Chapter 14 )
Aging and Chronic Kidney Disease Viewed i
from the FGF-Klotho Endocrine System

Makoto Kuro-o

Abstract Endocrine fibroblast growth factors (FGFs) require Klotho proteins as an
obligate co-receptor to bind to and activate FGF receptor tyrosine kinases. FGF23 is
a bone-derived hormone secreted in response to phosphate intake and acts on renal
tubules that express aKlotho to increase urinary phosphate excretion per nephron
and maintain the phosphate balance. FGF21 is secreted from the liver upon fasting
and acts on the suprachiasmatic nucleus in the brain where pKlotho is expressed to
induce responses to stress, including activation of the hypothalamus-pituitary-adre-
nal axis and the sympathetic nervous system. FGF21 is regarded as an antiaging
hormone, because mice overexpressing FGF21 live longer than wild-type mice.
Both FGF23 and FGF21 start increasing since early stages during the course of
chronic kidney disease (CKD) progression. The increase in FGF23 compensates for
decrease in the functional nephron number by increasing phosphate excretion per
nephron, thereby maintaining phosphate homeostasis. However, FGF23-induced
increase in phosphate concentration in the renal tubular fluid damages tubular cells
and triggers interstitial fibrosis. In addition, FGF23 causes decrease in the serum
level of active vitamin D followed by increase in parathyroid hormone, leading to
mineral and bone disorders (CKD-MBD). The increase in FGF21 is necessary to
survive CKD, because CKD mice lacking FGF21 exhibit poorer prognosis than
wild-type CKD mice. However, FGF21-induced activation of the sympathetic
nervous system results in blood pressure dysregulation. Thus, pathophysiology of
CKD can be viewed as adverse effects associated with adaptive responses of the
FGF-Klotho endocrine system to maintain survival and phosphate homeostasis.
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14.1 Discovery of the Klotho Gene

The klotho gene was identified as the gene mutated in a mouse strain that exhibited
premature aging (Kuro-o et al. 1997). The founder of this strain was a transgenic
mouse carrying exogenous transgene inserted at the chromosome 5. Although
expression of the transgene was not detectable in this strain, mice homozygous for
the transgene developed complex aging-like symptoms after weaning, including
growth arrest, multiple organ atrophy (gonads, thymus, skin, fat, etc.), vascular
calcification, cardiac hypertrophy (Faul et al. 2011), sarcopenia, osteopenia
(Kawaguchi et al. 1999), emphysematous lung, hearing disturbance (Kamemori
et al. 2002), cognition impairment (Nagai et al. 2003), frailty, and premature death
around 2 months of age. Because these phenotypes were observed only in homozy-
gotes for the transgene, we hypothesized that the insertional mutation caused by
chromosomal integration of the transgene might have disrupted a putative “aging-
suppressor gene,” which we named Klotho after a Greek goddess who spins the
thread of life.

We found that approximately ten copies of the transgene were integrated in
tandem at the 5’-flanking region of an unknown gene at that time, which later turned
out to be the klotho gene (Kuro-o et al. 1997). As the mutated allele (k/) was a severe
hypomorphic allele, kI/kl mice barely expressed the klotho gene. The klotho gene
encodes a single-pass transmembrane protein and is expressed only in a few cell
types in wild-type mice, including distal tubular epithelial cells in the kidney,
choroid plexus epithelial cells in the brain, and chief cells in parathyroid glands
(Ben-Dov et al. 2007). The fact that k//kl mice exhibited disorders in tissues that did
not express the klotho gene endogenously raised the possibility that a humoral factor
(s) might mediate the function of the klotho gene. The extracellular domain of
Klotho has weak homology to the family 1 glycosidases. However, it was not
clear whether Klotho protein would have glycosidase activity, because the two
amino acids critical for the enzymatic activity (Asn and Glu) and thus conserved
in all the family 1 glycosidases were replaced with other amino acids (Asp and Ala)
(Kuro-o et al. 1997).

14.2 Klotho Protein Function

The clue to identification of the Klotho protein function was the report on mice
lacking fibroblast growth factor-23 (FGF23) (Shimada et al. 2004b). FGF23 is a
member of the fibroblast growth factor (FGF) family, but unlike the other FGF
family members that function as paracrine and autocrine factors, it functions as an
endocrine factor (hormone) (Goetz et al. 2007). FGF23 had been known to function
as a bone-derived “phosphaturic” hormone that promoted urinary phosphate excre-
tion (Shimada et al. 2004a). In response to phosphate intake, FGF23 is secreted from
the bone (osteocytes/osteoblasts) and acts on the kidney to suppress phosphate
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Fig. 14.1 The FGF23-aKlotho endocrine axis. FGF23 functions as a phosphaturic hormone to
balance between phosphate intake and phosphate excretion

resorption in proximal tubules and increase phosphate excretion per nephron,
thereby maintaining the phosphate balance (Fig. 14.1) (Kuro-o 2019). Considering
the phosphaturic activity of FGF23, mice lacking FGF23 were predicted to suffer
from impaired excretion of phosphate into urine, resulting in phosphate retention. As
expected, mice lacking FGF23 developed hyperphosphatemia and vascular calcifi-
cation (Shimada et al. 2004b). However, they unexpectedly developed aging-like
phenotypes, including growth arrest, multiple organ atrophy (gonads, thymus, skin,
fat, etc.), sarcopenia, osteopenia, frailty, and premature death around 2 months of
age (Shimada et al. 2004b). These phenotypes were reminiscent of those observed in
kl/kl mice. In addition, we had known that kl/kl mice developed hyperphosphatemia.
These observations prompted us to hypothesize that FGF23 and Klotho might
function in the same signaling pathway involved in maintenance of phosphate
homeostasis.

At that time, FGF23 was supposed to use FGF receptor tyrosine kinases as its
cognate receptor. However, the affinity of any FGF receptor (FGFR) isoforms to
FGF23 was too low (Kp > 220 nM) to bind to FGF23 at its physiological concen-
tration (~1 pM) (Yu et al. 2005). Hence, identity of the physiological FGF23
receptor had been unknown. The answer was that FGF23 required Klotho to bind
to FGFRs. We found that Klotho forms constitutive binary complexes with FGFR1c,
FGFR3c, and FGFR4. FGF23 binds to the FGFR-Klotho complexes with high
affinity and activates the canonical FGF signaling pathway that culminates phos-
phorylation of FGFR substrate-2 (FRS2a) and its downstream target extracellular
signal-regulated kinases (ERK1/2) (Kurosu et al. 2006). This finding was confirmed
later in other laboratories (Urakawa et al. 2006). The fact that Klotho functions as the
obligate co-receptor for FGF23 explains why kl/kl mice and mice lacking FGF23
exhibited identical phenotypes.
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14.3 Discovery of the FGF-Klotho Endocrine Axes

After the discovery of the klotho gene, search for the GenBank database identified
another gene encoding a single-pass transmembrane protein with ~40% amino acid
identity with Klotho and was named pKlotho (Ito et al. 2000). Since then, Klotho
was renamed as aKlotho to avoid confusion. Like aKlotho, pKlotho forms com-
plexes with FGFR1c and FGFR4, which is expressed predominantly in adipose
tissues and in the liver, respectively (Kurosu et al. 2007). Thus, the fKlotho-FGFR1c
complex is expressed in adipose tissues, whereas the fKlotho-FGFR4 complex is
expressed in the liver.

In the FGF family, FGF19 and FGF21 also function as endocrine factors besides
FGF23. FGF19 is secreted from the intestinal epithelium upon feeding, reaches the
liver via the portal circulation, and binds to the fKlotho-FGFR4 complex expressed
on hepatocytes to induce metabolic responses to feeding, including suppression of
bile acid synthesis and promotion of protein and glycogen synthesis (Inagaki et al.
2005; Kir et al. 2011; Potthoff et al. 2011). On the other hand, FGF21 is secreted
from hepatocytes upon fasting and binds to the fKlotho-FGFR 1¢ complex expressed
on adipocytes to induce metabolic responses to fasting, including lipolysis (Inagaki
et al. 2007; Ogawa et al. 2007; Potthoff et al. 2009). These three FGFs (FGF19,
FGF21, and FGF23) are collectively designated as endocrine FGFs and different
from the other FGF family members in that they function not as growth factors but as
hormones regulating multiple metabolic processes and that they require Klotho
family proteins to bind to their cognate FGFRs (Table 14.1) (Kuro-o 2019).

In 2018, crystal structure of the FGFR1c-aKlotho-FGF23 ternary complex and
the BKlotho-FGF21 complex was solved (Chen et al. 2018; Lee et al. 2018). As
given its namesake, aKlotho protein send out a long “thread” termed the receptor
binding arm with intrinsically disordered structure. Once it captures FGFR and takes
a fixed structure, a groove is created between aKlotho and FGFR into which FGF23
fits (Fig. 14.2) (Kuro-o 2018a).

14.4 Phosphate and CKD

Phosphorus is one of the six elements essential for life (H, C, N, O, S, P), but it has
never drawn much attention in the medical field until quite recently. The situation
has changed since hyperphosphatemia was identified as a major mortality risk for

Table 14.1 The three FGF-Klotho endocrine axes

Receptor
Endocrine FGFs | Secreted upon Secreted from | Target organs | FGFR Klotho
FGF19 Feeding Intestine Liver 4 [§}
FGF21 Fasting Liver Fat, Brain lc 5}
FGF23 Phosphate intake | Bone Kidney lc,3c,4 |«
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Fig. 14.2 Structure of aKlotho. The N-terminal portion and the C-terminal portion of FGF23 face
to FGFR1c and aKlotho, respectively. RBA receptor binding arm

Table 14.2 Stages of chronic kidney disease (CKD)

CKD stage 1 2 3 4 5
eGFR (mL/min/1.73 m?) >90 89-60 59-30 29-15 <15

patients with chronic kidney disease (CKD) (Block et al. 1998; Ganesh et al. 2001).
CKD is a new disease entity established a few decades ago and defined as any
abnormality of the kidney structure and/or function lasting for 3 months or longer
(Webster et al. 2017). CKD ensues in patients not only with renal disorders (e.g.,
chronic glomerulonephritis and polycystic kidney disease) but also with disorders
causing renal complications (e.g., diabetes and hypertension). Therefore, CKD is
very prevalent in the aging society, affecting more than 10% of the total population
(Levey et al. 2005; Hill et al. 2016). Once CKD progresses to renal failure, renal
replacement therapy (dialysis or renal transplantation) becomes necessary, which
burdens healthcare worldwide. However, many CKD patients die from cardiovas-
cular events before developing renal failure. Regardless of the underlying disorders,
CKD progression can be viewed as a process of progressive loss of functional
nephrons. CKD is classified from stage 1 (early stage) through stage 5 (end stage)
based on the estimated glomerular filtration rate (eGFR) in clinical settings
(Table 14.2).

Among several hormones that are increased or decreased during CKD progres-
sion, FGF23 is the first to move (Isakova et al. 2011). Serum FGF23 levels start
elevating as early as stage 2-3. FGF23 increases phosphate excretion per nephron
and compensates for the decrease in the nephron number to maintain the balance
between phosphate intake and excretion. Besides functioning as a phosphaturic
hormone, FGF23 also functions as a counter-regulatory hormone for active vitamin
D (1,25-dihydroxyvitamin D3). FGF23 lowers serum levels of active vitamin D
through downregulating renal expression of la-hydroxylase necessary for its syn-
thesis and upregulating renal expression of 24-hydroxylase necessary for its degra-
dation (Shimada et al. 2004a). The decrease in active vitamin D induces secretion of
parathyroid hormone (PTH), because a robust negative feedback loop exists between
active vitamin D and PTH, leading to secondary hyperparathyroidism. Serum
phosphate levels start increasing in stage 4-5, when the residual nephron number
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becomes too low to balance phosphate excretion with phosphate intake. In this way,
disturbed mineral metabolism characterized by high FGF23, low active vitamin D,
high PTH, and high phosphate ensues in this order during the course of CKD
progression, which is designated as CKD-MBD (mineral-bone disorder)
(Fig. 14.3). Thus, CKD-MBD can be viewed as a result of an effort to maintain
phosphate homeostasis against decrease in the nephron number during CKD pro-
gression (Kuro-o 2019).

In rodents, it was reported that renal tubular damage and interstitial fibrosis
ensued when phosphate load excreted per nephron exceeded ~1.0 pg/day (Haut
et al. 1980). Although the mechanism by which increase in phosphate excretion per
nephron damages the kidney remains to be determined, it has been postulated that
increased phosphate load per nephron should elevate phosphate concentration in the
renal tubular fluid to trigger formation of tiny calcium phosphate precipitations,
which might induce tubular damage (Lau 1989). Regardless of the mechanism, renal
tubular damage should reduce the nephron number and demand further increase in
FGF23 to maintain the phosphate balance unless phosphate intake is reduced. Thus,
the increase in FGF23 compensates for the decrease in the nephron number and is
indispensable for maintaining the phosphate homeostasis. However, it induces renal
tubular damage and fibrosis to trigger a deterioration spiral leading to further
nephron loss and acceleration of CKD progression (Kuro-o 2019).

In humans, healthy adults on regular diet excrete ~1.0 g of phosphate into urine.
The nephron number in humans is approximately one million per kidney on average
(Denic et al. 2017). Therefore, phosphate excretion per nephron is estimated as
0.5 pg/day. The nephron number is decreased with age as a part of the aging process.
It has been reported that the nephron number of the elderly people in their 60s or 70s
is approximately 50% less than that of the young people in their 20s (Denic et al.
2017). Unless phosphate intake is reduced with age, the amount of urinary phosphate
excretion does not change. Therefore, phosphate excretion per nephron can reach
1.0 pg/day in the elderly people and may accelerate kidney aging. In humans,
age-associated renal pathology characterized by tubular damage, interstitial inflam-
mation and fibrosis, and glomerulosclerosis is universally observed even in
“healthy” individuals and recognized as “aging kidney” (O’Sullivan et al. 2017).
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Hence, the amount of phosphate taken in from the daily diet potentially contributes
to aging kidney in the elderly people.

14.5 Phosphate Accelerates Aging

As described above, kl/kl mice exhibit premature aging. The fundamental abnormal-
ity in kl/kl mice is disturbed phosphate homeostasis (phosphate retention) caused by
the inability to induce phosphaturia in response to phosphate intake due to insensi-
tivity to FGF23. Provided that phosphate retention is the cause of premature aging in
kl/kl mice, restoration of the phosphate balance by restricting dietary phosphate
intake should rescue kl/kl mice from premature aging. Indeed, most of the aging-
like phenotypes were alleviated when kl/kl mice were placed on low phosphate diet
(Morishita et al. 2001; Stubbs et al. 2007). These observations have led us to the
notion that phosphate accelerates aging.

The signs and symptoms of kl/kI mice resemble those of patients with renal
failure. Like kl/kl mice, patients with renal failure suffer from vascular calcification,
cardiac hypertrophy, sarcopenia, osteopenia, frailty, and high mortality. They also
exhibit hyperphosphatemia, hyper-FGF23-emia, and loss of renal aKlotho expres-
sion. Furthermore, dietary phosphate restriction and administration of phosphate
binders improve their clinical outcomes. Because of the striking similarity to kl/kl
mice that have been established as a mouse model of accelerated aging, renal failure
patients have been viewed as a clinical model of accelerated aging (Stenvinkel and
Larsson 2013). However, a fundamental difference exists between them. The cause
of phosphate retention in renal failure patients is abolition of renal function in
general. In contrast, the cause of phosphate retention in kl/kl mice is inability to
excrete phosphate into urine. Their renal function is otherwise normal. In fact, kl/kl
mice have normal serum creatinine levels and never develop renal failure. The
complex signs and symptoms displayed by renal failure patients have been collec-
tively designated as uremia and believed to be caused by accumulation of multiple
“uremic toxins” that should have been excreted into urine. However, the fact that
renal failure patients and kl/kl mice develop very similar pathophysiology suggests
that phosphate may be the most important uremic toxin.

14.6 Calciprotein Particles (CPPs)

As the mechanism by which phosphate accelerates aging, we have proposed ‘“the
CPP theory of aging” (Kuro-o 2018b, 2019, 2020). CPPs are mineral-protein
complex composed of solid-phase calcium phosphate and serum protein fetuin-A
and dispersed as colloids in the blood. Because the blood is supersaturated regarding
calcium and phosphate ions, even a slight and transient increase in blood phosphate
levels can trigger precipitation of amorphous calcium phosphate. However, the
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Fig. 14.4 Formation of calciprotein particles (CPPs). Formation of CPPs is a physicochemical
process that progresses spontaneously over time

calcium phosphate precipitates never grow and occlude capillaries, because these
precipitates are adsorbed by fetuin-A and prevented from growing into large crystals.
As a result, a fetuin-A molecule laden with tiny amorphous calcium phosphate
precipitates is generated, which is termed primary CPPs. Primary CPPs spontane-
ously undergo self-aggregation and phase transition of calcium phosphate from the
amorphous phase to the crystalline phase to become secondary CPPs (Fig. 14.4)
(Kuro-o 2019; Jahnen-Dechent et al. 2020). Primary CPPs function physiologically
as a potent inducer of FGF23 expression and secretion (Akiyama et al. 2019),
whereas secondary CPPs have the activity that induces cell death in cultured
vascular endothelial cells (Di Marco et al. 2008) and renal epithelial cells (Kunishige
et al. 2020). CPPs are endocytosed and transported to lysosomes. Accumulation of
CPPs in lysosomes increases their luminal pH, which disturbs lysosomal function
and autophagic flux, leading to vulnerability to oxidative stress and cell death
(Kunishige et al. 2020). CPPs also induce calcification in cultured vascular smooth
muscle cells (Reynolds et al. 2004; Ewence et al. 2008; Sage et al. 2011) and innate
immune responses in cultured macrophages as if they were a pathogen (Smith et al.
2013). As indicated by a coined word “inflammaging,” chronic inflammation is
known to accelerate aging (Franceschi et al. 2000). In addition, recent clinical
studies demonstrated that serum CPP levels were associated with clinical parameters
for vascular calcification and inflammation (coronary artery calcification scores,
aortic pulse wave velocity, hs-CRP, etc.) (Hamano et al. 2010; Smith et al. 2012).
Considering the pathogenic activity of secondary CPPs, the correlation observed in
these clinical studies may not merely correlation but causation. Phosphate, once
precipitated with calcium to become CPPs, may behave like a pathogen that induces
chronic noninfectious inflammation and cell damages, eventually accelerating aging.
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14.7 CPPs and Lipoproteins

In mammals, insoluble materials are adsorbed by specific serum proteins and
dispersed in the blood as colloids to be transported between organs. Lipids are
adsorbed by apoproteins and dispersed in the blood as lipoproteins to be eventually
stored in adipose tissues. However, when mistargeted to arteries, atherosclerosis
ensues. Likewise, calcium phosphate are adsorbed by fetuin-A and dispersed in the
blood as CPPs to be eventually stored in the bone. However, when mistargeted to
arteries, vascular calcification ensues. Thus, the two distinct types of arteriosclerosis,
atherosclerosis and vascular calcification, can be sublated as a disorder caused by
mistargeting of insoluble materials, lipids, and calcium phosphate, respectively. In
addition, ectopic accumulation of lipids in the liver and skeletal muscles induces
fatty liver and insulin resistance, leading to metabolic syndrome. Likewise, CPPs in
extraosseous tissues and extracellular fluid induce cell damage and chronic inflam-
mation, potentially leading to acceleration of aging (Table 14.3).

14.8 Secreted aKlotho

The extracellular domain of aKlotho is clipped on the plasma membrane by
membrane-anchored secretases and released into the extracellular space (Chen
et al. 2007; Bloch et al. 2009). The secreted aKlotho exerts multiple functions
independently of FGF23 as a humoral factor. It regulates cell surface abundance of
several ion channels and transporters. Secreted aKlotho is reported to interact with
particular sugar chains of transient receptor potential cation channel subfamily V
member 5 and 6 (TRPVS5, TRPV6) (Chang et al. 2005; Cha et al. 2008; Alexander
et al. 2009) and renal outer medullary potassium channel (ROMK1) (Cha et al. 2009)
to prevent them from being internalized, thereby increasing cellular calcium import
and potassium export, respectively. It still remains controversial whether secreted
aKlotho functions as a lectin (sugar-binding protein) that binds to any specific sugars
or an enzyme that hydrolyzes any specific glycosidic bonds in glycans of these
glycoproteins. On the other hand, secreted aKlotho reduces the cell surface abun-
dance of TRPC6 through blocking phosphoinositide-3-kinase-dependent exocytosis
of TRPC6 (Xie et al. 2012). Sodium-dependent phosphate co-transporters (Npt2a)
are downregulated by secreted aKlotho through promoting their endocytosis and

Table 14.3 Disorders caused by mistargeting of colloids containing insoluble materials

Insoluble materials Lipid Calcium phosphate

Protein Apoprotein Fetuin-A

Colloids Lipoprotein CPP

Storage Fat Bone

Disorders Atherosclerosis Vascular calcification
Metabolic syndrome Aging
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degradation (Hu et al. 2010). In addition, secreted oKlotho inhibits activity of
several growth factors, including insulin-like growth factor-1 (IGF1) (Kurosu et al.
2005), Wnt (Liu et al. 2007; Zhou et al. 2013), and transforming growth factor-f1
(TGFp1) (Doi et al. 2006), through distinct mechanisms. Secreted aKlotho inhibits
the intracellular IGF1 signaling pathway at the level of receptor tyrosine phosphor-
ylation (Kurosu et al. 2005). The activity of secreted aKlotho that inhibits Wnt
signaling depends on its ability to directly bind to Wnt (Liu et al. 2007). Secreted
Klotho also binds to the type-II TGFf receptor (TGFPR2) and inhibits TGFp1
binding to TGFBR2 (Doi et al. 2006). Of note, transgenic mice that overexpress
aKlotho were reported to live longer than wild-type mice (Kurosu et al. 2005). These
transgenic mice had higher serum levels of secreted aKlotho than wild-type mice.
The ability of secreted aKlotho to inhibit IGF1 signaling might contribute to the
extended life span, because adequate suppression of the somatotroph endocrine axis
(the growth hormone-IGF1 axis) has been shown to extend life span in various
experimental animals (Kenyon 2001).

14.9 FGF21-Klotho Endocrine System

FGF21 was originally identified as a hormone secreted from hepatocytes upon
fasting and bound to the FGFR1c-fKlotho complex expressed on adipose tissues
to induce metabolic responses to fasting (Kharitonenkov et al. 2005; Inagaki et al.
2007; Ogawa et al. 2007). Shortly thereafter, it was reported that FGF21 also had the
ability to attenuate responsiveness of hepatocytes to growth hormone (GH) (Inagaki
et al. 2008). Thus FGF21 can induce not only metabolic responses resembling those
induced by calorie restriction (CR) but also resistance to GH. CR and GH resistance
are known to suppress aging and extend life span in various experimental animals
(Kenyon 2001; Guarente 2013). In fact, transgenic mice that overexpress FGF21 live
much longer than wild-type mice (Zhang et al. 2012). Thus, FGF21 can be regarded
as an “antiaging hormone.” However, overexpression of FGF21 was associated with
various adverse effects, including disturbed circadian rhythm and overactivation of
the sympathetic nervous system and the hypothalamus-pituitary-adrenal axis
(Bookout et al. 2013). Recent studies have demonstrated that these adverse effects
were dependent on FGF21 acting in the central nervous system.

FGF21 can cross the blood-brain barrier and act on neurons in the
suprachiasmatic nucleus (SCN) where pKlotho is expressed (Bookout et al. 2013).
As SCN is the center of circadian rhythm, overexpression of FGF21 in mice
disturbed circadian behavior with reduced activity in the dark phase and promoted
torpor, which is a short-term hibernation-like state with low body temperature to
avoid energy expenditure (Inagaki et al. 2007). In addition, activation of SCN by
FGF21 stimulated production of corticotropin-releasing hormone (CRH) in the
hypothalamus. CRH stimulates the hypothalamus-pituitary-adrenal axis to elevate
circulating corticotropin levels and activates the sympathetic nerve system. Thus,



14 Aging and Chronic Kidney Disease Viewed from the FGF-Klotho Endocrine System 245

Fig. 14.5 The FGF21-$ Liver =
Klotho endocrine axis. T
FGF21 activates lipolysis

not only directly through -1 Brain
acting on adipose tissues but i \L
also indirectly through \ Ve o
activating the sympathetic CRH —> SNS
nerve system (SNS)

Corticotropin

Responses
tostress | €

Lipolysis | €———

Adipose tissue

FGF21 can be regarded as a stress-responsive hormone (Fig. 14.5) (Bookout et al.
2013).

1410 FGF21 and CKD

Besides FGF23, serum FGF21 levels start increasing since early stages in CKD
patients (Lin et al. 2011). In a mouse model of CKD (uninephrectomy followed by
high phosphate diet feeding), FGF21 is increased significantly as well (Nakano et al.
2019). We hypothesized that the increase in FGF21 might be a response to stress
caused by CKD and thus required to survive CKD. To test this hypothesis, we
introduced CKD to mice lacking FGF21 (Fgf2] '~ mice) and wild-type mice and
compared their survival curves. As expected, Fgf2/ '~ mice showed poorer prog-
nosis than wild-type mice (Fig. 14.6), indicating that FGF21 is necessary to survive
CKD (Nakano et al. 2019). We next asked if the increased FGF21 in CKD might
induce adverse effects similar to those observed in FGF21 overexpressing transgenic
mice. To determine the circadian rhythm of blood pressure in mice, we placed a
catheter in the internal carotid artery and monitored their arterial blood pressure
continuously over 2 days under the conscious and unrestricted condition using a
telemetry system. Although CKD mice showed a normal circadian rhythm in blood
pressure (high in nighttime and low in daytime), they showed significantly enhanced
blood pressure fluctuation when compared with non-CKD mice (Fig. 14.7a, b)
(Nakano et al. 2019). The enhanced blood pressure fluctuation was attributed to
augmentation of the blood pressure elevating response during physical activity,
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which was associated with increase in sympathetic nerve activity and reciprocal
decrease in parasympathetic nerve activity. Importantly, the CKD-induced blood
pressure dysregulation was not observed in Fgf2 '~ mice (Fig. 14.7¢, d). In
addition, administration of FGF21 alone induced the similar blood pressure
dysregulation in non-CKD mice (Fig. 14.7e, f). These findings indicated that
FGF21 was necessary and sufficient to induce the blood pressure dysregulation
observed in CKD mice (Nakano et al. 2019). This may be also applicable to humans,
because CKD patients universally exhibit activation of sympathetic nerve system
and augmentation of the blood pressure elevating response during physical activity
(Downey et al. 2017).

14.11 Concluding Remarks

There have been two mainstreams of aging research. One is to investigate the
mechanism of longevity evolutionarily conserved among yeasts, nematodes, flies,
mice, and primates, leading to the notion that adequate calorie restriction extends life
span in various experimental animals (Guarente 2013). The other mainstream is to
investigate the mechanism of cell senescence, which revealed the fact that accumu-
lation of senescent cells accelerates aging at the organismal level (Baker et al. 2011).
Based on these findings, calorie restriction mimetics (Ingram et al. 2006) and
senolytic drugs (drugs that kill senescent cells selectively) (Kirkland et al. 2017)
are expected to extend life span in humans. However, even if clinical trials are
successful and these medicines indeed extend the average life span, the healthcare
system in the aging society can get worse unless the health span extension pre-
dominates over the life span extension. By freeing ourselves from these two main-
streams and pursuing the mechanism of aging specific to higher organisms, we may
be able to develop a new antiaging medicine. The FGF-Klotho endocrine system is
unique to vertebrates and may become a novel target of aging research aiming at
extension of health span.
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Fig. 14.7 Effects of FGF21 on blood pressure in mice. Blood pressure was measured continuously
for 2 days using a telemetry system. Each panel represents overlapped line charts of systolic blood
pressure from six mice. The black bars indicate the nighttime. The double arrows indicate the
average amplitude of fluctuation of systolic blood pressure. CKD mice were prepared as described
in Fig. 14.6. Non-CKD mice were prepared by sham-operation at 8 weeks of age and placed on
regular diet containing 0.35% inorganic phosphate throughout the experimental period. (a) Wild-
type non-CKD mice. (b) Wild-type CKD mice. (¢) Fgf21 '~ non-CKD mice. (d) Fgf21 '~ CKD
mice. (e) Wild-type non-CKD mice injected with an adeno-associated virus vector (AAV)
expressing LacZ to serve as a control for (f). (f) wild-type non-CKD mice injected with AAV
expressing FGF21. (Modified from reference Nakano et al. 2019)
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