
Mesenchymal stem cell energy deficit and oxidative stress 
contribute to osteopenia in the Pahenu2 classical PKU mouse

Steven F. Dobrowolskia,*, Cayla Sudanoa, Yu Leng Phuab, Irina L. Tourkovaa,c, Kayla 
Spridika, Eric S. Goetzmanb, Jerry Vockleyb, Harry C. Blaira,c

aDepartment of Pathology, University of Pittsburgh, School of Medicine, Pittsburgh, PA 15224, 
United States of America

bDivision of Medical Genetics, Children's Hospital of Pittsburgh, Pittsburgh, PA 15224, United 
States of America

cPittsburgh Veteran's Affairs Medical Center, Pittsburgh, PA 15261, United States of America

Abstract

Osteopenia occurs in a subset of phenylalanine hydroxylase (PAH) deficient phenylketonuria 

(PKU) patients. While osteopenia is not fully penetrant in patients, the Pahenu2 classical 

PKU mouse is universally osteopenic, making it an ideal model of the phenotype. Pahenu2 

Phe management, with a Phe-fee amino acid defined diet, does not improve bone density 

as histomorphometry metrics remain indistinguishable from untreated animals. Previously, we 

demonstrated Pahenu2 mesenchymal stem cells (MSCs) display impaired osteoblast differentiation. 

Oxidative stress is recognized in PKU patients and PKU animal models. Pahenu2 MSCs experience 

oxidative stress determined by intracellular superoxide over-representation. The deleterious 

impact of oxidative stress on mitochondria is recognized. Oximetry applied to Pahenu2 MSCs 

identified mitochondrial stress by increased basal respiration with concurrently reduced maximal 

respiration and respiratory reserve. Proton leak secondary to mitochondrial complex 1 dysfunction 

is a recognized superoxide source. Respirometry applied to Pahenu2 MSCs, in the course of 

osteoblast differentiation, identified a partial complex 1 deficit. Pahenu2 MSCs treated with the 

antioxidant resveratrol demonstrated increased mitochondrial mass by MitoTracker green labeling. 

In hyperphenylalaninemic conditions, resveratrol increased in situ alkaline phosphatase activity 

suggesting partial recovery of Pahenu2 MSCs osteoblast differentiation. Up-regulation of oxidative 

energy production is required for osteoblasts differentiation. Our data suggests impaired Pahenu2 

MSC developmental competence involves an energy deficit. We posit energy support and oxidative 

stress reduction will enable Pahenu2 MSC differentiation in the osteoblast lineage to subsequently 

increase bone density.
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1. Introduction

Phenylalanine hydroxylase (PAH) deficient phenylketonuria (PKU) is prominently defined 

by neurologic phenotypes. However, a patient subset presents with osteopenia. Feinberg and 

Fisch initially described osteopenia in PKU affected children [1], confirmed by Murdoch 

and Holman [2], and subsequently reported many times [3-10]. Pathophysiology of PKU 

osteopenia remains ambiguous. Originally and without supportive evidence, it was suggested 

PKU osteopenia was secondary to dietary therapy whereby calcium, phosphorous, and 

other bone forming material are reduced or rendered biologically unavailable; however, 

osteopenia is observed in patients that never received diet therapy and young patients after 

short-term therapy making dietary causation a less tenable hypothesis. Several studies find 

no correlation between plasma Phe concentration and osteopenia [11-17]; while, others show 

a negative correlation [18,19]. Biochemical parameters including bone formation markers 

[18,19], bone resorption markers [20,21], and other bone-related biochemistry [16,18,21] 

provide no consensus for PKU osteopenia risk.

While osteopenia is not fully penetrant in PKU-affected patients, the Pahenu2 classical PKU 

mouse is universally osteopenic. Osteoblast differentiation studies in Pahenu2 mesenchymal 

stem cells (MSCs) demonstrated reduced capacity for osteoblast differentiation and reduced 

expression of genes critical to osteoblast identify and function [22,23]. In the present 

study, we determined Phe-restriction with amino acid defined diet did not improve bone 

histomorphometry metrics. Oxidative stress is described in PKU models [24,25] and patients 

[26-28], being an imbalance between reactive oxygen species (ROS) and the capacity to 

buffer reactive species. We demonstrate superoxide over-representation in Pahenu2 MSCs, 

indicating oxidative stress. Resting and proliferating MSCs derive energy primarily from 

glycolysis [29]; however, upon stimuli for osteoblasts differentiation, oxidative energy 

production is upregulated [30,31 ]. Oximetry in Pahenu2 MSCs demonstrates reduced 

maximal respiration, and respiratory reserve. Respirometry of differentiating Pahenu2 MSCs 

determined a partial complex 1 respiratory chain deficit contributes to mitochondrial 

dysfunction. Moreover, proton leak, a common consequence of complex 1 dysfunction, is a 

recognized source of superoxide, precipitating oxidative stress.

A variety of small molecule antioxidants scavenges ROS. The antioxidant resveratrol 

(3,5,4′-trihydroxy-trans-stilbene) enhances human MSC osteoblast differentiation [32]. 

Resveratrol applied to Pahenu2 MSCs within the context of hyperphenylalaninemic 

conditions, increased mitochondria mass and up-regulated in situ alkaline phosphatase 

activity suggesting enhanced osteoblast differentiation. PKU osteopenia is without any 

specific intervention; as systemic Phe management is the singular approach applied to all 

disease phenotypes. This study suggests oxidative stress management augments Pahenu2 

MSC osteoblast differentiation, which may improve bone density.
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2. Methods

2.1. Animal management

Pahenu2 and control animal propagation used an approved protocol at Rangos Research 

Center vivarium at Children's Hospital of Pittsburgh. Experimental cohorts were generated 

crossing a heterozygous female to a heterozygous male. Genotyping to distinguish affected 

from unaffected animals was performed as described [33]. A cohort of homozygous 

Pahenu2 received dietary Phe management at weaning (day 21 of life) as described to 

generate consistent blood Phe of ~200 μM [22,23]. Control animals and unrestricted 

Pahenu2 (blood Phe ~2000–2200 μM) received standard laboratory chow. Animals for 

microcomputed tomography assessment (control, PKU without Phe management, PKU with 

Phe management) were sacrificed at 4 months of age. Animals for MSC harvest (control, 

PKU) were sacrificed at 2–3 months.

2.2. Microcomputed tomography

Each experimental (Pahenu2 Phe managed, Pahenu2 without management) and control animal 

cohort consisted of six animals (three male, three female). Pahenu2 cohorts (Phe restricted, 

unrestricted) were sacrificed 3 months after weaning. Blood Phe among animals receiving 

amino acid defined diet was maintained at ~200 μM for 12 weeks. Trabecular bone 

histomorphomery by microcomputed tomography was performed in a randomized and 

blinded manner. Analysis was performed as described [22,23]. Briefly, 4% formalin fixed 

lumbar vertebrae where scanned in 70% ethanol (6 μM resolution) with a Skyscan 1272 

microCT. Image reconstruction and analysis used Data-viewer, CTvox, and CTscan software 

[22,23].

2.3. Mesenchymal stem cell culture and osteoblast differentiation

From Pahenu2 animals receiving a standard diet (blood Phe ~2000–2200 μM) and control 

animals, epiphysis were removed from the dissected femur and tibia, and bone marrow was 

flushed with media (RPMI-1640, 10% fetal calf serum) using an insulin syringe. MSCs 

were cultured as described [22,23]. Briefly, from primary tissue aspirate, erythrocytes were 

removed with red cell lysis buffer. Cells are plated in T25 flasks for 3–8 h after which 

non-adherent cells are collected. Short-term plating removes rapidly adhering fibroblast-like 

cells. Non-adherent cells are re-plated in a T25 flask for 72 h after which remaining 

non-adherent cells are discarded. Proliferation media (MesenCult Proliferation Kit (mouse), 

Stemcell Technologies) is provided to adherent cell with subsequent passage at 60% 

confluence, to avoid unintended differentiation. Osteogenic differentiation applies media 

supplemented with 35 μg/ml L-ascorbic acid, 10 mM β-glycerolphosphate, 10 pM ACTH, 

10 nM 1α,25-dihydroxyvitamin D3, and 0.5 mM CaCl2 [34]. Hyperphenylalaninemic 

conditions are achieved in some cultures by supplementing Phe to a final concentration 

of 1200 μM being the minimum Phe concentration defining classical PKU [22,35]. Cultures 

were provided fresh media at 72-h intervals. A resveratrol stock was created by dissolving 

dry chemical in ethanol to a concentration of 5 mM. Stock material was diluted in culture 

media to a final concentration of 5 μM. Resveratrol renewal occurred in the course of culture 

maintenance as described above. Osteoblast differentiation was assessed by in situ alkaline 

phosphatase activity. In situ alkaline phosphatase activity used 0.05% napthol AS-MX 
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substrate and visualized as described [22,23]. Stained culture plate scoring was as described 

[22,23].

2.4. Assessment of superoxide and mitochondrial mass

Cellular superoxide quantification stains cells with MitoSox Red (superoxide staining) and 

MitoTracker Green (mitochondria mass determination) as described [36-38]. Briefly, cells 

are harvested, washed in PBS, and resuspended (106 cells/ml) in complete media. MitoSox 

Red is added to 5 μM while MitoTracker Green is added to 450 nM. Following a 30 min 

incubation at 37 °C, samples of 104 cell are analyzed in a Becton Dickinson FACSAria II 

flow cytometer. Experimental and control cohorts each consist of cells from four animals 

(two male, two female).

2.5. Oximetry

An XF96 Analyzer (Seahorse, Agilent Technologies, Santa Clara, CA) was used to measure 

oxygen consumption. MSCs were prepared from Pahenu2 or control animal cohorts (four 

animals/cohort, two male, two female). MSCs were seeded in poly-D-Lysine-coated plates 

and grown to confluence. Individual plates compared one Pahenu2 and one control animal, 

where each assessment utilized eight technical replicate wells. Cellular oxygen consumption 

was assessed as described [37,38]. Prior to assessment, medium was replaced with Seahorse 

XF DMEM medium, pH 7.4 supplemented with 10 mM glucose, 1 mM pyruvate, 2 mM 

L-glutamine, and cells were incubated in a non-CO2 incubator at 37 °C for 1 h prior to 

oximetry. Oxygen consumption rate was determined at baseline, with sequential addition 

of oligomycin (1.5 μM), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 1 

μM), and rotenone + antimycin A (0.5 μM). Finally, cells were lysed and protein content 

determined as described [37,38]. Data is normalized to protein concentration and oxygen 

consumption rate is reported in pmol/min/mg protein. ATP production was calculate from 

oximetry data as described [37,38].

2.6. High resolution respirometry

An Oxygraph 2 K HRR was used (Oroboros Instruments, GMBH, Innsbruck, Austria) for 

respirometry. Pahenu2 and control MSCs were grown to confluence in T75 flasks. Induction 

of osteoblast differentiation was as above. Following 14 days of induction, cells are scraped 

from the culture surface, washed with PBS, and pelleted. While trypsinization is ineffective 

to release differentiating MSCs monolayers, trypsin was applied secondarily (1 min 37 °C) 

to scraped cells, followed by vortexing (15–20 s). Subsequently, cells were washed twice 

with complete media and resuspended. This process leveraged greater surface area access of 

scraped material, which released individual cells to enable counting with a hemocytometer. 

One million MSCs were homogenized in Mir05 buffer (110 mM sucrose, 0.5 mM EGTA, 

3 mM MgCl2, 60 mM potassium lactobionate, 10 mM KH2PO4, 20 mM HEPES, pH 7.2) 

and strained to remove debris. Homogenate is added to respiration chambers. Malate (5 

mM), ADP (5 mM), pyruvate (5 mM) and glutamate (5 mM) successive addition stimulates 

Complex I [39]. At steady state, 10 mM succinate is added assessing combined Complex 

I and II activities. Next, 10 mM cytochrome C is added assessing mitochondrial integrity 

followed by 0.5 M carbonyl cyanide 3-chlorophenylhydrazone uncoupling the mitochondria 

membrane inducing maximum respiration. Complex II respiration is defined as respiration 
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after addition of 10 mM succinate (Complexes I, II) minus the rate of respiration on malate/

pyruvate/ADP (Complex I). Oxygen consumption was normalized to protein content with 

scaling of experimental to control data.

2.7. Statistics

Data were compared using Student's t-test. Graphpad software is used for data analysis with 

differences considered significant when p ≥ 0.05.

3. Results

3.1. Phe management does not improve Pahenu2 bone density

Fig. 1 provides histomorphometry metrics for Pahenu2, Pahenu2 after 3 months of Phe 

restriction, and control animals. Displayed are bone volume/total volume, bone surface 

density, trabecular number, and total porosity. While Pahenu2 differs from control in all 

metrics, no difference is observed between animals with uncontrolled PHE homeostasis 

(~2000–2200 μM Phe) and animal under PHE management (~200 μM Phe). These data 

show dietary Phe management with amino acid defined diet is without effect to improve 

Pahenu2 bone density. Aggregate data from male and female animals is analyzed together. 

These studies focus on PKU verses managed PKU and no attempt is made to demonstrate a 

bone density difference related to sex.

3.2. Superoxide Over-representation in Pahenu2 MSCs

Oxidative stress occurs in PKU models and PKU patients [24-28]. MitoSox Red dye 

specifically stains superoxide. Fig. 2 demonstrates Pahenu2 MSCs have greater superoxide 

content than control MSCs. Over-representation of the reactive oxygen species superoxide 

defines oxidative stress is occurring in Pahenu2 MSCs.

3.3. Oximetry of Pahenu2 MSCs identifies mitochondrial impairment

Intra-mitochondria oxidative stress adversely affect mitochondrial function [40-42]. 

Oximetry measurements utilized MSCs from four control animals (two male, two female) 

and four Pahenu2 animals (two male, two female). Fig. 3 compares oxygen consumption of 

Pahenu2 and control MSCs. Compared to control MSCs, Pahenu2 MSCs display increased 

basal respiration with increased ATP production. Concurrently, there is reduced maximal 

respiration and respiratory reserve capacity. These data are consistent with mitochondrial 

stress. In normal human MSCs and mouse MSCs, oximetry studies demonstrated that up-

regulation of oxidative metabolism is required for MSC osteoblast differentiation [31,32]. 

These data show aberrant oxygen consumption in Pahenu2 MSCs suggesting stress, which 

may impair capacity to up-regulate energy production and support osteoblast differentiation.

3.4. Respirometry demonstrates complex 1 functional deficit

Fig. 2 oxidative stress and Fig. 3 mitochondria oxygen consumption motivated respiratory 

complex functional assessment. The Oroboros system compares respiratory complex 1 

and complex 2 activities in response to substrate activation. Fig. 4 shows attenuated 

complex 1 stimulation following successive induction by malate, ADP, pyruvate, and 
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glutamate in Pahenu2 MSCs compared to control MSCs. The profile shown in Fig. 4 is 

representative of three assessments (MSCs from one male and two female animals, both 

control and Pahenu2) where reduced complex 1 activity is consistently observed. These data 

observed concurrently with ROS over-representation suggest complex 1 deficit contributes 

to mitochondria functional impairment as displayed in Fig. 3.

3.5. Resveratrol increases mitochondrial representation and partially rescues osteoblast 
differentiation

The polyphenol antioxidant resveratrol enhances human MSC osteoblast differentiation 

[32]. Pahenu2 MSCs (four animals, two male, two female) and control MSCs (four 

animals, two male, two female) were treated with 5 μM resveratrol for 2 weeks. Fig. 

5A shows Mitotracker Green staining demonstrating mitochondrial mass in the context 

of standard culture conditions, PHE insult, and PHE insult plus resveratrol. Bars on the 

left (control, Pahenu2), show mitochondria content of Pahenu2 is reduced under standard 

culture conditions. Bars on the right, show PHE insult further reduces mitochondria content; 

however, even in the context of hyperphenylalaninemia resveratrol serves to increase 

mitochondria mass. The far right bar demonstrates in the context of 1200 μM PHE, 

mitochondria content is significantly increased. Fig. 5B assesses in situ alkaline phosphatase 

activity among control MSCs, Pahenu2 MSCs, and Pahenu2 MSCs treated with resveratrol (5 

μM) following21 days of osteoblast differentiation. In the context of hyperphenylalaninemic 

conditions (1200 μM PHE), resveratrol treatment partially rescues alkaline phosphatase 

activity suggesting improved osteoblast differentiation.

4. Discussion

Legacy data (1969–1975) identified mitochondrial dysfunction in PKU precipitated by Phe 

and the Phe catabolite phenylpyruvate [43-46]. Contemporary investigations of mitochondria 

involvement in PKU and characterization of oxidative stress in patients and animal models 

gives further credence to mitochondrial participation in PKU pathophysiology [47-50]. 

Essentially the entire PKU osteopenia literature is clinical and descriptive. In the PKU 

osteopenia space, there is a genuine paucity of pathophysiological investigation. The Pahenu2 

mouse is universally osteopenic providing a system to investigate bone pathology. Our prior 

studies demonstrated Pahenu2 MSCs display compromised osteoblast differentiation. Data 

presented herein demonstrates Pahenu2 MSCs experience oxidative stress and mitochondria 

functional deficits that we hypothesize are contributory to impaired osteoblast development.

Oxidative stress in PKU is established. The relationship between oxidative stress and 

mitochondria dysfunction is equally established. Oximetry studies in normal human MSCs 

and two stains of mouse MSCs demonstrate osteoblast differentiation requires increased 

oxidative metabolism [30,31]. It is hypothesized, oxidative metabolism is required to support 

extracellular matrix production [51]. MitoSox Red dye specifically stains superoxide. 

Oxidative stress in Pahenu2 MSCs owing to superoxide (Fig. 2 )led us to suspect an 

energy production defect contributed to impaired osteoblast differentiation. The Seahorse 

MitoStress test identified deficient mitochondrial functional metrics in Pahenu2 MSCs, 

the most relevant being reduced maximum respiratory rate and respiratory reserve (Fig. 
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3). These data coincide with oxidative stress (Fig. 2) to further support energy deficit. 

Superoxide is a recognized product of proton leak associated with respiratory chain complex 

1 dysfunction [52]. Data in Fig. 4, we interpret as a Pahenu2 MSCs complex 1 respiratory 

deficit as it occurs concurrently with superoxide over-representation (Fig. 2). Similar 

respirometry data could be generated by a mitochondrial pyruvate transport deficit, pyruvate 

dehydrogenase deficit, or a Kreb cycle enzyme deficit. Future studies will address alternative 

means whereby respirometry results may be generated. Regardless, the summation of these 

data (ROS overrepresentation, oximetry, respirometry) suggests mitochondria functional 

deficit contributes to Pahenu2 impaired osteoblast development.

PKU medical formula contains antioxidants. However, oxidative stress has been observed 

in therapy compliant patients suggesting it may be necessary to consider increased 

antioxidant utilization [27,28]. Figs. 5A-B provide evidence that antioxidant treatment 

increases mitochondrial mass and MSC competence for osteoblast differentiation. These 

data provide encouraging evidence that regimens to reduce oxidative stress may increase 

in vivo MSC differentiation to subsequently increase bone density. This initial observation 

gives indication for further assessment of antioxidants in MSC developmental (alternative 

antioxidants, higher dosage, longer dose duration, molecular assessment, oximetry, etc); 

however, we suggest energy substrates may further support osteoblast development. MSCs 

have unique energy substrate specificity which includes glutamine, glutamine catabolic 

products (glutamate, α-ketoglutarate), and unsaturated fatty acids [53-55]. Providing 

MSC-preferred substrates may enhance energy production leading to increased osteoblast 

differentiation and improved bone density. A further benefit of glutamate (through direct 

supplementation or glutamine catabolism) is repleting glutathione to combat oxidative 

stress. Relating to both antioxidants and preferred energy substrates are studies of bone 

density and response to glycomacropeptide diet. It is demonstrated in Pahenu2 that 

glycomacropeptide Phe management increases bone density yet does so in the context 

of higher Phe homeostasis (~750 ~M Phe in blood) [56]. Glycomacropeptide prebiotic 

properties may reduce oxidative stress to support the Fig. 5 antioxidant study [57]. 

Furthermore, plasma amino acid assessment of Pahenu2 and control animals managed with 

glycomacropeptide presented higher glutamate and glutamine concentrations than cohorts 

(Pahenu2, Control) provided either amino acid defined diet or casein-based diet [56]. These 

independently generated data, showing bone density improvement concurrent with increased 

MSC preferred energy substrates gives indication for further investigation of substrate-based 

intervention.

In the Pahenu2 mouse, we determined dietary Phe management (Fig. 1) with amino acid 

defined diet does not restore bone density. Our previous investigation demonstrated Pahenu2 

MSCs have a developmental defect in the osteoblast lineage. Presently, we demonstrate 

Pahenu2 MSCs experience oxidative stress, aberrant mitochondrial oxygen consumption, 

and a partial complex 1 respiratory chain deficit. These data indicate dysfunctional 

energy production. Up-regulation of oxidative energy production is required for osteoblast 

differentiation; therefore, the current study suggests energy deficit contributes to Pahenu2 

osteopenia. Resveratrol partially rescued Pahenu2 MSC in situ alkaline phosphatase activity 

suggesting oxidative stress reduction enhances osteoblast differentiation. Continuing studies 

are required investigate in vitro MSC cell culture systems for the effect of supplemental 
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energy substrates and additional antioxidant regimens. Transition to Pahenu2 animal studies 

is underway.
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Fig. 1. 
Bone metrics in control animals, untreated PKU, and PHE restricted PKU. (N = 6 animals/

group). PKU animals display reduced bone volume, surface density, and trabecula number 

compared to control; however, PHE-restriction does not improve these metrics. Untreated 

and PHE restricted animal have greater porosity. In all metrics assessed, there are no 

significant differences between untreated Pahenu2 and treated Pahenu2. WT = wild type 

C57bl/6 mouse, PKU = Pahenu2 mouse. N = 6 animals/cohort, 3 male, 3 female.
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Fig. 2. 
Superoxide labeling (MitoSox Red) normalized to mitochondrial mass (MitoTracker Green). 

The Pahenu2 MSCs have greater superoxide content than control MSCs, N = 4, **** = p < 

0.0001.
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Fig. 3. 
Seahorse oximetry of Pahenu2 and Control MSCs. Basal respiration and ATP production 

are higher in Pahenu2 MSC. Maximal respiration and spare respiratory capacity are lower 

in Pahenu2 MSCs. This combination of phenotypes suggests mitochondrial stress. Y-axis 

OCR = oxygen consumption rate. * pW.05, *** p:50.001; **** p:50.0001; WT = C57BL/6 

MSCs; PKU = Pahenu2 MSCs.
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Fig. 4. 
Oroboros respirometry of differentiating Pahenu2 and Control MSCs. Fig. 4 provides a 

representative profile of consistent results from three independent assessments using MSCs 

from one male and two female animals. Substrate induced respiratory chain complex 1 

activity is lower in Pahenu2 MSCs. Ctrl = control MSCs, PKU = Pahenu2 MSCs, Cl = 

respiratory chain complex 1, Cll = respiratory chain complex 2, Mal = malate, ADP = 

adenosine diphosphate, Pyr = pyruvate, Glut = glutamate.
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Fig. 5. - 
Fig. 5A. Resveratrol Increases mitochondrial mass in PKU MSCs. The left two bars show 

control and Pahenu2 MSCs cultured in standard media. Mitochondria mass is greater 

in control cells. The right Bars show control and Pahenu2 MSCs cultured in 1200 μM 

PHE, where resveratrol leads to increased mitochondrial mass in Pahenu2 cells. Fig. 5B. 

Resveratrol Improves MSC Osteoblast Differentiation. In situ alkaline phosphatase activity 

is shown in differentiating control MSCs, Pahenu2 MSCs, and Pahenu2 MSCs treated with 

resveratrol. A statistically significant increase in alkaline phosphatase activity is seen with 

resveratrol treatment. N = 4, ** p < 0.01, **** p < 0.0001.
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