[63—65]. The lifespan effect of 17a-estradiol is
observed only in males [50], and its effects on selec-
tive mRNA translation by CIT are similarly sex
restricted. Snell and GHRKO mice have elevated
levels of YTHDFI, a protein involved in promoting
CIT, and of METTL3 and METTL14, which modify
the 5-UTR of selected mRNAs in ways that facili-
tate their translation by CIT. We have reported [48]
that GPLD1 protein is increased, in culture and in
mice, by interventions that upregulate CIT, such as
transgenic over-expression of YTHDFI1 or by use of
a drug, 4-EGI1, that promotes CIT by blocking cap-
dependent mRNA translation. The increase of hepatic
GPLDI1 protein in PKO mice, despite the absence
of any effect on GPLD1 mRNA, suggests that PKO
increase in GPLDI is also likely to reflect CIT in
liver, although other possible mechanisms have not
been entirely ruled out. It will be of interest to deter-
mine if the decline in GPLD1 in MuPKO liver and
the increase in GPLDI1 in brain of MuPKO mice also
reflect changes of protein independent of transcript
levels. Studies of mice in which PKO is disrupted
in other tissues, including liver and varieties of neu-
rons and glial cells, may also help shed light on the
way in which PAPP-A modulates local IGF1 action
or, potentially, alters cell behavior in ways that do
not depend on IGF1 function. Further development
of animals with tissue-specific alteration of PAPP-A
will help to set priorities for informative studies of
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longevity in a subset of these mouse models, and thus
on the pathway(s) through which global PAPP-A dis-
ruption slows aging and extends lifespan.

Our work on the PKO mice supports a growing
body of evidence that long-lived mice typically have a
suite of characteristics, even when evaluated as young
adults, that could plausibly contribute to slowed aging
and to health maintenance at older ages. This set of
traits includes alterations in UCP1, macrophage sub-
sets within adipose tissue, increased production of the
myokine FNDC5/irisin that alters adipose tissue sta-
tus, and production of GPLDI1 and other CIT proteins
in the liver, with accompanying increases in brain pro-
teins associated with preservation of cognitive func-
tion in old age. Nearly all of these changes are also
seen in genetically normal mice that have been treated
with anti-aging drugs or subjected to caloric restric-
tion [47, 48, 59]. The pathway(s) by which dimin-
ished PKO levels lead to this suite of changes are still
obscure, but merit experimental attention. Our data
showing that GPLD1 production within the CNS can
be regulated by pathways independent of those that
control GPLD1 in liver and fat should attract atten-
tion to local as well as systemic influences on GPLD1
and its targets. Assessment of GPI-anchored proteins
cleaved, in brain and in various peripheral tissues, by
GPLDI, and their possible effects on health-related
outcomes also seems likely to generate new insights
into aging and the pathology of age-related diseases.
Lastly, the dramatic and unexpected set of phenotypes seen
in mice with muscle-specific disruption of PAPP-A imply
that the influence of this protease on pathophysiology may
involve complex sets of compensatory feedback circuits
that await delineation.
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