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Abstract
Background and objective
Neurofibromatosis type 1 (NF1) is a common, incurable genetic disorder that causes neuronal tumors and
other symptoms. Emerging evidence suggests that neurofibromin mutations dysregulate mitochondrial
metabolism. We developed and tested a biomarker approach for the first time to assess mitochondrial
dysfunction among NF1 patients and its association with adverse health outcomes. 

Methods
We conducted a prospective observational clinical study, enrolling 44 NF1 patients and 11 controls without
neurofibromin defects. We isolated peripheral blood mononuclear cells (PBMCs) from the subjects and
measured mitochondrial function. Patient data were collected from biomedical evaluations and
questionnaires assessing fatigue and pain; these results were then correlated with mitochondrial
measurements.

Results
NF1 led to significant differences in the extracellular acidification rate (ECAR) (p = 0.008) but not in oxygen
consumption rates (OCR). The OCR versus ECAR plot indicated a glycolytic bias in NF1 patients. Patient-
reported pain was positively correlated with OCR (p = 0.003) but not with ECAR (p = 0.4). There were no
correlations observed for fatigue. The severity of pain and fatigue were also positively correlated (p < 0.002). 

Conclusions
This pilot project was the first study in humans to suggest that NF1 patients may have a dysregulation in
cellular respiration towards less aerobic, more glycolytic metabolism. Additionally, the findings suggest that
the pain experienced by NF1 patients may be linked to this energy dysfunction.

Categories: Neurology, Genetics, Oncology
Keywords: bioenergetics, glycolysis, mitochondria, neurofibromatosis, nf1, pain, peripheral blood mononuclear cells,
pilot, prospective observational study

Introduction
Neurofibromatosis type 1 (NF1) is a common, yet incurable, genetic disorder affecting approximately one in
2,750 people worldwide [1,2]. Its hallmark traits include various types of peripheral and central nervous
system tumors, along with a wide range of symptoms such as pigmentary lesions, cognitive deficits, and
musculoskeletal abnormalities [2,3]. The clinical phenotype arises from predominantly point mutations
(90%) in the NF1 tumor suppressor gene, which encodes neurofibromin [4]. The most well-characterized
function of neurofibromin is its stimulation of Ras GTPase activity, leading to Ras inactivation and
suppression of signaling through multiple effectors, including mTOR, MEK, ERK, and, indirectly, cAMP/PKA
[5-7]. The wide range of NF1 mutations and hereditary mosaicism pose significant challenges for
understanding the relationship between genotype and phenotype. This variability is also observed in the
clinic, where even monozygotic twins can present with different medical complications, highlighting the
potential importance of epigenetics in NF1 syndrome [8,9].

Emerging evidence suggests that neurofibromin mutations dysregulate both cellular and organismal
metabolism. NF1 patients exhibit decreased respiratory quotients (the ratio of carbon dioxide eliminated per
unit of oxygen consumed), indicating that neurofibromin defects alter their basal metabolic rates [10].
Similarly, animal knockout models demonstrate reduced respiratory quotients, decreased lipid storage, and
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increased energy expenditure [11-13]. Further analysis of isolated cells lacking neurofibromin reveals lower
basal and coupled respiration, diminished maximal and spare respiratory capacities, and elevated levels of
reactive oxygen species. This emphasizes the critical role of neurofibromin in maintaining normal
mitochondrial function [13].

Along with NF1 genetics, therapeutic interventions may also influence mitochondrial function. MEK
inhibitors are the only FDA-approved treatment for plexiform neurofibromas in NF1 patients, yet these
drugs are associated with high incidences of drug-induced toxicities [14-16]. Possible contributors to these
adverse effects include their capacity to increase oxygen consumption rates and alter mitochondrial
metabolism, affecting complex I and the electron transport chain [17,18]. Although there is no consensus in
the field, vitamin D administration may potentially improve mitochondrial function, offering a basis for
better health outcomes in patients [19].

In light of this information, we hypothesized that NF1 mutations may affect cellular bioenergetics in
patients, potentially contributing to adverse health outcomes such as pain and fatigue. Both symptoms are
commonly observed in patients with mitochondrial diseases and are particularly prevalent in individuals
with NF1, to the extent that they are included as measured outcomes in clinical trials for this population
[14-16,20].

Materials And Methods
Study design
This pilot study was conducted at the University of Arkansas for Medical Sciences (UAMS) from August 2023
to August 2024 with the following objectives: to investigate mitochondrial respiratory dysfunction in
peripheral blood mononuclear cells (PBMCs) in patients with NF1; to investigate whether mitochondrial
respiration dysfunction correlates with clinical symptoms; and to assess the impact of therapeutical
interventions on mitochondrial function and metabolic plasticity in the circulating cells of NF1 patients.
Subjects were recruited from the Adult Neurofibromatosis Clinic on campus, and consent was obtained
before inclusion and testing. This study was approved by the UAMS Institutional Review Board (study
number: 274877).

Subject population
The study included adult participants divided into two groups: a control group (comprising NF1 patients'
chaperones) and an NF1 patient group. The eligibility criteria for the control group were being over 18 years
of age and consenting to provide a 10 ml blood sample. The exclusion criteria for the control group included
a personal or family history of neurofibromatosis or schwannomatosis. For the NF1 patient group, the
eligibility criteria were adults over 18 years of age, a confirmed diagnosis of NF1, and agreement to provide
serial blood samples as well as complete pain and fatigue questionnaires on the same day as blood
collection. The exclusion criterion for the patient group was current treatment for a malignancy.

Clinical evaluation
During this study, we collected basic demographic information from NF1 patients and controls. NF1 subjects
were active patients at the UAMS Adult NF Clinic, so we also collected additional data from standard
biochemical laboratory tests, as well as BMI, height, and echocardiograms. These tests were performed in
accordance with guidelines from the Mitochondrial Disease Society for evaluating patients being
investigated for mitochondrial disorders [20]. The rationale for following this protocol was that this pilot
study focuses on assessing energetic metabolism, and patients with mitochondrial diseases and NF1
patients share multiple clinical features, including short stature, fatigue, pain, and hearing disorders [20].

We collected a single blood sample from control subjects at the time of consent. For NF1 patients who
consented, blood collections were performed three times at one-month intervals. This schedule was chosen
because this pilot project aimed to explore how results might vary over time. It was also important to
evaluate whether changes in oxygen consumption rates (OCR) and extracellular acidification rate (ECAR)
correlated with clinical symptoms such as pain and fatigue, as well as with the use of MEK inhibitors.
Additionally, pain and fatigue intensity in patients were assessed at each blood collection using the self-
reported Numerical Pain Rating Scale (NRS-11) and the Functional Assessment of Chronic Illness Therapy-
Fatigue (FACIT-F) scale.

Mitochondrial respiration and cellular bioenergetics
Mitochondrial function and cellular bioenergetics were measured in PBMCs isolated from collected blood
samples. SepMate™ PBMC isolation tubes and Lymphoprep™ density gradient medium (STEMCELL
Technologies, Vancouver, Canada) were used for PBMC isolation according to the manufacturer’s protocol.
Freshly isolated cells were counted, and 225,000 cells per well were plated on Cell-Tak™ (Corning, Corning,
NY) coated XF-Pro well plates using Seahorse XF DMEM assay medium supplemented with glutamine and
pyruvate. The plate was centrifuged at 200 × g at room temperature for 90 seconds (acceleration = 1;
deceleration = 0). After confirming cell attachment, the cells were incubated in a non-CO₂ incubator for 20
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minutes at 37 °C.

The cellular bioenergetics of PBMCs were measured using an Agilent Seahorse XF-Pro Extracellular Flux
Analyzer (Agilent, Santa Clara, CA). Specifically, we performed the standard mitochondrial stress test by
consecutively injecting oligomycin (ATP synthase inhibitor, 10 μM), BAM15 (uncoupler, 3 μM; N5,N6-Bis(2-
fluorophenyl)(2,1,3)oxadiazolo(4,5-b)pyrazine-5,6-diamine), and the mitochondrial electron transport chain
inhibitors antimycin A and rotenone (10 μM) into the wells, as previously described [21-23]. Technical
replicates (a minimum of eight wells per condition) were run for each sample, and wells exhibiting injection
artifacts were excluded. The resulting data were normalized to viable cell number, determined by trypan
blue exclusion, in accordance with established PBMC extracellular flux protocols [24-26].

Statistical analyses 
All calculations were performed using the statistical package in GraphPad Prism version 10.5 (GraphPad
Software, Boston, MA). Data were expressed as mean ± standard deviation (SD), with corresponding median
values also reported. Descriptive statistics were presented as frequencies (percentages). Comparisons
between two groups were made using an independent-sample t-test for normally distributed numeric
variables. The Kolmogorov-Smirnov test was used to assess normality. Given differences in sample size
between controls and NF1 patients, Welch’s t-test was applied when appropriate. Categorical data were
analyzed using the Chi-square test. Associations between measured mitochondrial function tests (OCR and
ECAR), reported clinical symptoms (fatigue and pain), patient characteristics (height and BMI), or vitamin D
levels among NF1 patients were assessed using the Pearson correlation test. The potential association
between patient-reported pain and fatigue was also evaluated using Pearson correlation. Statistical
significance was set at p < 0.05.

Results
Subject characteristics
Forty-four patients with NF1 and eleven controls were enrolled in this study (Figure 1, Table 1). The NF1
patient group had an average age of 43 years, which was similar (p = 0.43, t-test) to that of the control group
(48 years). The gender distribution varied slightly between the two groups but was not statistically
significant (p = 0.12, Chi-square test). Anthropometric characteristics of the NF1 group indicated that half of
the patients fell within the first percentile of the American adult population height distribution for their
respective sexes. Only two patients (5%) had a BMI of less than 20. The biochemical profile revealed that the
most common abnormality was low creatine kinase levels. Additionally, one quarter of the patients
exhibited vitamin D deficiency at the time of consent or in the past. Similarly, one quarter of the patients
had hemoglobin levels outside the normal range. Liver dysfunction was rare. A total of 31 patients
underwent echocardiograms, with most showing normal results. Identified abnormalities included right-
sided dilatation (1), interatrial septum abnormalities (1), structural valvular alterations (2), and pericardial
effusion (1). Notably, one patient who had a normal echocardiogram at the beginning of the study
experienced a 10% decrease in ejection fraction during treatment with a MEK inhibitor.
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FIGURE 1: Study design illustration
Group allocation (controls and NF1 patients) and breakdown for the number of subjects providing blood samples
for Seahorse analyses and questionnaire responses for patient-reported fatigue (FACIT-F) and pain (NRS-11).
When possible, NF1 patients provided samples and responses at each of the three visits, while controls provided
only blood samples

NF1: neurofibromatosis type 1; FACIT-F: the Functional Assessment of Chronic Illness Therapy-Fatigue;
NRS: Numerical Pain Rating Scale
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Group/subgroup Patients (n = 44) Controls (n = 11) Statistics

Age (years)   p = 0.43, t-test

Range 21-74 22-66  

Median 43 49  

Gender, n (%)   p = 0.12, Chi-square test

Female 31 (70%) 5 (45%)  

Male 13 (30%) 6 (55%)  

Low stature1, n (%) 22 (50%)   

Creatinine kinase (CK)2, n (%)    

Low 18 (42%)   

High 1 (2%)   

Vitamin D deficiency3, n (%) 11 (25%)   

Anemia, n (%) 2 (4.5%)   

Polycythemia4, n (%) 10 (23%)   

ALT/AST5, n (%)    

Low or high 5 (11%)   

Pain, n (%)    

Moderate to severe 29 (66%)   

Fatigue, n (%)    

Severe 30 (68%)   

TABLE 1: Summary of the demographic characteristics of patients and controls
1Defined as height < 68 inches for males and < 64 inches for females. 2Normal range for creatinine kinase (CK): 50-289 U/L. 3Defined as a vitamin D
level < 21 mol/l at the time of consent or in the past. 4Hemoglobin normal range: 12.0-15.5 g/L for females and 14-18 g/L in males. 5Normal range for ALT:
4-50 U/L; AST: 14-41

For the Chi-square test (Fisher’s exact test), there was 1 degree of freedom, and the effect size (Phi) was 0.058

ALT: alanine aminotransferase; AST: aspartate aminotransferase

Correlation between NF1 patient fatigue and pain
Pain and fatigue were commonly reported among NF1 patients. The intensity of pain and fatigue in each
patient was assessed using the NRS-11 and FACIT-F scales, respectively, at the time of blood collection.
During the study, severe pain was reported by 15 (34%) patients at least once. Conversely, 15 (34%) patients
reported low or mild pain. Regarding fatigue, 68% of patients reported experiencing severe fatigue at least
once during the study. The scoring system for pain assigns higher values to greater severity, whereas for
fatigue, higher values indicate lower severity. When patient-reported values were analyzed using a Pearson
correlation test, there was a significant but low negative correlation between NRS-11 scores and FACIT-F
scores (r(119) = -0.34, p < 0.002), as shown in Figure 2. This finding indicates that higher pain severity is
associated with greater fatigue severity.
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FIGURE 2: Assessing NF1 patient clinical phenotypes and mitochondrial
function
*p < 0.05; **p < 0.01; ***p < 0.005

(A) Correlation between severity of fatigue and pain for patients. Patient-reported fatigue (FACIT-F) and pain
(NRS-11) were plotted and subjected to Pearson correlation analysis, indicating a significant negative relationship
between responses (r(119) -0.34, p < 0.002). Of note, lower FACIT-F scores correspond to higher perceptions of
fatigue, whereas higher NRS-11 scores correspond to higher perceptions of pain. (B) Correlation between
OCR and pain (NRS-11 scale) on the left was significant (p 0.0003), but not that for ECAR on the right

NF1: neurofibromatosis type 1; FACIT-F: the Functional Assessment of Chronic Illness Therapy-Fatigue;
NRS: Numerical Pain Rating Scale; OCR: oxygen consumption rate; ECAR: extracellular acidification rate

High metabolic and glycolytic bias in mitochondrial function for NF1
patients 
Seahorse analyses of subject PBMCs yielded ECAR and OCR as measures of mitochondrial function. While
there were single data points for each control, NF1 patients were sampled during three clinical visits and so
provided two to three usable samples for analyses. The respective ECAR and OCR values demonstrated no
statistically significant difference over the timing of those visits (data not shown). Figure 3 shows
comparisons of Seahorse data between controls and NF1 patients. Based on a Welch’s t-test, ECAR was
statistically higher for NF1 patients and those lacking NF1 defects (p = 0.015), but not for OCR (p = 0.16),
despite a similar trend. A plot of OCR versus ECAR provides insights into (1) the magnitude of metabolism
from low to high and (2) bias toward oxidative or glycolytic metabolism (Figure 4). This analysis showed that
NF1 patients demonstrate high rates of metabolism with an elevated glycolytic activity, as indicated in
Figure 4.

FIGURE 3: Examining the nature of mitochondrial function for NF1
patients
*p < 0.05; **p < 0.01; ***p < 0.005

(A) Different mitochondrial function between controls and NF1 patients. Agilent Seahorse XF analyses of subject
PBMCs showed a significant difference in ECAR between patients and those lacking NF1 defects (p = 0.015), but
not for OCR (p = 0.16) using Welch’s t-test. (B) High metabolic and glycolytic bias in mitochondrial function for
NF1 patients. A plot of OCR versus ECAR provides insights into (1) the magnitude of metabolism from low to high
and (2) bias toward oxidative or glycolytic metabolism. When applied to subjects, NF1 patients demonstrated high
rates of metabolism with a glycolytic bias

NF1: neurofibromatosis type 1; PBMCs: peripheral blood mononuclear cells; OCR: oxygen consumption rate;
ECAR: extracellular acidification rate
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FIGURE 4: High metabolic and glycolytic shift in mitochondrial function
for NF1 patients
NF1: neurofibromatosis type 1; OCR: oxygen consumption rate; ECAR: extracellular acidification rate

 Correlations only between mitochondrial function and patient-reported
pain
Mitochondrial function can affect patients in many ways, so we assessed associations between serial ECAR
and OCR values and the characteristics of NF1 patients, including clinical phenotypes for pain and fatigue
measured on the same day as blood collection. From this analysis, there were no correlations with
anthropometric measurements, such as height or weight (data not shown). This lack of correlation was also
observed for analyses of mitochondrial readouts and laboratory results, including hemoglobin, vitamin
levels, and liver function. Nevertheless, patient-reported pain, as measured by NRS-11 scores, showed a
statistically significant but low correlation with OCR (r(93) = 0.31, p = 0.003, Pearson test); however, there
was no correlation with ECAR (r(93) = 0.09, p = 0.4, Pearson test) (Figure 5, panel A). FACIT-F scores did not
correlate with measured OCR (r(93) = -0.05, p = 0.63, Pearson test) or ECAR values (r(93) = 0.03, p = 0.77,
Pearson test) (Figure 5, panel B).

FIGURE 5: Mitochondrial function correlates with pain but not fatigue
FACIT-F: the Functional Assessment of Chronic Illness Therapy-Fatigue; NRS: Numerical Pain Rating Scale;
OCR: oxygen consumption rate; ECAR: extracellular acidification rate

Koselugo-treatment impact on mitochondrial function for NF1 patients
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The study included five patients undergoing treatment with Koselugo (selumetinib), allowing exploration of
the drug’s impact on patient mitochondrial function and outcomes. A comparison of ECAR and OCR values
between untreated and treated NF1 patients did not reveal any statistically significant differences based on
Welch’s t-test. Following treatment, three of the five patients exhibited adverse drug reactions, and
therefore, they were withdrawn from that regimen. The limited sample size prevented statistical analyses.

Discussion
In this pilot study, we first evaluated the feasibility of assessing bioenergetic markers of mitochondrial
metabolism using PBMCs in patients with NF1. The use of PBMCs to detect metabolic stress in patients and
serve as biomarkers for mitochondrial dysfunction is well-established for diseases such as diabetes,
neurodegenerative disorders, cardiovascular disease, and various cancers [27-32]. PBMCs from patients with
NF1 harbor the patients’ germline mutations and therefore reflect their impact on mitochondrial function
[23-28]. After collecting blood samples from the subjects, we isolated PBMCs and measured mitochondrial
function using an Agilent Seahorse to assess how patient characteristics influence bioenergetics for further
analysis.

The Seahorse XF Analyzer provides real-time measurements of OCR and ECAR to assess mitochondrial
function and glycolysis, respectively. Basal respiration refers to the cells’ baseline oxygen consumption
under normal, unstressed conditions. It reflects the routine energy demands of the cell and the level of
mitochondrial activity needed to meet these demands before any pharmacological intervention. While the
primary focus is on OCR, ECAR is also measured as a secondary indicator. The ECAR signal arises from CO₂
release during the TCA cycle and glycolytic lactate production, offering insight into whether cells shift
toward glycolysis in response to mitochondrial inhibition.

Although the patient population was small, it demonstrated many characteristic features of NF1, supporting
the generalizability of the findings. Patients exhibited low stature, vitamin D deficiency, low CK levels, and
high incidences of fatigue and pain. Moreover, we found that patients experiencing intense pain also
suffered from severe fatigue.

Our bioenergetic measures provided a foundation for understanding how NF1 genetic lesions might impact
mitochondrial function. These assays measured OCR as a proxy for oxidative phosphorylation and ECAR as
an indicator of glycolysis, reflecting increased lactic acid export resulting from mitochondrial activity [33].
While oxygen consumption rates tended to be higher in NF1 patients in our study, they were not statistically
different from those of controls. This observation contrasts with reports in NF1-deficient cells, which
showed suppressed oxygen consumption rates compared with wild-type cells [13]. The discrepancies among
these findings may be due to species differences, the nature of the genetic lesions, or the small number of
controls. 

NF1 patient PBMCs are constitutionally heterozygous (NF1+/-) yet retain partial neurofibromin expression,
whereas in vitro models typically involve complete NF1 ablation. The presence of residual neurofibromin
activity in patients could explain differences in mitochondrial bioenergetics across studies and underscores
the challenges of modeling the human condition. Subsequent studies have shown that the metabolic effects
of neurofibromin loss are context-dependent, varying by cell type, the degree of NF1 inactivation, and
microenvironment [34,35]. Our data suggest that in heterozygous NF1 PBMCs, glycolytic upregulation,
indicated by increased ECAR, may occur before or independently of OCR suppression, consistent with a
model in which Ras/ERK-mediated metabolic reprogramming enhances glycolysis before significantly
affecting oxidative phosphorylation.

The elevated extracellular acidification rate observed in NF1 patients indicated a shift toward glycolytic
metabolism, consistent with preclinical findings [13,36]. Glycolysis plays a critical role in fatty acid
synthesis, suggesting that the mitochondrial effects of NF1 defects may contribute to lipid accumulation
and elevated acetyl coenzyme A levels reported in NF1-deficient human and mouse cell lines, as well as in
malignant peripheral nerve sheath tumors [36,37]. These features are characteristic of the Warburg effect,
which is also observed in cancer cells [38,39]. Importantly, in this study, PBMCs from NF1 patients
demonstrated compromised mitochondrial function, indicating that the germline defect may lead to
widespread alterations in mitochondrial activity across all cells, potentially affecting their biological roles.

This pattern differs from that observed in NF1-null tumor cells, which exhibit a complete glycolytic switch,
suggesting that partial neurofibromin expression is still retained in heterozygous PBMCs [13]. The
substantial within-group variability in NF1 bioenergetic parameters may reflect the well-established clinical
heterogeneity of NF1. Potential sources of metabolic variability include NF1 genotype, residual
neurofibromin function, and differences in tumor burden. Additionally, disease severity, concomitant
medications (including MEK inhibitors), and age could also contribute. Future studies with larger cohorts
and detailed phenotypic characterization are needed to determine whether PBMC bioenergetic subgroups
within the NF1 population represent clinically meaningful patient strata.

Systemic abnormal mitochondrial function in NF1 patients could compromise normal biological processes
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and thereby contribute to clinical outcomes. We explored this possibility by using bioenergetic measures to
identify correlations with patient-reported pain and fatigue over time, with serial assessments conducted on
the same day as PBMC collection. The majority of NF1 patients reported moderate to severe pain, and pain
levels at the time of blood collection positively correlated with oxygen consumption rates. Increased oxygen
consumption has been reported in patients with chronic pain from other conditions; however, research in
this area is still preliminary and limited to a small number of studies [40,41].

Elevated oxygen consumption may lead to local oxygen depletion, potentially creating hypoxic conditions
that contribute to pain, although further research is needed to validate this hypothesis. By contrast, neither
mitochondrial measure correlated significantly with fatigue. The severity of patient-reported fatigue was
positively correlated with pain, suggesting that the mechanisms underlying fatigue and pain may differ, with
bioenergetics playing a role in pain but not fatigue. Another consideration is that the pain measurement
tool (NRS-11) assesses pain at the moment the patient completes the questionnaire, whereas the fatigue tool
(FACIT-F) evaluates overall fatigue over the preceding seven days rather than immediate fatigue levels.

Given altered mitochondrial function, NF1 treatments could modulate bioenergetics and thereby influence
patient outcomes. MEK inhibitors are rapidly advancing in clinical use due to their efficacy in improving
patient outcomes [14-16]. Nevertheless, this drug class is known to cause adverse side effects, possibly
through the induction of mitochondrial dysfunction [17,18]. Such effects could exacerbate the already
compromised mitochondrial function in NF1 patients. In our study, the number of serial samples from
patients treated with MEK inhibitors was limited, so we could not draw definitive conclusions regarding
extracellular acidification and oxygen consumption rates.

A limitation of our study is the small control group. As this was the first project to measure OCR and ECAR
in PBMCs from this population, there was no prior data to determine the required sample size. Although the
authors would have liked to increase numbers, funding constraints limited expansion. Minimal exclusion
criteria for the control group were used to maximize its size and to closely reflect a population without NF1.
The control group consisted of patients’ chaperones, typically spouses or adopted family members (not
blood relatives), ensuring that environmental factors were similar to the NF1 group. The fact that we
obtained statistically significant results with a small but diverse control group that approximated the
patients’ age distribution is encouraging. The results of this study can now serve as a basis to calculate
sample sizes for future, larger studies on energetic metabolism in NF1 patients.

Conclusions
This pilot study provides the first characterization of peripheral blood mononuclear cell bioenergetics in
NF1 patients using extracellular flux analysis. Extracellular acidification rates were significantly higher in
NF1 patient PBMCs compared with controls (p = 0.015), indicating increased glycolytic activity. No
significant difference in basal oxygen consumption rate was observed between the groups (p = 0.16). The
association between OCR and patient-reported pain severity was a novel and unexpected finding, resulting
in a significant correlation (p = 0.003), which may have implications for metabolic correlates of NF1-related
pain if confirmed in future studies. These findings are hypothesis-generating and do not currently establish
PBMC bioenergetics as a biomarker or therapeutic stratification tool.

Additional Information
Author Contributions
All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design:  Grover P. Miller, Nukhet Aykin-Burns, Erika Santos-Horta

Acquisition, analysis, or interpretation of data:  Grover P. Miller, Kimberly Krager, Dayoung Eom,
Nukhet Aykin-Burns, Erika Santos-Horta

Drafting of the manuscript:  Grover P. Miller, Nukhet Aykin-Burns, Erika Santos-Horta

Critical review of the manuscript for important intellectual content:  Grover P. Miller, Kimberly Krager,
Dayoung Eom, Nukhet Aykin-Burns, Erika Santos-Horta

Supervision:  Nukhet Aykin-Burns, Erika Santos-Horta

Disclosures
Human subjects: Informed consent for treatment and open access publication was obtained or waived by all
participants in this study. University of Arkansas for Medical Sciences Institutional Review Board issued
approval 2022–147. This study followed the principles outlined in the Declaration of Helsinki for all human
or animal experimental investigations. In addition, for investigations involving human subjects, informed

 

2026 Miller et al. Cureus 18(6): e111113. DOI 10.7759/cureus.111113 9 of 11

javascript:void(0)
javascript:void(0)
javascript:void(0)


consent was obtained from the subjects involved in this study. Animal subjects: All authors have confirmed
that this study did not involve animal subjects or tissue. Conflicts of interest: In compliance with the
ICMJE uniform disclosure form, all authors declare the following: Payment/services info: The authors
disclose the support of the University of Arkansas for Medical Sciences through the intramural award
Medical Research Endowment for this work. Dr. Erika Santos Horta received the Children’s Tumor
Foundation award to open the UAMS Adult NF Clinic. Dr. Erika Santos Horta serves on the Advisory Board of
SpringWorks Therapeutics and Alexion Pharmaceuticals. Financial relationships: Erika Santos-Horta
declare(s) personal fees from SpringWorks Therapeutics . Erika Santos-Horta declare(s) personal fees from
Alexion Pharmaceuticals. Other relationships: All authors have declared that there are no other
relationships or activities that could appear to have influenced the submitted work.

Acknowledgements
Deidentified data can be shared on request to the corresponding author for any qualified investigator.

References
1. Lee TJ, Chopra M, Kim RH, Parkin PC, Barnett-Tapia C: Incidence and prevalence of neurofibromatosis type

1 and 2: a systematic review and meta-analysis. Orphanet J Rare Dis. 2023, 18:292. 10.1186/s13023-023-
02911-2

2. Legius E, Messiaen L, Wolkenstein P, et al.: Revised diagnostic criteria for neurofibromatosis type 1 and
Legius syndrome: an international consensus recommendation. Genet Med. 2021, 23:1506-13.
10.1038/s41436-021-01170-5

3. Báez-Flores J, Rodríguez-Martín M, Lacal J: The therapeutic potential of neurofibromin signaling pathways
and binding partners. Commun Biol. 2023, 6:436. 10.1038/s42003-023-04815-0

4. Tamura R: Current understanding of neurofibromatosis type 1, 2, and schwannomatosis . Int J Mol Sci. 2021,
22:16-8. 10.3390/ijms22115850

5. Cichowski K, Jacks T: NF1 tumor suppressor gene function: narrowing the GAP . Cell. 2001, 104:593-604.
10.1016/s0092-8674(01)00245-8

6. Ratner N, Miller SJ: A RASopathy gene commonly mutated in cancer: the neurofibromatosis type 1 tumour
suppressor. Nat Rev Cancer. 2015, 15:290-301. 10.1038/nrc3911

7. Gehart H, Kumpf S, Ittner A, Ricci R: MAPK signalling in cellular metabolism: stress or wellness? . EMBO
Rep. 2010, 11:834-40. 10.1038/embor.2010.160

8. Sites ER, Smolarek TA, Martin LJ, et al.: Analysis of copy number variants in 11 pairs of monozygotic twins
with neurofibromatosis type 1. Am J Med Genet A. 2017, 173:647-53. 10.1002/ajmg.a.38058

9. Harder A, Titze S, Herbst L, et al.: Monozygotic twins with neurofibromatosis type 1 (NF1) display
differences in methylation of NF1 gene promoter elements, 5' untranslated region, exon and intron 1. Twin
Res Hum Genet. 2010, 13:582-94. 10.1375/twin.13.6.582

10. Souza ML, Jansen AK, Rodrigues LO, et al.: Increased resting metabolism in neurofibromatosis type 1 . Clin
Nutr ESPEN. 2019, 32:44-9. 10.1016/j.clnesp.2019.05.006

11. Botero V, Stanhope BA, Brown EB, et al.: Neurofibromin regulates metabolic rate via neuronal mechanisms
in Drosophila. Nat Commun. 2021, 12:4285. 10.1038/s41467-021-24505-x

12. Tong JJ, Schriner SE, McCleary D, Day BJ, Wallace DC: Life extension through neurofibromin mitochondrial
regulation and antioxidant therapy for neurofibromatosis-1 in Drosophila melanogaster. Nat Genet. 2007,
39:476-85. 10.1038/ng2004

13. Masgras I, Ciscato F, Brunati AM, et al.: Absence of neurofibromin induces an oncogenic metabolic switch
via mitochondrial ERK-mediated phosphorylation of the chaperone TRAP1. Cell Rep. 2017, 18:659-72.
10.1016/j.celrep.2016.12.056

14. Gross AM, Wolters PL, Dombi E, et al.: Selumetinib in children with inoperable plexiform neurofibromas . N
Engl J Med. 2020, 382:1430-42. 10.1056/NEJMoa1912735

15. Chen AP, Coyne GO, Wolters PL, et al.: Efficacy and safety of selumetinib in adults with neurofibromatosis
type 1 and symptomatic, inoperable plexiform neurofibromas (KOMET): a multicentre, international,
randomised, placebo-controlled, parallel, double-blind, phase 3 study. Lancet. 2025, 405:2217-30.
10.1016/S0140-6736(25)00986-9

16. Moertel CL, Hirbe AC, Shuhaiber HH, et al.: ReNeu: a pivotal, phase IIb trial of mirdametinib in adults and
children with symptomatic neurofibromatosis type 1-associated plexiform neurofibroma. J Clin Oncol. 2025,
43:716-29. 10.1200/JCO.24.01034

17. Bergqvist C, Wolkenstein P: MEK inhibitors in RASopathies. Curr Opin Oncol. 2021, 33:110-9.
10.1097/CCO.0000000000000711

18. Ripple MO, Kim N, Springett R: Acute mitochondrial inhibition by mitogen-activated protein
kinase/extracellular signal-regulated kinase kinase (MEK) 1/2 inhibitors regulates proliferation. J Biol Chem.
2013, 288:2933-40. 10.1074/jbc.M112.430082

19. Matta Reddy A, Iqbal M, Chopra H, et al.: Pivotal role of vitamin D in mitochondrial health, cardiac function,
and human reproduction. EXCLI J. 2022, 21:967-90. 10.17179/excli2022-4935

20. Parikh S, Goldstein A, Koenig MK, et al.: Diagnosis and management of mitochondrial disease: a consensus
statement from the Mitochondrial Medicine Society. Genet Med. 2015, 17:689-701. 10.1038/gim.2014.177

21. Alam S, Carter GS, Krager KJ, Li X, Lehmler HJ, Aykin-Burns N: PCB11 metabolite, 3,3'-dichlorobiphenyl-4-
ol, exposure alters the expression of genes governing fatty acid metabolism in the absence of functional
sirtuin 3: examining the contribution of MnSOD. Antioxidants (Basel). 2018, 7:23-5. 10.3390/antiox7090121

22. Kim HN, Xiong J, MacLeod RS, et al.: Osteocyte RANKL is required for cortical bone loss with age and is
induced by senescence. JCI Insight. 2020, 5:23-5. 10.1172/jci.insight.138815

23. Wang L, Fang B, Fujiwara T, et al.: Deletion of ferroportin in murine myeloid cells increases iron
accumulation and stimulates osteoclastogenesis in vitro and in vivo. J Biol Chem. 2018, 293:9248-64.

 

2026 Miller et al. Cureus 18(6): e111113. DOI 10.7759/cureus.111113 10 of 11

https://dx.doi.org/10.1186/s13023-023-02911-2
https://dx.doi.org/10.1186/s13023-023-02911-2
https://dx.doi.org/10.1038/s41436-021-01170-5
https://dx.doi.org/10.1038/s41436-021-01170-5
https://dx.doi.org/10.1038/s42003-023-04815-0
https://dx.doi.org/10.1038/s42003-023-04815-0
https://dx.doi.org/10.3390/ijms22115850
https://dx.doi.org/10.3390/ijms22115850
https://dx.doi.org/10.1016/s0092-8674(01)00245-8
https://dx.doi.org/10.1016/s0092-8674(01)00245-8
https://dx.doi.org/10.1038/nrc3911
https://dx.doi.org/10.1038/nrc3911
https://dx.doi.org/10.1038/embor.2010.160
https://dx.doi.org/10.1038/embor.2010.160
https://dx.doi.org/10.1002/ajmg.a.38058
https://dx.doi.org/10.1002/ajmg.a.38058
https://dx.doi.org/10.1375/twin.13.6.582
https://dx.doi.org/10.1375/twin.13.6.582
https://dx.doi.org/10.1016/j.clnesp.2019.05.006
https://dx.doi.org/10.1016/j.clnesp.2019.05.006
https://dx.doi.org/10.1038/s41467-021-24505-x
https://dx.doi.org/10.1038/s41467-021-24505-x
https://dx.doi.org/10.1038/ng2004
https://dx.doi.org/10.1038/ng2004
https://dx.doi.org/10.1016/j.celrep.2016.12.056
https://dx.doi.org/10.1016/j.celrep.2016.12.056
https://dx.doi.org/10.1056/NEJMoa1912735
https://dx.doi.org/10.1056/NEJMoa1912735
https://dx.doi.org/10.1016/S0140-6736(25)00986-9
https://dx.doi.org/10.1016/S0140-6736(25)00986-9
https://dx.doi.org/10.1200/JCO.24.01034
https://dx.doi.org/10.1200/JCO.24.01034
https://dx.doi.org/10.1097/CCO.0000000000000711
https://dx.doi.org/10.1097/CCO.0000000000000711
https://dx.doi.org/10.1074/jbc.M112.430082
https://dx.doi.org/10.1074/jbc.M112.430082
https://dx.doi.org/10.17179/excli2022-4935
https://dx.doi.org/10.17179/excli2022-4935
https://dx.doi.org/10.1038/gim.2014.177
https://dx.doi.org/10.1038/gim.2014.177
https://dx.doi.org/10.3390/antiox7090121
https://dx.doi.org/10.3390/antiox7090121
https://dx.doi.org/10.1172/jci.insight.138815
https://dx.doi.org/10.1172/jci.insight.138815
https://dx.doi.org/10.1074/jbc.RA117.000834


10.1074/jbc.RA117.000834
24. Lopes de Melo JM, Laursen JC, Søndergaard-Heinrich N, et al.: Increased mitochondrial proton leak and

glycolysis in peripheral blood mononuclear cells in type-1-diabetes. Heliyon. 2022, 8:e12304.
10.1016/j.heliyon.2022.e12304

25. Altintas MM, DiBartolo S, Tadros L, Samelko B, Wasse H: Metabolic changes in peripheral blood
mononuclear cells isolated from patients with end stage renal disease. Front Endocrinol (Lausanne). 2021,
12:629239. 10.3389/fendo.2021.629239

26. Janssen JJ, Lagerwaard B, Bunschoten A, Savelkoul HF, van Neerven RJ, Keijer J, de Boer VC: Novel
standardized method for extracellular flux analysis of oxidative and glycolytic metabolism in peripheral
blood mononuclear cells. Sci Rep. 2021, 11:1662. 10.1038/s41598-021-81217-4

27. Morrissey SM, Zhang F, Ding C, et al.: Tumor-derived exosomes drive immunosuppressive macrophages in a
pre-metastatic niche through glycolytic dominant metabolic reprogramming. Cell Metab. 2021, 33:2040-
2058.e10. 10.1016/j.cmet.2021.09.002

28. Beckermann KE, Dudzinski SO, Rathmell JC: Dysfunctional T cell metabolism in the tumor
microenvironment. Cytokine Growth Factor Rev. 2017, 35:7-14. 10.1016/j.cytogfr.2017.04.003

29. Hartman ML, Shirihai OS, Holbrook M, et al.: Relation of mitochondrial oxygen consumption in peripheral
blood mononuclear cells to vascular function in type 2 diabetes mellitus. Vasc Med. 2014, 19:67-74.
10.1177/1358863X14521315

30. Delbarba A, Abate G, Prandelli C, et al.: Mitochondrial alterations in peripheral mononuclear blood cells
from Alzheimer's disease and mild cognitive impairment patients. Oxid Med Cell Longev. 2016,
2016:5923938. 10.1155/2016/5923938

31. Alfatni A, Riou M, Charles AL, et al.: Peripheral blood mononuclear cells and platelets mitochondrial
dysfunction, oxidative stress, and circulating mtDNA in cardiovascular diseases. J Clin Med. 2020, 9:23-5.
10.3390/jcm9020311

32. Scharping NE, Rivadeneira DB, Menk AV, et al.: Mitochondrial stress induced by continuous stimulation
under hypoxia rapidly drives T cell exhaustion. Nat Immunol. 2021, 22:205-15. 10.1038/s41590-020-00834-9

33. Schmidt CA, Fisher-Wellman KH, Neufer PD: From OCR and ECAR to energy: perspectives on the design
and interpretation of bioenergetics studies. J Biol Chem. 2021, 297:101140. 10.1016/j.jbc.2021.101140

34. Tsipi M, Poulou M, Fylaktou I, et al.: Phenotypic expression of a spectrum of neurofibromatosis type 1 (NF1)
mutations identified through NGS and MLPA. J Neurol Sci. 2018, 395:95-105. 10.1016/j.jns.2018.10.006

35. Masgras I, Cannino G, Ciscato F, et al.: Tumor growth of neurofibromin-deficient cells is driven by
decreased respiration and hampered by NAD(+) and SIRT3. Cell Death Differ. 2022, 29:1996-2008.
10.1038/s41418-022-00991-4

36. House RR, Tovar EA, Redlon LN, et al.: NF1 deficiency drives metabolic reprogramming in ER+ breast
cancer. Mol Metab. 2024, 80:101876. 10.1016/j.molmet.2024.101876

37. Vetrano IG, Dei Cas M, Nazzi V, et al.: The lipid asset is unbalanced in peripheral nerve sheath tumors . Int J
Mol Sci. 2021, 23:14-6. 10.3390/ijms23010061

38. Warburg O: On the origin of cancer cells . Science. 1956, 123:309-14. 10.1126/science.123.3191.309
39. Warburg O: The metabolism of carcinoma cells . J Cancer Res. 1925, 9:148-63.
40. Lim TK, Rone MB, Lee S, Antel JP, Zhang J: Mitochondrial and bioenergetic dysfunction in trauma-induced

painful peripheral neuropathy. Mol Pain. 2015, 11:58. 10.1186/s12990-015-0057-7
41. Cisewski SE, Wu Y, Damon BJ, Sachs BL, Kern MJ, Yao H: Comparison of oxygen consumption rates of

nondegenerate and degenerate human intervertebral disc cells. Spine (Phila Pa 1976). 2018, 43:E60-7.
10.1097/BRS.0000000000002252

 

2026 Miller et al. Cureus 18(6): e111113. DOI 10.7759/cureus.111113 11 of 11

https://dx.doi.org/10.1074/jbc.RA117.000834
https://dx.doi.org/10.1016/j.heliyon.2022.e12304
https://dx.doi.org/10.1016/j.heliyon.2022.e12304
https://dx.doi.org/10.3389/fendo.2021.629239
https://dx.doi.org/10.3389/fendo.2021.629239
https://dx.doi.org/10.1038/s41598-021-81217-4
https://dx.doi.org/10.1038/s41598-021-81217-4
https://dx.doi.org/10.1016/j.cmet.2021.09.002
https://dx.doi.org/10.1016/j.cmet.2021.09.002
https://dx.doi.org/10.1016/j.cytogfr.2017.04.003
https://dx.doi.org/10.1016/j.cytogfr.2017.04.003
https://dx.doi.org/10.1177/1358863X14521315
https://dx.doi.org/10.1177/1358863X14521315
https://dx.doi.org/10.1155/2016/5923938
https://dx.doi.org/10.1155/2016/5923938
https://dx.doi.org/10.3390/jcm9020311
https://dx.doi.org/10.3390/jcm9020311
https://dx.doi.org/10.1038/s41590-020-00834-9
https://dx.doi.org/10.1038/s41590-020-00834-9
https://dx.doi.org/10.1016/j.jbc.2021.101140
https://dx.doi.org/10.1016/j.jbc.2021.101140
https://dx.doi.org/10.1016/j.jns.2018.10.006
https://dx.doi.org/10.1016/j.jns.2018.10.006
https://dx.doi.org/10.1038/s41418-022-00991-4
https://dx.doi.org/10.1038/s41418-022-00991-4
https://dx.doi.org/10.1016/j.molmet.2024.101876
https://dx.doi.org/10.1016/j.molmet.2024.101876
https://dx.doi.org/10.3390/ijms23010061
https://dx.doi.org/10.3390/ijms23010061
https://dx.doi.org/10.1126/science.123.3191.309
https://dx.doi.org/10.1126/science.123.3191.309
http://www.jianhaidulab.com/wp-content/uploads/2019/02/Warburg-1925.pdf
https://dx.doi.org/10.1186/s12990-015-0057-7
https://dx.doi.org/10.1186/s12990-015-0057-7
https://dx.doi.org/10.1097/BRS.0000000000002252
https://dx.doi.org/10.1097/BRS.0000000000002252

	Assessing Pain Linked to High Metabolic and Glycolytic Shift in Neurofibromatosis Type 1 (NF1) Patients by Using a Bioenergetic Biomarker: A Pilot Study
	Abstract
	Background and objective
	Methods
	Results
	Conclusions

	Introduction
	Materials And Methods
	Study design
	Subject population
	Clinical evaluation
	Mitochondrial respiration and cellular bioenergetics
	Statistical analyses

	Results
	Subject characteristics
	FIGURE 1: Study design illustration
	TABLE 1: Summary of the demographic characteristics of patients and controls

	Correlation between NF1 patient fatigue and pain
	FIGURE 2: Assessing NF1 patient clinical phenotypes and mitochondrial function

	High metabolic and glycolytic bias in mitochondrial function for NF1 patients
	FIGURE 3: Examining the nature of mitochondrial function for NF1 patients
	FIGURE 4: High metabolic and glycolytic shift in mitochondrial function for NF1 patients

	Correlations only between mitochondrial function and patient-reported pain
	FIGURE 5: Mitochondrial function correlates with pain but not fatigue

	Koselugo-treatment impact on mitochondrial function for NF1 patients

	Discussion
	Conclusions
	Additional Information
	Author Contributions
	Disclosures
	Acknowledgements

	References


