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Abstract

We evaluated whether the marmoset, a nonhuman primate, can serve as a good model to study aging-related changes in the kidney by employing
healthy young and aged marmosets of both sexes. Aging was associated with glomerulosclerosis, interstitial fibrosis, and arteriolosclerosis in
both sexes; correspondingly, the content of matrix proteins was increased. Functionally, aging resulted in an increase in urinary albumin and
protein excretion. There was a robust correlation between markers of fibrosis and functional changes. We explored signaling pathways as
potential mechanistic events. Aging in males, but not in females, was associated with reduced renal cortical activity of AMP-activated protein
kinase (AMPK) and a trend toward activation of mechanistic target of rapamycin complex 1 (mTORC1); upstream of AMPK and mTORCI,
Akt and IGF-1 receptor were activated. In both sexes, aging promoted kidney activation of transforming growth factor (3-1 signaling pathway.
While the expression of cystathionine 3-synthase (CBS), an enzyme involved hydrogen sulfide (H,S) synthesis, was reduced in both aged males
and females, decreased H,S generation was seen in only males. Our studies show that the marmoset is a valid model to study kidney aging;
some of the signaling pathways involved in renal senescence differ between male and female marmosets.
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Health span has emerged as the new focus in aging research.
Achievement of health span is a composite effort that requires
limiting aging-related dysfunction of organ systems including the
kidneys. Kidneys contribute to the integrity of milieu interior by
regulation of waste disposal, volume and composition of extracellu-
lar and intracellular fluid compartments, and, synthesis of hormones
such as erythropoietin. Aging phenotype in the kidney in experi-
mental animals is characterized by fibrosis with loss of functioning
parenchyma, abnormal albumin loss in urine (albuminuria), and loss
of glomerular filtration rate, a measure of kidney waste clearance
function (1,2). Not withstanding importance of the kidney in main-
taining overall health, mechanisms underlying age-related adverse

changes in its structure and function are not well understood.
Although kidney fibrosis is a major reason for loss of kidney func-
tion in aging, the pathways leading to it in the absence of disease are
not well understood.

Proper understanding of aging-induced changes is essential to
preserve the integrity of kidney structure and function. This mecha-
nistic approach requires employing animal models that reproduce
aging-related changes in the kidney similar to those seen in humans.
Nearly all investigations to date have employed rats or mice and
have identified oxidative stress, hemodynamic changes, activation of
local renin—angiotensin axis and growth factors as mediators of age-
related changes (1,2). There are several concerns regarding rodent
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models employed in the study of kidney aging. (a) In some rodent
models, for example, Fisher344 rats, aging rodents develop a chronic
nephropathy characterized by progressively worsening glomerular
sclerosis, tubulointerstitial nephritis, and fibrosis in association with
deterioration of waste clearance function of the kidney (3). Many
aged rats develop end stage kidney lesions with severe elevations of
blood urea nitrogen and serum creatinine; this abnormal chemical
environment can have systemic effects and can interfere with inves-
tigation of the aging process (3). These changes are not encountered
in aging humans who are otherwise healthy. (b) Aging rodents com-
monly develop tumors as terminal events (3,4) whereas cardiovascu-
lar disease is the most common cause of death in humans. Tumors
can have systemic effects and interfere with studies on healthy aging.
Study of aging must be separated from study of diseases (5). (c)
Tubulointerstitial fibrosis is an important aspect of aging-associated
structural change in the human kidney (6). In our experience, this
lesion is not easily detectable in aging mice. It is important to explore
new models of renal aging because inordinate focus on rodent mod-
els can result in perpetuation of limitations of those models in terms
of relevance to human kidney aging (5).

Given the evolutionary distance between rodents and humans,
studies employing species that are genetically closer to humans such
as nonhuman primates would be more relevant to understanding
mechanisms of human renal aging. Previous investigators have
addressed this deficiency by studying nonhuman primates such as
the common marmoset (Callithrix jacchus). Among nonhuman pri-
mates marmosets have a number of characteristics that make them
attractive for translational biomedical modeling and aging research
(7). Their smaller size permits ease of handling. Their higher fer-
tility rate allows studies on greater numbers of animals facilitat-
ing sound statistical analyses. Additionally, due to their shorter life
span, interventions can be tested over a shorter time span. Previous
investigators have reported aging-induced structural changes such
as glomerular mesangial matrix expansion and interstitial fibrosis
in the kidneys of marmosets (8). However, the mechanisms leading
to these changes have not been explored. As marmosets are being
increasingly adopted as a model for studies on human aging, it is
essential to understand mechanisms underlying senescence-induced
changes to test novel interventions to improve health span.

Accumulation of matrix proteins leading to kidney fibrosis
involves increase in their synthesis and decreased degradation; how-
ever, the regulatory pathways involved in stimulating protein synthe-
sis are unknown in marmosets. Recent investigations have revealed a
novel regulatory role for H,S in kidney protein synthesis (9). Kidney
disease states characterized by fibrosis are associated with deficiency
of H,S generation (9). Kidney constitutively synthesizes significant
amounts of H.S via the trans-sulfuration pathway in which conver-
sion of I-homocysteine to I-cystathionine and eventually to l-cysteine
releases H,S at several steps; these reactions are catalyzed by cys-
tathionine y-lyase (CSE) and CBS (9). In addition, mitochondrial
3-mercaptopyruvate sulfotransferase and peroxisomal d-amino acid
oxidase also catalyze release of H,S (9). H,S deficiency occurs in
the setting of high glucose-induced kidney cell injury, and, sodium
hydrosulfide (NaHS), a source of H,S, ameliorates high glucose-
induced cell injury including increase in synthesis of matrix proteins
by stimulating AMPK and inhibiting mTORC1 (10). Reduced gener-
ation of H,S was also observed in aging mice and administration of
NaHS to aging mice arrested structural and functional abnormalities
(11). Whether H,S dysregulation in the kidney occurs in aging non-
human primates is not known; accordingly, we examined the status
of H,S metabolic pathway in the kidney in aging marmosets.

It is well recognized that females are less susceptible to kidney
injury due to hypertension and other diseases (12); whether this sex-
ual dimorphism applies to aging-related changes in the kidney is not
well studied in higher order mammals such as nonhuman primates.
In view of these deficiencies, we explored whether aging-related
changes in the kidney are associated with stimulation of signaling
pathways that govern protein synthesis including the status of H,S
pathway, and, if there are sex differences in how aging affects the
kidney in marmosets.

Method

Materials and Sources

We employed antibodies against the following: Laminin y1, phos-
pho-Tyr1165/1166-IGF-1  receptor, IGF-1 receptor, phospho-
Ser9-glycogen synthase kinase 3 f (GSK3p), GSK3a/f (binds both
isoforms), TGFf1, CSE, CBS (Santa Cruz Biotechnology, Inc.,
Dallas, TX), type III collagen, fibronectin, nephrin (Abcam Plc,
Cambridge, MA), phospho-Ser79-Acetyl-CoA carboxylase (ACC),
ACC, phospho-Ser235/236-ribosomal protein S6 (rpS6), rpS6, phos-
pho-Ser423/425-Smad3 (Cell Signaling Technology, Inc., Denvers,
MA), Smad3 (Thermo Fisher Scientific, Inc., Waltham, MA), actin
(Millipore Sigma, St. Louis, MO). Commercial ELISA kit was used
for measuring phospho-Tyr-1150/1151 insulin receptor (IR) (Cell
Signaling Technology, Inc, Denvers, MA).

Marmosets

We employed four young male (average age 3.02 years) and four
young female (average age 2.8 years) marmosets, and, five aged
male (average age 16.08 years) and five aged female (15.86 years)
marmosets. We collected urine for 24 hours from each marmoset
for estimation of protein and creatinine before sacrifice. The mar-
mosets appeared healthy without evidence of diarrhea and wasting
syndrome at the time of sacrifice. This study was approved by the
IACUC of the Texas Biomedical Research Institute, San Antonio, TX.

Histology

Kidney samples were fixed in 10% neutral buffered formalin
(Millipore Sigma, St. Louis, MO), processed conventionally, embed-
ded in paraffin, and cut at 3 pm. Two slides were prepared from each
kidney: one was stained with hematoxylin and eosin and the other
with periodic acid-Schiff (PAS). In selected cases, a third slide was
stained with Congo Red and evaluated utilizing polarized light. All
slides were evaluated by light microscopy by a veterinary pathologist
and an MD pathologist. Renal changes were scored using a semi-
quantitative system with the pathologist blinded to the age group
of the marmosets. There were on an average 65 glomeruli in the
sections of kidney examined (average of 18 animals; 46-83 glo-
meruli per marmoset). Glomerular lesions consisting of segmental or
global sclerosis were scored from 0 to 5 by visual estimate utilizing
PAS-stained sections with 0 corresponding to absence of sclerosis,
1 corresponding to up to 20% of glomeruli involved, 2 from 21%
to 40%, 3 from 41% to 60%, 4 from 61% to 80% and, 5 from
81% to 100%. Segmental and global lesions were defined as involve-
ment of a part of the glomerular tuft or the entire glomerular tuft
in individual glomeruli, respectively, and were considered together
in scoring. Glomerular mesangial cellularity was defined as cluster-
ing of more than three mesangial cells within the glomerular tuft
away from the vascular pole (13). Cortical tubular and interstitial
lesions were scored for fibrosis from 0 to 5 with 0 being no fibrosis,
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1 corresponding to up to 20% of tubulointerstitial area involved,
2 from 21% to 40%, 3 from 41 to 60%, 4 from 61% to 80%,
and 5 from 81% to 100%. We looked for evidence of inflamma-
tory cell types in the cortex and medulla. Renal medulla was also
examined for evidence of inflammatory cell infiltrate and fibrosis.
Glomerular, afferent, efferent, and arcuate vascular morphology was
also evaluated.

Clinical Laboratory Assays

We employed a human albumin ELISA kit to measure urinary
albumin (Bethyl Laboratories, Inc., Montgomery, TX) and a col-
orimetric assay to measure urinary creatinine (Enzo Life Sciences,
Inc., Farmingdale, NY). Ratio of urinary albumin to creatinine was
employed to evaluate albuminuria. We measured urinary protein
using Bio-Rad protein assay dye reagent (Bio-Rad Laboratories, Inc.,
Hercules, CA) with BSA standards (Thermo Fisher Scientific, Inc.)
and generated urinary protein to creatinine ratio to assess protein-
uria. Serum creatinine was measured by an autoanalyzer employing
blood samples that were collected about 7 months before sacrifice
and kept frozen.

Immunoblot Analysis

Equal amounts of renal cortical protein from homogenates were
employed in immunoblotting for individual proteins as described
(2). Signal intensities were quantified using the Image]J software.

H,S Measurements

The assay was performed as described previously with some modi-
fication (14). Briefly, equal amounts of renal cortical homogenates
were lysed in ice-cold 100 mM potassium phosphate buffer (pH 7.4)
using a sonicator. Four hundred fifty micrograms of tissue homogen-
ate was incubated with 400 pM of l-cysteine, 80 pM of pyridoxal
5’-phosphate in 500 pL reaction volume for 3 h at 37°C. Two hun-
dred fifty microliters of zinc acetate (1%, w/v) was added to the
reaction tube followed by 10% TCA. One hundred thirty-three
microliters of N, N-dimethyl-p-phenylenediamine sulfate (20 pM) in
7.2 M HCl was added followed by incubation with 133 pL of ferric
chloride (30 pM) in 1.2 M HCI for 2 hours at room temperature.
Total H,S production was measured by a 96-well microplate reader
(670 nm, Magellan 6, Tecan Systems, Inc.) with sodium hydrosulfide
(NaHS) standard (0.1-50 uM) and expressed as micromoles/g/min.

Statistical Analysis

Data were expressed as mean = SEM. We log transformed the data
and analyses were performed by two-way analysis of variance
(ANOVA) and post-test Bonferroni correction (GraphPad Prism).

Data were considered statistically significant at p <.05. The semi-
quantitative histology data were analyzed by Student’s # test.

Results

Clinical Parameters

Data are shown in Table 1. There were no significant differences
in body weight between young and aged marmosets regardless of
sex. Fasting blood glucose levels were in the normal range in both
young and aged male and female marmosets. There was no signifi-
cant difference in serum creatinine values between the young and
aged marmosets and the values did not differ between males and
females. Kidney weight and kidney to body weight ratio showed a
nonsignificant trend toward increase in both male and female aged
marmosets (Table 1).

Histological Changes in the Kidney

Overall, young male and female marmosets demonstrated normal
renal architecture (Figure 1A-C). Renal glomeruli of young marmo-
sets had round to oval configuration with a uniform crescent shaped
urinary space (Bowman space) lined by a flat inconspicuous popu-
lation of parietal epithelial cells. Renal tubules were closely packed
in cortex and medulla, lacking intervening deposits of fibrotic tis-
sue, fibroblasts, or inflammation. A few of the young marmosets
exhibited minimal tubular accumulation of eosinophilic fluid (casts)
ranging from 0 to 6 ectatic tubules per 20x field. Bowman’s capsule,
glomerular capillary wall, mesangial matrix, and tubular basement
membranes stained positive with PAS stain. Mesangial cellularity
was normal and uniform throughout the glomerular tuft and widely
separated by uniform-sized thin walled capillary loops with flat
endothelial lining. Bowman’s capsule and tubular basement mem-
branes were well demarcated, thin and were of uniform width. Blood
vessels were unremarkable.

Aged male and female marmosets exhibited several morpho-
logic alterations of varying severity (Figure 1D-F). A striking fea-
ture of age-related changes was the heterogeneity in distribution
of these abnormalities within the renal parenchyma of individual
marmosets suggesting structural changes occurred at a highly vari-
able rate in both males and females. The size and shape of glomeruli
of aged marmosets were variable. PAS positive mesangial matrix
was increased in both sexes, frequently resulting in segmental or
global sclerosis. Glomerular mesangial hypercellularity was not
observed. Sclerotic glomeruli frequently showed irregular thickening
of Bowman’s capsule and were sometimes surrounded by inflam-
matory cells (Figure 1F). Interstitial infiltrates of lymphocytes and
plasma cells were seen frequently in association with areas of tubu-
lar atrophy and tubulointerstitial fibrosis (Figure 1E). PAS positive

Table 1. Body Weight, Blood Glucose, Serum Creatinine, and Kidney Weight Data

Male Female

Young (7 = 4) Aged (n=135) Young (7 = 4) Aged (n=35)
Age (years) 3.02 = 0.33 16.08 = 1.11 2.80+0.14 15.86 = 1.04
Body weight (g) 372.8 +14.9 361.0 = 16.0 396.3 £ 19.7 359.0 = 11.1
Serum glucose (mg/dL) 101.8 «11.2 105.4 £ 9.7 104.5 + 15.0 97.0 = 14.6
Serum creatinine (mg/dL) 0.45 +0.03 0.43 + 0.08 0.35 +0.05 0.30 = 0.00
Kidney weight (g) 1.88 = 0.09 2.50 = 0.27 2.40 = 0.30 2.92 +0.31
Kidney/body weight (g/kg) 5.04£0.25 6.92 = 0.63 6.02 = 0.60 8.16 = 0.89

Note: No significant differences in parameters were found among the groups by two-way ANOVA.
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Figure 1. Kidney histology and extracellular matrix protein expression in aged marmosets. (A-C) By PAS stain, in young marmosets glomeruli displayed
normal cellularity without segmental or global accentuation of mesangial matrix. Tubules were closely packed without atrophy. Blood vessels (arrow in C)
were thin walled and lumens were patent. (D-F) In aged marmosets, glomeruli showed either segmental (part of an individual glomerulus) or total (whole
of an individual glomerulus) sclerosis. Parietal glomerular basement membrane showed thickening and wrinkling. Tubules showed significant atrophy, loss,
thickening of tubular basement membrane and many contained casts. There were rare areas of interstitial nephritis composed of mononuclear cells (arrow in E).
Blood vessels showed narrowing of lumen and severe medial hypertrophy and sclerosis (double arrows in F). (G and H) Semi-quantitative scoring of indices of
glomerular injury and tubular fibrosis are shown (Y = young, A = aged). Data are shown as mean + SEM, n =4 young male and n =4 young female marmosets,
n=5aged male and n =5 aged female marmosets (*p < .05 by t-test). Renal cortical lysates were employed to perform immunoblotting using antibodies against
(1) laminin y1, (J) collagen Ill, and (K) fibronectin. Actin expression was used to assess loading (Y = young, A = aged). Data are shown as mean + SEM, n=4
young male and n=4 young female marmosets, n="5 aged male and n=5 aged female marmosets (*p <.05, **p <.01 vs young male; *p < .05, #p < .01 vs young
female, %%p < .01 vs aged male by two-way ANOVA).
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tubular basement membranes were thickened and distorted. In some
tubules, epithelial cells exhibited vacuolar type swelling, intracyto-
plasmic accumulation of brown pigment or eosinophilic material.
There was occasional epithelial regeneration consisting of hypertro-
phy, increased basophilic cytoplasm, and piling of tubular epithelial
cells, particularly in areas of significant tubular loss. Both male and
female marmosets exhibited mild to moderate tubular casts ranging
from 3 to 20 ectatic cortical tubules per 20x field. The renal medulla
was generally less affected, although in some animals, inflammatory
infiltrates and increased eosinophilic matrix resulting in separation
of collecting ducts could be seen. Extramedullary hematopoiesis
within the cortical interstitium was noted in one aged male mar-
moset. Renal arterioles showed significant medial hypertrophy with
narrowed lumens consistent with arteriolosclerosis (Figure 1F).

Semi-quantitative scoring showed that aging was associated with
significant glomerular injury in both sexes whereas the tubular fibro-
sis score was significantly higher in female marmosets although a
trend toward increase was seen in males (Figure 1G and H). These
injury patterns are in agreement with previous reports (8,15). The
histologic changes are similar to aging-related changes (nephroscle-
rosis) described in humans (6). We did not find significant differences
in age-related structural changes between male and female aged mar-
mosets. Important negative findings were lack of glomerulonephritis
in young or aged marmosets. In one female aged marmoset, deposits
suggestive of amyloid protein were seen; however, they did not show
apple green birefringence on Congo Red staining examined under
polarizing light (data not shown).

Expression of Matrix Proteins Is Increased in Aging
Marmosets

We examined the expression of individual matrix proteins to corrob-
orate histologic findings of matrix expansion. Laminin, fibronectin,
and collagens are important components of the renal extracellular
matrix and increase in their content contributes to renal fibrosis (16).
Laminin is a heterotrimer made of a, §, and y chains; laminins in dif-
ferent matrix compartments of the kidney have distinct chain com-
positions. For example, laminin in glomerular basement membrane
contains a5, 2, y1 chains (laminin521). Immunoblotting showed
that aging was associated with a significant increase in renal cor-
tical laminin y1 chain in males but not female marmosets (Figure 11I).
Increase in collagens I and III contributes to tubulointerstitial fibrosis
in the kidney; aging was associated with increase in the renal cortical
expression of collagen type III in both male and female marmosets
(Figure 1J). Fibronectin, a component of the glomerular basement
membrane, was increased in aged female marmosets with a trend
toward increase in aged male animals (Figure 1K).

Aging Is Associated With Albuminuria and

Proteinuria in Marmosets

Albuminuria measured as the ratio of urinary albumin to urinary
creatinine (UACR) is a commonly employed index of kidney dys-
function in clinical medicine. UACR was increased 11-fold in male
aged marmosets and a trend toward increase was seen in female aged
marmosets (Figure 2A). Because urinary protein profile can include
other proteins in addition to albumin we also estimated urinary pro-
tein to creatinine ratio (UPCR), another commonly employed clini-
cal tool. UPCR was increased by 6.3- and 7-fold in male and female
aged marmosets, respectively (Figure 2B). Nephrin is a component
of the slit diaphragm of glomerular podocyte and participates in
preventing losses of albumin and other proteins during glomerular

A B

3 dode 40 *%  #H
52 2 G2
D) a > 20
532 1 53
0 0
Y AY A Y AY A
Male Female Male Female
C o~
g hri Y 2 52 150 *% _
ephrin SRS | | Male % 3 100
R e— £5 50
=R
Nephrin[ -~ — -~ | §< O
roineee] | "™ ¥ "y v a
Male Female
Female Male Female
14 . 14 * * :
2 . el - :.
=) . =) * .
G. Injury  G. Injury G. Injury  G. Injury
F Male Female G Male Female
.. . m . .
14
Q * ) 8 - %
< * s =) R
) ‘\. . .
Nephrin Nephrin Nephrin Nephrin
H |
Male Female Male Female

UACR
UPCR

T. Fibrosis  T. Fibrosis T. Fibrosis T. Fibrosis
Figure 2. Aging is associated with changes in kidney function in marmosets
and they correlate with histological changes. (A and B) Urinary albumin to
creatinine ratio (UACR) and urinary protein to creatinine ratio (UPCR) data in
aged marmosets and young marmosets are shown. (C) Immunoblotting of
kidney cortical lysates showed reduction in the expression of nephrin in aged
marmosets (Y = young, A = aged). Data in A-C are shown as mean = SEM,
n=4young male and n = 3-4 young female marmosets, n =5 aged male and
n =5 aged female marmosets (**p < .01 vs young male; #p < .01 vs young
female by two-way ANOVA). Correlation between glomerular injury (G.
Injury) and tubular fibrosis (T. Fibrosis) indices and UACR, UPCR was studied.
(D and E) A high degree of correlation existed between glomerular injury
and UACR (r=.78, *p =.0172), and UPCR (r= .80, *p =.0138) in aged males;
a trend toward correlation between glomerular injury and UPCR (r = .68,
p =.0694) but not UACR (r= .58, p=.1080) was seen in aged females. (F and
G) A strong negative relationship was present between nephrin expression
and UACR (r = -0.88, *p = .0031) and UPCR (r = -.70, *p = .0433) in aged
males; in aged females, a negative correlation was present between nephrin
and UPCR (r=-0.81, *p=.0218) and a trend with UACR (r=-0.65, p = .0666).
(H and ) In aged males, tubular fibrosis did not have a significant relationship
with UACR (r = .25, p = .5206) or UPCR (r= .38, p = .3125); in aged females
a trend was seen with UACR (r = .67, p = .0589) but not with UPCR (r = .51,
p=.1966).
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ultrafiltration (17). Expression of kidney cortical nephrin was
reduced by nearly 50% in both aged male and female marmosets
(Figure 2C) providing a mechanistic basis for urinary protein losses
associated with aging.

Kidney Histological Changes Correlate With

Changes in Function

During filtration the glomerulus prevents losses of large amounts
of albumin and other proteins by functioning as a size- and charge-
selective barrier although small amounts of albumin do escape.
Albumin in the filtrate is subsequently absorbed by the proximal
tubules allowing only minimal amounts of albumin to appear in the
urine. Thus, in kidney disease, albuminuria and proteinuria could
occur by abnormalities in glomerular and/ or tubular function. We
explored statistical correlation between scores of glomerular and
tubular injury and UACR and UPCR. In male aged marmosets, there
was a high degree of correlation between glomerular injury score
and UACR (r = .78) and UPCR (r = .80); in female aged marmo-
sets, glomerular injury score showed a trend toward correlation with
UPCR (r = .68) but not with UACR (Figure 2D and E). There was
a significant negative relationship between nephrin expression and
UACR (r = -.88) and UPCR (r = -.70) in aged males; in aged females,
while a negative correlation existed between nephrin and UPCR
(r = -.81), only a trend was seen with UACR (r = -.65; Figure 2F
and G). Tubular fibrosis score did not bear a significant relation-
ship with UPCR in aged males and females; in aged females a trend
was seen with UACR (r = .67) but not with aged males (Figure 2H
and I). Taken together, these data suggest glomerular injury as the
main mechanism of albuminuria and proteinuria in aging; some of
the correlations would have probably met significance with greater
number of animals.

Signaling Pathways Related to Protein Synthesis

Are Activated in the Kidney in Aging Marmosets
Accumulation of extracellular matrix proteins in the kidney is a
dynamic process involving coordinated changes in synthesis and
degradation. In terms of synthesis, the regulatory site could be at the
level of transcription or at the level of mRNA translation (18-20).
Translation of mRNA, an important rate limiting step in protein syn-
thesis, is under the control of signaling pathways which fall into two
categories, that is, those that promote and those that inhibit trans-
lation. In the kidney, pathways that stimulate mRNA translation
commonly involve activation of receptor tyrosine kinases such as
the IR, IGF-1 receptor, vascular endothelial growth factor receptor
leading to activation of Akt-mTORC1 axis (20-22). Signaling path-
ways that inhibit mRNA translation in the kidney involve AMPK
(10,14,23,24) and GSK3f (25). We examined key signaling events
in the kidneys of marmosets for their relevance to aging-related
changes in increase in matrix protein expression.

Activity of AMPK was assessed by immunoblotting for Ser-69
phosphorylation of ACC its direct substrate. Compared with young
marmosets, ACC phosphorylation was significantly decreased in
aged male marmosets but not in aged female marmosets (Figure 3A).
When mTORCT1 is activated it phosphorylates Thr-389 of p70S6
kinase leading to stimulation of its activity; in turn, p70S6 kinase
phosphorylates rpS6 and promotes the initiation phase of mRNA
translation (22). Activity of mMTORC1 was assessed by phosphoryla-
tion of rpS6. Immunoblotting showed a trend toward increase in
phosphorylation of rpS6 in the kidney cortex of aged male mar-
mosets but not female marmosets (Figure 3B). We then examined
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Figure 3. Signaling pathways are dysregulated in the kidney cortex of aged
male but not female marmosets. Renal cortical lysates were employed to
perform immunoblotting using antibodies against (A) phospho-ACC, ACC, (B)
phospho-rpS6, rpS6, (C) Tyr-1165/1166 phosphorylated IGF-1 receptor (P-IGF
1R), IGF 1R, (E) Ser-9 phosphorylated GSK 33, GSK 38, (F) Klotho and actin.
(D) ELISA was performed to assess changes inTyr-1150/1151 phosphorylation
of the IR (Y = young, A = aged). Data are shown as mean + SEM, n=4 young
male and n=4 young female marmosets, n=4-5 aged male and n=4-5 aged
female marmosets (*p < .05, **p < .01, ***p <.001 vs young male; *p < .05 vs
young female, $¥p < .001 vs aged male by two-way ANOVA).

potential upstream signaling events that could stimulate mTORCI.
We chose to study IGF-1 receptor and IR because they have been
implicated in aging-related changes (26,27); these receptors function
as kinases and require phosphorylation of tyrosine residues for acti-
vation. Tyrosine phosphorylation of IGF-1 receptor was increased
nearly threefold in the renal cortex of aged male marmosets but not
aged female marmosets (Figure 3C). ELISA for tyrosine phospho-
rylation of IR did not show significant changes in either sex of aged
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marmosets compared with the respective young animals of the same
sex. Renal cortical IR tyrosine phosphorylation was higher in both
young and old female marmosets compared with the respective male
counterparts (Figure 3D). We did not find convincing evidence for
stimulation of mTORC1 as a downstream read out of IR activa-
tion in young or old female marmosets compared with correspond-
ing males. Stimulation of receptor tyrosine kinases such as IGF-1
receptor leads to activation of Akt, a serine threonine kinase that is
upstream of AMPK and mTORCI. Because Akt directly phosphoryl-
ates GSK3f on Ser-9, we employed it as a functional index of Akt
activation. Immunoblotting revealed a significant increase in Ser-9
phosphorylation of GSK3p in the kidney cortex of aged male but not
female marmosets (Figure 3E). These data suggest IGF-1 receptor-
Akt-mTORCT1 axis may serve as a pathway to stimulate matrix pro-
tein synthesis in the kidneys of aging male marmosets. In contrast to
males, aging in female marmosets was not associated with activation
of these signaling pathways. Although IR tyrosine phosphorylation
was increased in both young and old female marmosets, it was not
accompanied by Akt activation; more studies are needed to explore
differences in IR activity between the sexes.

Klotho is a determinant of lifespan; mice deficient in klotho age
faster whereas klotho transgenic mice demonstrate a slower rate
of aging (28). It is robustly expressed in the kidney particularly by
distal tubular epithelial cells (29). Because klotho has been shown
to inhibit insulin receptor and IGF-1 receptor signaling (28), we
examined whether a decrease in klotho expression could be asso-
ciated with activation of IGF-1 receptor. Klotho expression was
significantly decreased in both male and female aged marmosets
(Figure 3F). While reduced klotho may contribute to IGF-1 recep-
tor activation in male aged marmosets, its functional significance in
female aged marmosets in whom IGF-1 receptor was not activated
remains to be defined.

TGFp Is Activated in the Kidney of Aging Marmosets
TGEFp, a fibrogenic cytokine, plays an important role in fibrosis of
the kidney in a wide variety of pathologic states such as diabetes
and genitourinary obstruction; its activation promotes phosphoryl-
ation of Smad3, which translocates to nucleus and stimulates tran-
scription of matrix proteins (30). TGF expression was significantly
increased in the renal cortex of both male and female aged marmo-
sets (Figure 4A). Smad3 phosphorylation was also increased in the
kidneys of both male and female aged marmosets (Figure 4B) sug-
gesting activation of TGFf signaling pathway.

H,S Generation Is Reduced in the Kidney of Aged
Marmosets

We previously alluded to the association of H,S deficiency in renal
tissue in states of renal fibrosis. We have recently reported that
aging-related kidney fibrosis in mice is associated with decrease
in H,S generation due to reduction in the expression of CBS and
CSE; administration of NaHS to aging mice beginning at the age of
19 months for 5 months resulted in significant amelioration of kid-
ney dysfunction including albuminuria and glomerulosclerosis (11).
These data provided rationale for examining the status of H,S in the
kidney in aging marmosets.

Expression of CBS in the kidney cortex was significantly reduced
in both male and female aged marmosets although there was no
change in the content of CSE (Figure 4C). This was associated with
a significant 58% reduction in H,S generation in the renal cortex
of aged male marmosets; there was a trend toward reduced H,S
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Figure 4. Changes in TGFp and H,S pathways in the kidney cortex of aged
marmosets. Equal amounts of renal cortex were employed in immunoblotting
using antibodies against (A) TGFB1 and actin (unchanged band above TGFf31
is nonspecific [arrow]), (B) phospho-Smad3 and Smad3, and (C) CSE and
CBS. (D) H,S generation was measured as described in Method section
(Y = young, A = aged). Data are shown as mean + SEM, n = 4 young male
and n =4 young female marmosets, n =5 aged male and n =5 aged female
marmosets (¥*p < .05, ***p <.001 vs young male; ¥p < .05, ##p < .001 vs young
female, $¥p < .01 vs aged female by two-way ANOVA).

generation by 27% in the renal cortex of aged female marmosets
that did not reach significance (Figure 4D).

Discussion

Our data show that aging-associated structural changes consisting
of kidney glomerulosclerosis and tubulointerstitial fibrosis and arte-
riolosclerosis called nephrosclerosis in the marmosets are similar to
changes seen in rodents and humans (2,6,31) although tubulointer-
stitial fibrosis was more easily observed in the marmosets compared
with mice. The morphological lesions that we encountered in aged
marmosets in this study differed from other known spontaneous
renal disease entities such as nonprogressive glomerulopathy char-
acterized by immunoglobulin deposits but lacking interstitial dis-
ease (32). Kidney functional disturbances measured as albuminuria
and proteinuria are also similar to that observed in aging rodents
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(2,31). Some of the signaling abnormalities in kidneys of marmo-
sets were similar to those found in aging mice and rats (11,33), for
example, reduced activity of AMPK, stimulation of Akt-mTORC1
axis. Upstream of these signaling events, whereas IR was activated
in the kidneys in aged mice (11), activation of IGF-1 receptor was
seen in the marmosets. In general terms, aging-associated structural,
functional, and signaling changes in the kidney are retained through
mammalian evolution. Our data also suggest that the marmoset is
a good model to study aging-related changes in the kidney and to
evaluate efforts to improve them.

The current study provides a framework for exploring signal-
ing mechanisms underlying aging-related changes in the kidney.
Activation of IGF-1 receptor in the renal cortex of aged marmosets
may lead to increased protein synthesis via phosphoinositide 3 kin-
ase—Akt activation as suggested by studies in kidney tubular epithe-
lial cells (34). IGF-1 receptor activation may have been facilitated
by deficiency of klotho, which is known to inhibit signaling by that
receptor (28). Increased TGFp expression in aging marmoset kidneys
could also lead to increase in matrix synthesis by stimulating Akt
in a phosphoinositide 3 kinase-dependent manner as suggested by
studies in glomerular mesangial cells (35). Akt activation stimulates
mTORCI1 in three ways. Firstly, it phosphorylates Ser-487 of the a
subunit of AMPK and decreases its activity (36). Decrease in AMPK
activity is associated with activation of mTORC1 in the kidney (23).
Secondly, Akt can phosphorylate and inhibit tuberin (TSC2) remov-
ing tonic inhibition of mMTORC1 (37). The third mechanism involves
Akt phosphorylation of proline rich Akt substrate-40, a component
of mTORCI and its constitutive inhibitor; when phosphorylated by
Akt, proline rich Akt substrate-40 dissociates from mTORCT1 result-
ing in activation of the latter (38). As mentioned earlier, nTORC1
phosphorylates Thr-389 of p70S6 kinase stimulating its activity;
p70S6 kinase is an important regulator of mRNA translation, the
rate-limiting step in protein synthesis (22). Activated p70S6 kin-
ase phosphorylates rpS6 on Ser-235, -236, -240, -244, and -247
(39). Studies employing mice in which these five serines have been
replaced by nonphosphorylatable alanine by knock in have shown
that compensatory renal hypertrophy following uninephrectomy
is inhibited (40). Because increase in protein synthesis is required
for kidney hypertrophy, these data show an important role for rpS6
phosphorylation. In the context of aging, rpS6 phosphorylation
may serve to augment synthesis of matrix proteins. Previous stud-
ies have demonstrated importance of mTORC1 activation in renal
matrix accumulation in states of kidney injury, for example, diabetes
(19,41). In support of an important role for mTORCT1 in kidney dys-
function in aging rats, Shavlakadze and colleagues (42) have shown
that RADO01, a rapalog, ameliorates aging-related kidney parenchy-
mal lesions. An additional mechanism of aging-related kidney dys-
function could involve impaired autophagy associated with increase
in mTOR activity (43). Recent studies have shown that parabiosis of
old mice with young mice results in recovery of autophagy along with
amelioration of apoptosis and inflammation, and, aging-associated
histologic kidney lesions; these data suggest a mechanistic role for
impaired autophagy in renal aging (44). Our finding of mTOR acti-
vation in kidney aging is in line with the well-known role of mTOR
inhibition by rapamycin in extension of life span (45). Our data sup-
port evaluation of rapamycin as an intervention to ameliorate aging-
related matrix accumulation in the kidney in marmosets. Tardif and
colleagues (46) have reported that long-term administration of oral
formulation of rapamycin is well tolerated by marmosets.

The other signaling event of potential translational importance is
inhibition of AMPK in the kidney in aging marmosets. AMPK activates

TSC2 by phosphorylation on Ser-1227 and -1345 (47). In combina-
tion with TSC1, activated TSC2 functions as a GTPase-activating
protein and inhibits GTP-bound state of Ras homolog enriched in
brain (Rheb) (47). When AMPK is inactivated, TSC2 activity is inhib-
ited leading to retention of Rheb in the GTP-bound state. GTP bound
Rheb promotes mTORCT1 activation by as yet unknown mechanism
(48). Thus, deficient AMPK stimulates mTORC1 and protein synthe-
sis. The mechanism by which aging results in reduced AMPK activ-
ity is not clear; however, it may be due to inhibition by Akt that is
activated by IGF-1 receptor and/ or TGFf. Changes in AMP and ATP
content can alter AMPK activity. AMPK is inhibited in the kidney in
states of deficiency in AMP or increase in ATP content (49). Another
contributing factor could be H,S deficiency that is discussed below.
Administration of agents that stimulate AMPK, such as metformin,
AICAR, NaHS, and tadalafil inhibit high glucose-induced mTORC1
and increase in matrix proteins in kidney cells (10,14,23,41,50,51).
Strategies to limit aging-related kidney dysfunction in marmosets
could include these agents some of which are already in routine clini-
cal use for other indications, for example, metformin, tadalafil. An
additional potential target is klotho; aging male marmosets manifest
klotho deficiency in association with activation of IGF-1 receptor
(28); thus, administration of klotho could inhibit that receptor and
restore integrity of the kidney in aging marmosets.

A novel finding in this study is the detection of reduced kidney
H,S generation in aged male marmosets. This appears to be due
to reduced expression of CBS. Although the expression of CSE,
another H,S generating enzyme in the trans-sulfuration pathway,
was unchanged, there could be factors that inhibit its activity in the
aging kidney. H,S deficiency also occurs in the kidneys of aged mice
(11) suggesting it may be an evolutionarily conserved phenomenon.
This observation could have translational value because adminis-
tration of NaHS ameliorates indices of structural and functional
derangement in mice (11). We have reported that H,S augments
AMPK activity in renal cells (10,24). H,S deficiency could contrib-
ute to inhibition of AMPK activity leading to mTORCI activation.
H,S deficiency is commonly encountered in acute kidney injury due
to ischemia (52) and in chronic kidney disease due to diabetes (53),
renovascular hypertension (54), or hyperhomocysteinemia (55);
administration of agents that provide H,S ameliorates kidney injury
in these states (9). As H,S is intolerable to humans due to odor,
agents that release H.S, for example, GYY4137 may be employed
to test if they ameliorate aging-related dysfunction of the kidney in
marmosets. Phosphodiesterase 5 inhibitor, tadalafil, could be tested
as an interventional agent because it prevents high glucose-induced
matrix protein synthesis in a H,S-dependent manner studies in kid-
ney cells in vitro (14).

Biomedical research has often neglected to evaluate females and
potential differences between males and females; we included female
animals in addition to males in our study to broadly define kidney
aging in the marmoset model. Both genders showed similar struc-
tural and functional abnormalities although there were differences
in signaling events; unlike male marmosets, the female aged marmo-
sets did not demonstrate changes in AMPK, Akt, mMTORC1 activity,
and, IGF-1 receptor activation. On the other hand, TGFp increase
and Smad3 phosphorylation were similar as was the reduction in the
expression of CBS. H,S generation was not reduced in aged female
marmosets suggesting a compensatory adjustment to reduction in
CBS expression. These data suggest that there may be differences in
signaling pathways that regulate protein synthesis between the sexes.
Previous reports suggest that male sex is associated with greater
degree of aging-related dysfunction (56).
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Although our data catalog a variety of age-related changes in
growth factor-protein synthesis signaling pathways, at the present
time they are correlational; future studies are needed to explore if
they play a causal role. Our study identifies several individual signal-
ing molecules as potential sites for intervention to reduce structural
and functional derangements associated with aging. Our study sug-
gests that the marmoset is a reasonable nonhuman primate model
for preclinical studies to both understand mechanisms of renal aging
and to test interventions to improve kidney health, and thereby the
overall health span.
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