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Purpose: To evaluate the association of platelet (PL) mitochondria respiration with markers of cardiovascular health in children ages 7–10 years.
Methods: PL mitochondrial respiration (n = 91) was assessed by high resolution respirometry (HRR): Routine (R) respiration, complex (C) I linked respiration (CI), and maximal uncoupled electron transport capacity of CII (CIIE) were measured. The respiratory control ratio (RCR) was calculated as the ratio of maximal oxidative phosphorylation capacity of CI and CI leak respiration (PCI/LCI). Peak [image: image]O2 (incremental bike test) and body composition (dual-energy X-ray absorptiometry) were measured. Multiple generalized linear regression analysis was used to model the association of measures by HRR with variables of interest: adiposity, low-density lipoprotein (LDL-C) and triglyceride (TG) status (normal vs. elevated) HOMA2-IR, blood pressure status (normal vs. high), and demographics.
Results: R and CI-linked respiration positively associated with adiposity, high blood pressure (HBP), and peak [image: image]O2. R and CI-linked respiration had inverse association with age and elevated LDL-C. CIIE was higher in children with elevated LDL-C (log-β = −0.54, p = 0.010). HBP and peak [image: image]O2 interacted in relation to RCR (log-β = −0.01, p = 0.028). Specifically, RCR was lowest among children with HBP and low aerobic capacity (i.e., mean peak [image: image]O2 -1SD). HOMA2-IR did not associate with measures of PL mitochondria respiration.
Conclusion: In PL, R and CI-linked mitochondrial respiration directly associate with adiposity, peak [image: image]O2 and HBP. Elevated LDL-C associates with lower CI-linked respiration which is compensated by increasing CII respiration. PL bioenergetics phenotypes in children associate with whole-body metabolic health status.
Keywords: blood platelets, mitochondria, cardiometabolic risk (factors), aerobic capacity, body composition
INTRODUCTION
Using platelets (PL) as a minimally-invasive model to study human mitochondria was initially proposed 50 years ago (Salganicoff and Fukami, 1972; Fukami and Salganicoff, 1973). However, technologies capable of measuring mitochondrial function in PL isolated from small volumes of blood are relatively new (Jang et al., 2017), and more research is needed to establish which aspects of PL bioenergetics phenotype associate with a person’s metabolic health or disease risk. To date, studies characterizing PL mitochondrial function in children in states of health and disease remain especially scarce.
PL are anucleate cytoplasmic fragments of megakaryocytes and represent an easily obtainable source of functional mitochondria. While best known for their prominent role in hemostasis, PL are also important mediators of inflammatory and immune processes that contribute to the development of cardiovascular (CVD) and atherosclerosis disease (AD) (Morrell et al., 2014). Low density lipoprotein cholesterol (LDL-C), for instance, upregulates the expression of PL surface molecules and the release of soluble mediators that promote leukocyte recruitment, adhesion to vascular endothelium, and migration into the vascular interstitium (Assinger et al., 2014).
Several studies in adults have indicated that measurements of PL mitochondria respiration could serve as biomarkers of complex systemic diseases (e.g., cancer, rheumatoid arthritis, and neurodegenerative diseases) (Ehinger et al., 2015; Fisar et al., 2019; Rose et al., 2019; Gvozdjakova et al., 2021; Palacka et al., 2021). Others have reported moderate to strong correlations between specific parameters of PL and skeletal muscle mitochondria respiration (e.g., complex I leak respiration, maximal respiratory capacity, and coupling efficiency) (Acin-Perez et al., 2014; Braganza et al., 2019). This points to the possibility that PL could serve—at least to some degree—as a surrogate for skeletal muscle biopsies with respect to determination of mitochondrial bioenergetics. While the quality of evidence in this area remains weak, use of PL mitochondrial bioenergetics phenotypes to understand differences in whole-body metabolic health remains a viable possibility.
How measurements of PL mitochondrial function of children relate to progression of vascular dysfunction and AD needs more investigation. In rats with chemically induced type 1 diabetes, PL p-selectin expression—an adhesion molecule and contributor to AD progression—was upregulated and directly associated with PL mitochondrial maximal electron transport capacity (ETC, r = 0.48) and routine respiration (r = 0.75) (Burger and Wagner, 2003; Siewiera et al., 2016). Importantly, in vitro reduction of complex (C) I activity with metformin in PL of rats with a type 2 diabetes-like phenotype decreased p-selectin expression, reactive oxygen species production, and limited thrombosis extent (Xin et al., 2016).
While studies in animal models suggest that PL mitochondria may serve as therapeutic target or as biomarkers to track cardiometabolic health status, the scarcity of human data limits the translatability of these findings. Furthermore, critical knowledge gaps regarding the association of traditional CVD risk factors with PL mitochondria function remain unaddressed. For instance, PL oxidative phosphorylation (OXPHOS) capacity tracked improvements in peak [image: image]O2 and left ventricular ejection fraction in patients with heart failure participating in exercise training (Chou et al., 2019). However, these results have not been recapitulated in other adult populations (Heimler et al., 2022). There is a dearth of studies evaluating the impact of dyslipidemia and systemic high blood pressure on PL mitochondria function. In vitro exposure to the saturated fatty acid palmitate results in decreased, ETC in skeletal muscle mitochondria (Yang et al., 2012). Similarly, there is some evidence indicating that PL mitochondria reserve capacity increases in idiopathic pulmonary hypertension (Nguyen et al., 2017), but whether this is true in systemic high blood pressure is not known.
The purpose of this study was to evaluate the association of PL mitochondrial function (i.e., high resolution respirometry) with markers of cardiometabolic health in children. Based on the limited evidence in rodent models and adults, we hypothesized that measures of PL mitochondria respiration positively associate with markers of insulin resistance, adiposity, high blood pressure (HBP), and peak V̇O2 while they negatively associate with dyslipidemia in children.
METHODS
Subjects
A subset of 91 children (7–10 years old) enrolled in the Arkansas Active Kids Study (AAK, NCT03221673) and for which we had access to blood platelets were included in analyses (Table 1). The purpose of the AAK study was to evaluate how physical fitness, physical activity, and obesity status associate with markers of cardiometabolic health in children. Details of the study population and protocols have been described previously (Bai et al., 2020).
TABLE 1 | Substrate—uncoupler—inhibitor titration (SUIT) reference protocol.
[image: Table 1]Exclusion criteria were severe persistent asthma (determined by daily use of oral/inhaled corticosteroids to keep asthma symptoms under control and/or frequent use of rescue inhaler), metabolic/endocrine diseases (e.g., type 1 or type 2 diabetes mellitus, hypothyroidism), hormonal replacement therapy, cancer, autoimmune diseases and bleeding disorders. Qualifying children attended a 1-day study visit at the Arkansas Children’s Nutrition Center (ACNC) Laboratory for Active Kids and Families pediatric exercise science facility. The Institutional Review Board (IRB) at the University of Arkansas for Medical Sciences approved the study protocol (IRB #206217). All parents and children gave written informed consent and assent, respectively.
Anthropometry and body composition
In the overnight-fasted state, body weight and height were measured using a digital scale (Seca 877, Seca GbmH & Co. KG, Hamburg, Germany) to the nearest 0.1 kg and 0.1 cm, respectively, and triplicate values were averaged. Body composition was assessed using dual-energy x-ray absorptiometry (DXA, Horizon-A with Advanced Body Composition™, Hologic, Bedford, MA, United States). Fat mass (FM) index [FMI = FM (kg)/height (m2)] and fat-free mass (FFM) index [FFMI = FFM (kg)/height2 (m)] z-scores were computed using normative values in children (Weber et al., 2013).
Blood pressure measurements
Children were asked to empty their bladders and rest lying down for a minimum of 20 min. Blood pressure was measured in duplicate with a 1-min interval on the right arm using an electronic vital sign monitor (CARESCPE™ VC150, Milwaukee, WI, United States). For data analyses, systolic (SBP) and diastolic (DBP) blood pressure percentiles as well as clinical stage were measured; the latter was classified as normal, elevated, stage-1 hypertension, or stage-2 hypertension as per the American Academy of Pediatrics 2017 pediatric blood pressure guidelines (Flynn et al., 2017; Canadian Pediatric Endocrine Group, 2022). In the current study, children with clinical stages of elevated, stage-1 or stage-2 hypertension were considered to have high blood pressure (HBP).
Cardiorespiratory fitness
Peak [image: image]O2 was assessed through a graded exercise test on a pediatric cycle ergometer (Corival Pediatric, Lode B.V, Groningen, the Netherlands). Oxygen consumption during the exercise test was measured using a metabolic cart (Medgraphics Ultima PFX® system, MGC Diagnostics Corporation, St. Paul, MN, United States). Sitting height was adjusted to a corresponding knee angle of 15° which was measured using a goniometer with the pedal at its lowest position. Crank length was set at 13 cm for 7-year-old children, and 15 cm for 8–10 year-old children (Klimt and Voigt, 1971). The workload increased every minute in increments of 10 W for children <120 cm tall and 15 W for children ≥120 cm tall. During the test, children were instructed to keep the pedal frequency between 50–60 rpm. Children were included for analyses if they met the following criteria during the test: 1) heart rate ≥80% of age-predicted maximum, and/or 2) respiratory exchange ratio ≥1.0, and/or 3) ratings of perceived exertion on the children’s OMNI scale ≥8. Careful attention was paid to not terminate the test before children displayed signs consistent with maximal effort. In this study, peak [image: image]O2 is expressed in ml·min-1·FFMI−1 (Diaz et al., 2021).
Blood draw and analytes
Blood was drawn between 9:30 a.m. and 10:30 a.m. following an overnight fast via venipuncture of the antecubital vein. Blood used for PL isolation (typically, 6 mL) was collected without tourniquet in an EDTA vacutainer and kept at room temperature. Serum concentrations of glucose, triglycerides (TG), and low-density cholesterol (LDL-C), were measured using an RX Daytona clinical analyzer (Randox Laboratories-US Limited, Kearneysville, WV, United States). Lipid status was defined according to the Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk Reduction in Children and Adolescents (i.e., acceptable, borderline, or high) (Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk Reduction in Children and Adolescents. National Heart, 2011). In this study, children with “acceptable” plasma lipid values were considered to have normal status whereas children with either “borderline” or “high” plasma lipids were considered to have elevated lipid status. The threshold point for normal or elevated LDL-C was 2.85 mmol/L whereas the threshold points for TG were 0.85 mmol/L for children 7 to <10 years old and 1.01 mmol/L for children 10 to <11 years of age, respectively (Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk Reduction in Children and Adolescents. National Heart, 2011). Insulin concentration was measured using enzyme-linked immunosorbent assay (Meso Scale Discovery, Rockville, MD, United States). The updated homeostasis model assessment (HOMA2) calculator from the Oxford Centre for Diabetes, Endocrinology and Metabolism was used to estimate insulin resistance (HOMA2-IR) (The Oxford Centre for Diabetes, 2013).
Platelet mitochondria respiration - high resolution respirometry
Platelet isolation
Platelet isolation was done at room temperature and followed recommended isolation protocols for high resolution respirometry (HRR) analysis in platelets (Sumbalova et al., 2017). In brief, whole blood was centrifuged at 200 g for 10 min (acceleration 9 and no brake). Platelet-rich plasma was transferred using a wide bore pipette to a new tube and 10% of a 100 nM EGTA solution added to prevent platelet activation. Platelet-rich plasma treated with EGTA was then centrifuged at 1000 g for 10 min (acceleration 6 and no brake). The PL pellet was gently resuspended in 4 ml of DPBS containing 10 mM EGTA and centrifuged at 1000 g for 5 min. Pelleted PL were resuspended in 0.5 ml of DPBS containing 10 mM EGTA. PL concentration was measured using spectrophotometry, and 200 million cells used for HRR analysis.
Simplified overview of oxidative phosphorylation
Oxidative phosphorylation (OXPHOS) is part of the process of aerobic cellular respiration which yields adenosine triphosphate (ATP) as the major energy “currency” in the cell (Figure 1). The OXPHOS system is comprised by chemiosmosis and the electron transport chain. The latter is a collection of four protein complexes and inorganic molecules found in the inner mitochondrial membrane. Electrons [in the form of NADH (Complex I [CI]) and FADH2 (complex II [CII])] pass through these complexes in a sequence of redox reactions that enable energy conversions. Most of this energy dissipates as heat, and the rest is utilized to pump hydrogen ions (H+) from the mitochondrial matrix into the intermembrane space (Figure 1). The resulting electrochemical gradient (a.k.a. proton gradient) is used by ATP synthase in chemiosmosis to generate ATP from adenosine diphosphate (ADP) (i.e., ADP phosphorylation) (Ahmad et al., 2021).
[image: Figure 1]FIGURE 1 | Simplified schematic representation of the mitochondrial electron transport chain.
High-resolution respirometry
Platelet mitochondria respiration (pmol O2 s-1·10−6 platelets) was measured using an O2k-respirometer (Oroboros Instruments, Innsbruck, Austria). Background calibration was performed prior to each experiment as described elsewhere (Rose et al., 2019). To allow the exchange of substrates between the cytosol and respiration medium, PL plasma membranes were selectively permeabilized with digitonin (Gnaiger, 2020). PL mitochondria respiration was evaluated using a substrate-uncoupler-inhibitor titration (SUIT) reference protocol (Table 1).
Step 1) Routine respiration
Routine (R) respiration was measured before permeabilization of the plasma membrane. Ten to 15 min were allotted after suspension of PL in the respiration medium for R respiration to achieve a steady state. R respiration is mitochondrial respiration supported by the existing intracellular non-saturating levels of fuel substrates and ADP present in the freshly-isolated PL. R respiration is controlled by cellular energy demands, cellular fuel availability, and the degree by which redox reactions couple to phosphorylation of ADP (Gnaiger, 2020).
Step 2) Leak respiration of CI: Pyruvate and malate
Following PL plasma membrane permeabilization, leak respiration of CI (LCI) was determined in the absence of exogenous ADP and in the presence of added saturating amounts of NADH-generating substrates [pyruvate and malate]. This results in: 1) the entry and transport of electrons through CI into the Q-junction (i.e., ubiquinone: electron carrier) and further CIII, and CIV; and 2) the pumping of protons (H+) from the mitochondrial matrix into the intermembrane space (Figure 1). Because ATP synthase activity is negligible during this process due to limited ADP availability, the electrochemical gradient rapidly increases and drives a flux of protons (H+) across the inner mitochondria membrane into the matrix (i.e., proton leak, Figure 1) (Gnaiger, 2020).
Step 3) OXPHOS capacity of CI: Saturating concentrations of ADP
Maximal OXPHOS capacity of CI (PCI) was induced after the addition of saturating concentrations of ADP and in the presence of NADH-generating substrates pyruvate and malate (Table 1). PCI is influenced by cellular mitochondrial number, mitochondrial surface area, and total numbers of functional electron transport chain components. During PCI, the electrochemical gradient generated by H+ pumping through CI, CIII, and CIV provides the driving force to support ATP synthase (Gnaiger, 2020) (Figure 1).
Step 4. Maximal electron transfer capacity of CI: Protonophore
Maximal electron transfer capacity of (ECI) was established with the titration of the protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (Table 1). CCCP dissipates the electrochemical gradient through induction of unregulated proton leak. During ECI, electron transfer across CI remains coupled to H+ translocation, but uncoupled to ATP production (Gnaiger, 2020).
Step 5. Replenishing the TCA cycle: Glutamate
Glutamate was added to the respiration chamber to ensure a continuous flow of electrons (NADH) into CI. Glutamate is an anaplerotic NADH-linked substrate that undergoes oxidative deamination in the mitochondrial matrix by glutamate dehydrogenase. The products of this reaction are NADH and α-ketoglutarate. In the TCA cycle, the decarboxylation of α-ketoglutarate to succinyl CoA releases NADH as well. After a series of sequential reactions succinyl CoA is converted to malate which is oxidized to oxaloacetate yielding NADH (Gnaiger, 2020).
Step 6. Maximal uncoupled CI and CII electron transport capacity: Pyruvate, malate, glutamate, and succinate
Maximal uncoupled CI and CII electron transport capacity (ECI&CII) in the continued presence of CCCP was assessed after the addition of succinate (Table 1; Figure 1). Succinate is converted by CII to fumarate yielding the electron donor FADH2. In this experimental step, electron transport through CI and CII converges at the Q junction due to the additive effects of CI (malate, pyruvate, and glutamate) and CII (succinate) substrates (Figure 1) (Gnaiger, 2020).
Step 7. Maximal uncoupled CII electron transport capacity: Rotenone and succinate
Complex I activity was inhibited with rotenone (Table 1), which allowed the measurement of maximal uncoupled CII electron transport capacity (CIIE) in the continued presence of CCCP (Gnaiger, 2020).
Step 8. Residual oxygen consumption: Antimycin
Residual oxygen consumption (ROX) was measured after CIII was inhibited with antimycin (Table 1) under continued inhibition of CI by rotenone (Gnaiger, 2020).
Step 9. Uncoupled CIV electron transport capacity: Ascorbate and tetramethyl-p-phenylenediamine dihydrochloride (TMPD)
Electron flow through CIV (EIV) was assessed after the addition of ascorbate and TMPD, respectively. Ascorbate allows TMPD to remain in the reduced state which ensures electron flow through CIV (Gnaiger, 2020).
Flux control ratios (FCR)
Oxygen flux in each respiratory state was normalized by EIV (maximal oxygen flux). The estimated FCR allows for internal normalization and expresses respiratory control independent of mitochondria content (Gnaiger, 2020).
Respiratory control ratio (RCR)
RCR was calculated as the ratio of maximal OXPHOS capacity (see Step 3, PCI) to leak respiration (see Step 2, LCI). RCR represents the ability of mitochondria to respond to ADP stimulation, and it is directly associated with substrate oxidation and ATP production (Ojuka et al., 2016).
Statistical analysis
Data measures in the interval scale are summarized as mean ± SD whereas data measures in the ordinal or nominal scale are summarized as percentages and counts. Categorical variables between groups were compared using the Chi-square or Fisher exact tests.
Data distribution was assessed using the Kolmogorov-Smirnov test. Due to lack of normality in the response variables, a generalized linear model with a natural log link was used to model the association of PL mitochondria respiration with HOMA2-IR, LDL-C status (normal vs. elevated), TG status (normal vs. elevated), blood pressure status (normal vs. HBP), peak V̇O2, and subject characteristics (independent variables). Our final models were created using principles of “Purposeful Selection” advocated by Bursac et al. (2008). Briefly, we evaluated several subsets among the important confounding variables, and the best subset of these terms was identified by observation of minimum model Akaike information criterion (AIC) statistic. Statistical analyses were conducted with SAS® 9.4 (Cary, NC, United States).
RESULTS
Subject characteristics and metabolic profile
Children (9 ± 1.2 years old) were predominantly Caucasian (73%) (Table 2). Sixty-six percent of children had normal weight and 34% were either overweight or had obesity. One child had missing data for blood analytes. Forty-four children (49%) had elevated LDL cholesterol and 32 (36%) elevated triglyceride (TG) concentrations. Sixty-three (59%) had normal blood pressure and 28 (31%) high blood pressure. Table 3 shows unadjusted flux control ratios at different respiratory states.
TABLE 2 | Participant characteristics.
[image: Table 2]TABLE 3 | Unadjusted flux control ratios of permeabilized platelet mitochondria respiration.
[image: Table 3]Bivariate associations between subject characteristics and measurements of platelet mitochondrial respiration
FMI z-score (FMIZ) directly associated with R (log-ß = 0.23, p = 0.035), LCI (log-ß = 0.34, p = 0.029), PCI (log-ß = 0.28, p = 0.015), ECI (log-ß = 0.38, p = 0.006), ECI&CII (log-ß = 0.33, p = 0.008) (Table 4). Similarly, HBP status associated with higher R (log-ß = 0.34, p = 0.021), LCI (log-ß = 0.48, p = 0.015), PCI (log-ß = 0.37, p = 0.015), ECI (log-ß = 0.43, p = 0.021), and ECI&CII (log-ß = 0.36, p = 0.035). In bivariate analysis, age, sex, HOMA2-IR, elevated LDL-C, elevated TG, and peak V̇O2 did not associate with measurements of PL mitochondria respiration (Table 4).
TABLE 4 | Bivariate associations between measurements of platelet mitochondrial respiration, metabolic variables, and subject characteristics.
[image: Table 4]Generalized multiple linear regression analysis: Final models for measurements of platelet mitochondrial respiration (response variables) and markers of cardiovascular health (independent variables)
The final models for R respiration, CI-linked respiration (LCI, PCI, and ECI), and convergent uncoupled CI and CII respiration (ECI&CII), included FMIZ, LDL-C status, HBP, age, and peak V̇O2 (Table 5). HOMA-2 IR, sex, and TG status were not retained in any of the final models. Overall, R, CI-linked respiration, and ECI&CII, directly associated with adiposity (p < 0.00001), HBP, and peak V̇O2 (Tables 5, 6; Figure 2). On the other hand, LDL-C and age were negatively associated with R, CI-linked respiration, and convergent uncoupled CI and CII respiration (Tables 5, 6; Figure 2).
TABLE 5 | Multiple generalized linear regression analysis modeling the associations of routine and complex I–linked respiration with adiposity, LDL-C status, blood pressure status, age and peak aerobic capacity.
[image: Table 5]TABLE 6 | Multiple Generalized linear regression analysis modeling the association of converged maximal uncoupled electron transport capacity of CI and CII, CII alone, residual oxygen consumption, and respiratory control ratio.
[image: Table 6][image: Figure 2]FIGURE 2 | Fitted plot showing the association of CI maximal oxidative phosphorylation capacity plus 95% confidence intervals with fat mass index z-score (x-axis), LDL-cholesterol status, and blood pressure status (HBP = high blood pressure).
The best-fitted model for maximal uncoupled respiration of CII (ECII) included FMIZ (log-β = −0.26, p = 0.14) and LDL-C status (log-β = 0.54, p = 0.0100). Removal of LDL-C status caused a 357% change in the estimate of FMIZ (from log-β = −0.06 to log-β −0.26). Further analyses were conducted using FMIZ and LDL-C as continuous variables (data not shown in tables). Using this approach, FMIZ (log-β = −3.64, p = 0.0235) negatively associated with CIIE while LDL-C positively associated with ECII (log-β = 0.43, p = 0.0017).
There was a trend (log-β = 0.38, p = 0.0837) for elevated LDL-cholesterol to positively associate with ROX. Finally, FMIZ did not associate with RCR. However, there was interaction between HBP and peak V̇O2 in relation to RCR (log-β = −0.01, p = 0.0278). Specifically, RCR was the lowest among children with HBP and low aerobic capacity (Figure 3).
[image: Figure 3]FIGURE 3 | Fitted plot showing the interaction between peak [image: image]O2 and high blood pressure in relation to RCR. Peak [image: image]O2—level groups were created using the group average ± 1SD.
DISCUSSION
The purpose of this study was to evaluate the associations of PL mitochondria functions with clinical markers of cardiovascular health of children. A primary finding was that contrary to our hypothesis, HOMA2-IR did not associate with measures of PL mitochondria function. In addition, CI-linked (LCI, PCI, UCIE) respiration positively associated with cardiorespiratory fitness (peak V̇O2), adiposity, and HBP while it negatively associated with age. Children with elevated LDL-C had lower CI-linked respiration and higher CIIE compared to children with normal LDL-C. Finally, cardiorespiratory fitness modified the association of HBP with RCR. Specifically, children with low aerobic capacity plus HBP exhibited the lowest RCR values.
Elevated mitochondrial membrane potential as well as higher oxygen consumption in the routine, leak, and maximal uncoupled states have been reported in PL of diabetic rats (Siewiera et al., 2016). The authors also reported routine respiration (r = 0.75, p < 0.01) ETC (r = 0.48, p < 0.01) directly associated with p-selectin expression. The aforementioned study, however, implemented a model of chemically induced type 1 diabetes that is characterized by impaired insulin secretion and not insulin resistance (King, 2012). Therefore, extrapolation of these findings to states of insulin resistance is limited. Using a murine model of type 2 diabetes (high fat diet plus streptozotocin), Xin et al. (Xin et al., 2016) evaluated the effects of metformin (CI inhibitor) on the physiology of ADP activated PL. Mitochondria respiration (routine, leak, and residual oxygen consumption) by HRR was assessed in non-permeabilized ADP-stimulated PL. Compared to metformin-treated rats, PL of non-treated diabetic rats exhibited higher routine respiration while ETS and residual oxygen consumption were not different between groups. The authors reported that inhibition of CI with metformin resulted in downregulation of PL p-selectin expression, lower PL aggregability, decreased reactive oxygen species production, and limited thrombus formation.
The scarcity of literature in this area of research in the adult and pediatric populations limits the ability for comparisons. Our participants were children whose BMI z-scores ranged from normal weight to obesity and who at the time of enrollment were considered healthy. We did not find associations between PL mitochondria function and an indirect measure of insulin resistance (i.e., HOMA-2 IR). Instead, CI-linked respiratory capacity increased in relation to adiposity, and this association did not change when HOMA2-IR was included in the model (data not shown). Our finding that CI linked respiration directly associates with adiposity may reflect the ability of mitochondria to adapt to ATP demands in response to varying degrees of physiological and pathophysiological stimuli (Marchetti et al., 2020). In the present study, flux control ratios were used for analysis to normalize data; therefore, it is unlikely that our finding is the result of differences in mitochondria mass across adiposity levels.
In our study, children with HBP had higher CI-linked (LCI, PCI, UCI) respiration compared to children with normal blood pressure. The lack of data in relation to PL mitochondrial function in patients with systemic HBP is surprising given the prominent role of PL in atherothrombosis and ischemic events in patients with HBP. Measurements of PL bioenergetics by extracellular flux analysis in idiopathic pulmonary hypertension (IPH, i.e., Group 1 pulmonary hypertension) have been reported (Nguyen et al., 2017). Compared to healthy controls, patients with IPH exhibited greater maximal uncoupled respiration and spare respiratory capacity. That said, IPH associated with decreased CI and increased CII protein expression and enzymatic activity, respectively.
We have previously reported that both systolic and diastolic blood pressure percentiles of children improve with increasing peak V̇O2, independently of adiposity (Diaz et al., 2021). In addition, the probability of HBP in children with obesity decreased with increasing peak V̇O2. Specifically, the probability of HBP in children with obesity decreased by 8% for every unit increase in peak V̇O2. In the present study, peak V̇O2 was a modifier of the association of HBP and RCR, independently of adiposity. Children with HBP and low peak V̇O2 (i.e., mean peak V̇O2—1SD) exhibited the lowest RCR values suggesting that low peak V̇O2 in children with HBP impairs the ability of PL mitochondria to respond to ADP stimulation, decreases substrate oxidation as well as ATP production (Ojuka et al., 2016). The importance of the associations between fitness, PL mitochondrial dysfunction, and blood pressure in shaping children’s cardiometabolic health status remains to be fully evaluated, and the timing of events remains unknown (i.e., whether or not PL changes follow cardiometabolic phenotypes or vice versa). It also remains to be tested if fitness and HBP-associated differences in PL CI and RCR phenotypes recapitulate in metabolically important tissues such as skeletal muscle and liver.
In healthy adults and in patients with heart failure, skeletal muscle mitochondria oxidative phosphorylation capacity is linearly and positively associated with peak V̇O2 (Garnier et al., 2005; Chou et al., 2019). Chou et al. (2019) evaluated the effect of high intensity interval training (HIIT) on peak V̇O2, cardiac function, and intact PL mitochondria respiration by HRR. The authors found that 12 weeks of HIIT increased left ventricular ejection fraction and that changes in peak V̇O2 directly associated with PL ETS (r = 0.79, p < 0.0001), and spare respiratory capacity (r = 0.82, p < 0.0001). In agreement, our data shows a direct association between peak V̇O2 and PL CI-linked respiration, including leak, ETS, and maximal OXPHOS capacity. Taken together, the published evidence and our results suggest that PL mitochondria in children may reflect associations between skeletal muscle mitochondria and peak V̇O2. Studies evaluating associations between PL and cardiac muscle mitochondria function in animal models are needed.
A novel finding from this study was that routine and CI-linked respiration decreased in PL of children with elevated LDL-C compared to children with normal LDL-C, independently of adiposity. Our finding is in line with reports of complex interactions between PL and LDL-C (Assinger et al., 2014). LDL-C binds PL via Apo-B 100 and modifies plasma membrane lipid composition and fluidity triggering PL activation (Vlasova, 2000). Activated PL release soluble mediators and upregulate the expression of surface molecules that allow PL to interact (indirectly or directly) with immune cells and/or vascular endothelial cells (Siegel-Axel et al., 2008). Furthermore, in vitro studies indicate that PL oxidize LDL-C and contribute to the formation of foam cells, which are key players in atherosclerosis initiation (Aviram, 1995). A possible area of future research would be to investigate if the results reported herein reflect PL sensitization to LDL-C.
Interestingly, PL mitochondria of children with elevated LDL-C not only had lower maximal CI-linked respiration but also higher CII uncoupled respiration (CIIE) compared to children with normal LDL-C. Our finding that CIIE has opposite associations to those observed with CI-linked respiration in relation to LDL-C supports the notion that CII activity adjusts to that of CI (Esteitie et al., 2005; Acin-Perez et al., 2014). The latter was identified using skeletal muscle cells of humans with CI deficiency and in mutated mouse cell lines (fibroblasts, T-cells, liver cells) carrying various degrees of CI activity loss (Esteitie et al., 2005; Acin-Perez et al., 2014). It is possible that our findings on CIIE reflect an adaptive response to substrate availability (metabolic switch) (Cohen et al., 1970). As an adaptive reaction to stress, cells can consume various metabolic fuels, and depending on the fuel employed, the contribution of electrons derived from NADH and FADH2 varies (Acin-Perez et al., 2014). When fatty acid utilization is favored over glucose utilization, a greater flux of electrons from FADH2 is required. Normally, CIII preferentially accepts electrons from CI; therefore, in order to increase the availability of CIII to accept electrons from CII a reduction in CI activity is needed (Lapuente-Brun et al., 2013).
Our study is limited by its observational design and lack of direct measurements of insulin resistance; however, it is strengthened by the implementation of direct measurements of aerobic capacity and body composition which are frequently missing in studies assessing cardiometabolic risk in children. In summary, an indirect measurement of insulin resistance (i.e., HOMA2-IR) does not associate with PL mitochondria respiration in children. However, CI-linked respiration directly associates with adiposity through unknown mechanisms. LDL-C is negatively associated with CI-linked respiration and positively associated with CII activity. It remains a question if changes associated with higher LDL-C reflect loss of CI function or are in response to greater PL activation and metabolic switch. Combined HBP and low aerobic capacity associate with low RCR, possibly indicating decreased ability of PL mitochondria to respond to ADP to produce ATP. Finally, aerobic capacity directly associates with CI-linked respiration and maximal oxidative phosphorylation capacity of CI. More studies are needed to determine the extent to which variance in mitochondrial phenotypes in children contributes to or reflects the complex interactions of PL with immune and endothelial cells that participate in modifying vascular function, and in the early-life initiation and progression of atherosclerosis.
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