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ABSTRACT

Osteopenia is common in phenylalanine hydroxylase deficient phenylketonuria (PKU). PKU is
managed by limiting dietary phenylalanine. Osteopenia in PKU might reflect a therapeutic diet,
with reduced bone forming materials. However, osteopenia occurs in patients who never received
dietary therapy or following short-term therapy. Humans and animal studies find no correlation
between bone loss, plasma hyperphenylalaninemia, bone formation, and resorption markers. Work
in the Pah®™*2 mouse recently showed a mesenchymal stem cell (MSC) developmental defect in the
osteoblast pathway. Specifically, Pah®"“? MSCs are affected by energy dysregulation and oxidative
stress. In PKU, MSCs oximetry and respirometry show mitochondrial respiratory-chain complex 1
deficit and over-representation of superoxide, producing reactive oxygen species affecting mito-
chondrial function. Similar mechanisms are involved in aging bone and other rare defects including
alkaptonuria and homocysteinemia. Novel interventions to support energy and reduce oxidative
stress may restore bone formation PKU patients, and in metabolic diseases with related
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mechanisms.

Discovery of phenylketonuria and subsequent
success of dietary management revealed
secondary problems

The Norwegian physician Foelling discovered corre-
lation of phenylketones in the urine with heritable
mental impairment in 1934." Phenylalanine hydro-
xylase (PAH) deficient PKU was the initial treatable
inborn error of metabolism, with response to diet-
ary phenylalanine (Phe) restriction shown in 1953,
an important success that made PKU survivable
with major problems of intellectual impairment
largely controlled.” Dietary substrate restriction
(i.e. Phe restriction) would be the interventional
standard for more than 60 years.

Newer interventions, in brief, include pharma-
cological doses (i.e. 20 mg/kg/day) of the PAH
cofactor  tetrahydrobiopterin ~ (Commercially
known as Kuvan), are effective in mild disease
retaining partial enzyme activity.” Recently, the
US Food and Drug Administration approved alter-
native pathway enzyme therapy with polyethylene
glycol-conjugated phenylalanine ammonia lyase
(the commercial enzyme therapy Palynziq), which
has broad efficacy.* Unlike tetrahydrobiopterin

therapy, Palynziq is effective in classical PKU; how-
ever, the requirement for daily injections has tem-
pered patient enthusiasm for this intervention.

Prospective newborn screening enables early
intervention to eliminate the most severe elements
of neurologic disease. However, even early-
identified, continuously treated patients have
reduced IQ, executive function deficit, seizures,
Parkinsonism, neuropsychiatric phenotypes, and
osteopenia.”® The pathophysiology of PKU neuro-
logic disease is incompletely characterized but
involves asymmetric blood:brain barrier amino
acid transport secondary to Phe over-
representation in blood. Elements including neuro-
transmitter paucities, reduced cerebral protein
synthesis, and direct Phe tissue toxicity are among
hypothesized neuropathology drivers.” Recent
investigation indicates neuropathology involves
unanticipated complexities involving energy dysre-
gulation, oxidative stress, and secondary manifesta-
tions thereof.® '

While neurologic disease is the most prominent
and widely reported PKU disease presentation,
other phenotypes include cardiovascular, optic,
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and abnormalities of the skeleton, which appear to
reflect different mechanisms.'"'* Here we focus on
skeletal abnormalities, specifically on reduced bone
mass in PKU."

Osteopenia in PKU

Feinberg and Fisch described osteopenia in phe-
nylketonuric children in 1962."> This was con-
firmed by Murdoch and Holman shortly
thereafter,'* with many subsequent consistent
reports as recently reviewed in detail."”” In brief,
bone mineral density Z scores of —2.0 in the lumbar
spine are common in early identified and continu-
ously treated patients.'® Similarly, reduced total
body bone mineral density occurs.'” Osteopenia
occurs in well managed and in therapy noncompli-
ant patients. Nonetheless, the pathophysiology of
PKU osteopenia remains poorly characterized.

Initial studies on the mechanism of osteopenia
in PKU

Osteopenia in PKU was, in early work, generally
considered an event secondary to therapeutic diet
with bone components, including calcium and
phosphorous, reduced or biologically unavailable.
Several studies have shown that this is not, at least
in major part, the case. Osteopenia may be present
from an early age without clear relationship to
therapy.'® In some PKU affected children, bone
mineral density is lower despite higher calcium,
phosphorus, and magnesium intake.'” In patients
with PKU with reduced calcium and magnesium
concentrations and decreased bone formation,
there was no relation of bone mass to serum Phe,
protein, or mineral intake, and no differences in
bone resorption.*

Additional studies, considered overall, did not
show a systematic mechanism for reduced PKU
bone mass based on conventional bone studies. In
particular, the obvious potential correlates, includ-
ing serum Phe, did not strongly relate to bone
density. Indeed, some studies show negative corre-
lations of Phe and bone mass.'®*""** Markers of
bone formation, bone resorption, and related
chemistry showed no clear reasons for low bone
mass in PKU.*'"%°
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Early pathophysiological investigation of PKU
osteopenia considered this due to imbalanced
bone formation and resorption, with which it is
difficult to disagree, although this points to no
specific mechanism. Two studies investigated
osteoclastogenesis in PKU patient peripheral
blood. These showed that spontaneous and stimu-
lated (macrophage colony stimulating factor,
M-CSF, and receptor activator of nuclear factor
kB ligand, RANKL) osteoclastogenesis was greater
in PKU patient mixed leukocyte cultures, assayed
by tartrate resistant acid phosphatase (TRAP)
activity.”»** In the recent decade, there has been
no further evidence to substantiate this as a major
disease mechanism. Although the results are not
disputed, these studies do not point to
a comprehensive mechanism of osteopenia in PKU.

Recent studies using mouse models

While osteopenia is not fully penetrant in patients,
the Pah®™™ classical PKU mouse is universally
osteopenic making it ideal to investigate this phe-
notype. Specifically, Dobrowolski et al. used
Pah®™** (C57bl/6 background) to study Phe man-
agement on bone differentiation in vitro and in vivo
by cytology, histomorphometry (static, dynamic),
and biochemistry.”® This showed that Pah®™"? bone
density was decreased 33% relative to wild type.
Bone volume and total volume were decreased,
with increased trabecular spacing. Calcein labeling
showed a 25% decrease in mineral apposition.

Biochemical measurements showed no clear rea-
son for decreased bone formation in the Pah®™
PKU mouse model, with plasma cortisol, adreno-
corticotropic hormone, and 25-hydroxyvitamin
D unaffected. There was a modest increased plasma
PTH in Pah®™* mice relative to controls, and
plasma calcium and phosphate were reduced, con-
sistent with a mineralization defect but not point-
ing to an underlying causative event.

In vitro bone-derived mesenchymal stem cells
(MSCs) were used to assay developmental compe-
tence in osteoblast development. Compared to
C57bl/6 MSCs, Pah®"> MSCs displayed significantly
lower bone mineralization when cultured at physio-
logic Phe concentration and this effect was exacer-
bated by hyperphenylalaninemic  conditions
(1200 puM Phe, the concentration that defines
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Figure 1. Bone formation is reduced in PKU at least in part due to energy deficit. Bone formation requires production of massive ATP
from oxidative phosphorylation, energy required for production of the Type | collagen matrix and for mineralizing the matrix,
dependent in large part on phosphate transport collagen synthesis,>> diagrammed as green collagen matrix and as phosphate
transport (top panel). In PKU, complex 1 activity is significantly compromised with reduced ATP and bone matrix formation (bottom
panel).?” Similar energy dependent effects occur in aging and in other metabolic diseases, the detailed mechanisms of which are not

yet defined 3¢

classical PKU), where mineralization was further
reduced. These data provide the first evidence that
PKU osteopenia involves an MSC developmental
defect in the osteoblast pathway. In Pah®™* MSCs,
expression of Col1A1 and Rankl were suppressed, in
keeping with reduced bone formation and bone
turnover. Interestingly, like the brain which also
host PKU disease phenotypes, MSCs are function-
ally PAH deficient as they neither express the PAH
gene nor hydroxylate Phe. These data suggest PKU
biochemical insult affects MSC differentiation in the
osteoblast pathway.

Further mechanistic elements of Pah®™* MSC
osteoblast developmental deficit were recently

described.”” Applying Phe restriction to Pah®™?

mice effectively reduces plasma Phe to ~200 uM
(untreated Pah®™* 2,000-2200 uM). Two months of
Phe management did not improve bone density rela-
tive to untreated animals by histomorphometry, sug-
gesting mechanisms of PKU osteopenia involve more
that Phe insult.

In contrast, oxidative stress has previously been
recognized in PKU patients and in animal
models.”* '  Evaluating Pah®™ MSCs with
MitoSox Red labeling, a specific superoxide stain,
identified oxidative stress compared to controls.
Since superoxide might be a product of
a mitochondrial proton leak, differentiating
Pah®™? MSCs were assessed by oximetry (using
the Seahorse XF, Agilent Instruments, Santa



Clara, CA) where a pattern consistent with mito-
chondrial stress was identified including reduced
maximal respiration and respiratory reserve.

Respirometry (Oroboros Oxigraph 2 K plat-
form, Innsbruck, Austria) identified a partial
respiratory-chain complex 1 deficit as being con-
sistent with the superoxide oxidative stress.
Energy dysregulation is, thus, the probable
cause, at least in part, of Pah*™**> MSC dysfunc-
tion (Figure 1). Further investigation of the role
of oxidative stress applied the stilbene derivative
polyphenol antioxidant resveratrol in the course
of Pah®™? MSC differentiation.’® Resveraltrol
increased the Pah®™*? MSC mitochondrial mass,
and partially restored alkaline phosphatase activ-
ity in situ during osteoblast differentiation. This
reflects that oxidative stress reduction improves
energy-intensive bone formation where energy
supports type I collagen synthesis and matrix
mineralization, in large part due to phosphate
transport.”> Related findings include mitochon-
drial dysfunction with bone loss in aging,**
altered redox status and mitochondrial function
in alkaptonuria,” and elevated homocysteine,*
among many others.

Specific mitochondrial components will be
investigated for more specific causes of the
mitochondrial function defect. These might
include expression of mitochondrial subunits,’”
which might reflect mitochondrial genome or
nuclear elements of mitochondrial subunits.
The detailed mechanism may be valuable in
treatment of PKU and related diseases with
bone loss.

Conclusions and perspectives

(1) Overall, it appears that impaired MSC differ-
entiation in Pah®™ at least in part is due to
an energy deficit.

(2) Further analysis MSC differentiation, energy
support with MSC preferred energy sub-
strates (e.g. Gln) and effects of antioxidant
treatment may identify means to manage
osteopenia in PKU patients.

(3) Because similar mechanisms are involved in
other rare metabolic syndromes, the effects
of antioxidant treatment might improve out-
comes in several diseases.
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Highlights

Phenylketonuria, aging, and other rare inherited diseases cause
reduced bone formation via reduced mitochondrial function.
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