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ABSTRACT 

Citrulline Malate has possible exercise performance enhancement abilities due to the 

vasodilatory effect of nitric oxide produced from citrulline combined with a possible increase in 

mitochondrial efficiency from malate. However, the latter mechanism is unclear and has not 

been studied in conjunction with an aerobic performance test. Additionally, there has been a lack 

of studying how a large enough dose with proper pharmacokinetic timing from consumption to 

exercise affects these measures. PURPOSE: The purpose of this study was to investigate how an 

acute, 12g dose of citrulline malate affects mitochondrial function, oxygen saturation, and 

performance of a handgrip critical force test in the forearm muscles. METHODS: Seventeen 

participants (all women aged 18-35 years) completed three visits consisting of one 

familiarization and two experimental. This study utilized a randomized, double-blind, crossover 

design where participants drank either a citrulline malate or placebo solution, underwent a one-

hour rest period, completed the mitochondrial function test, and then performed the handgrip 

critical force test followed by four recovery contractions. Mitochondrial function (time constant 

tau values), oxygen saturation and desaturation during the handgrip test (measured using infrared 

spectroscopy), and critical force variables were measured and compared between the supplement 

and placebo days.  RESULTS: No statistical differences for mitochondrial function, maximal 

strength, critical force, force-time integral, areas-under the curve for oxy- and deoxy-

hemoglobin, hemoglobin difference, and tissue saturation index were found. Additionally, there 

was no significant difference between the rate of recovery of force (p > 0.05). While there were 

no significant differences between conditions for the 20-second, time-binned averages of 

oxy/deoxy-hemoglobin, hemoglobin difference, and tissue saturation index during the handgrip 

critical force test (p > 0.05), there were significant main effects for time for all four of these 



 xii 

variables (p < 0.001). CONCLUSIONS: In conclusion, an acute, 12g dose of citrulline malate 

had no influence on mitochondrial function, oxygen saturation or desaturation, or performance of 

a handgrip critical force test. Future studies should investigate other mechanisms involved with 

this supplement, how or if citrulline malate affects electrically stimulated critical torque, or how 

other nitric oxide-producing supplements (like beet-root juice) affect mitochondrial function or 

aerobic performance. A larger sample size should also be included in future studies. 
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CHAPTER I: INTRODUCTION 

1.01 – Introduction: 

Nitric Oxide (NO) is an important signaling molecule involved in multiple physiological 

processes in the body, can influence mitochondrial respiration, and is a potent vasodilator 

(Vanhoutte et al., 2016). Increased vasodilation leads to more blood, and therefore oxygen, being 

delivered to tissues. Supplementing one’s diet with NO precursors such as L-citrulline (CIT) or 

citrulline malate (CM, the combination of L-citrulline and malate) has been shown to increase 

NO levels via the Nitric Oxide Synthase (NOS)-dependent pathway (Bescós et al., 2012). CIT, a 

nonessential amino acid found commonly in watermelon, is present in CM supplements and is 

converted to L-arginine by two argininosuccinate enzymes. L-arginine is then converted to NO 

via NOS, which can lead to increased vasodilation and a subsequent increase in oxygen delivery 

to exercising muscle (Vanhoutte et al., 2016). CM, however, is suggested to have additional 

ergogenic potential compared to CIT alone due to the addition of malate, an important 

intermediate in the Kreb’s Cycle, thought to improve aerobic metabolism efficiency via the 

Kreb’s Cycle and Malate-Aspartate Shuttle (Bendahan et al., 2002; Wu et al., 2007; Gough et al., 

2021). 

Supplementing with CM is of recent interest to exercise physiologists for its possible 

enhancement of exercise performance. Acute ingestion of single-doses of 8g of CM one-hour 

before exercise has been shown to increase the number of repetitions to failure at 60% of one-

repetition maximum (Wax et al., 2016; Wax et al., 2015; Pérez-Guisado & Jakeman, 2010), 

increase maximal grip strength, and to increase peak/explosive power during a Wingate test 

(Glenn et al., 2016). Additionally, acute CM supplementation has been shown to significantly 

increase flow-mediated dilation (FMD, a surrogate measure of endothelial function) (Rogers et 
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al., 2020). These results confirm that an acute dose of CM can influence NO bioavailability via 

the NOS pathway. However, the study of Rogers et al. (2020) did not pair their assessment of 

FMD with a test of exercise performance, so it remains unclear as to whether the improved 

vasodilatory capacity affects/improves exercise performance. In addition, despite several 

examples of CM supplementation influencing exercise performance, there are also reports of CM 

having no effect. Consumption of 8g of CM one-hour before exercise was shown to have no 

influence on the number of repetitions-to-failure (Chapell et al., 2018; Farney et al., 2019; 

Gonzalez et al., 2018), no change in peak torque or peak power (Farney et al., 2019), or 

subjective fatigue (Gonzalez et al., 2018). Doses utilized in other CIT/CM supplementation 

studies have ranged from 2.4g/day (Suzuki et al., 2016) to 6g/day of CIT (Bailey et al., 2015), 

2g/day (Hwang et al., 2018), or a single dose of 8g and 12g (Cunniffe et al., 2016) of CM all 

with varying time between consumption and exercise. The mixed outcomes from studies 

involving CM supplementation and exercise performance may be confounded by the varying 

doses utilized in the studies. Peak plasma CIT levels are highest one-hour post-consumption and 

are dose-dependent (15g CIT showing the highest plasma levels as compared to 2, 5, and 10g), 

(Moinard et al., 2008). There is also an exponential decrease in plasma CIT levels beginning 60 

minutes after ingestion (Moinard et al., 2008), so the timing of the exercise after consumption of 

the CIT or CM may also affect results. As the aforementioned studies have all utilized varied 

doses and timings of doses before exercise, it is difficult to compare the results between studies.  

Despite substantial research involving both CIT and CM supplements and their effects on 

exercise performance, a clear understanding of the potential ergogenic mechanisms involved 

remains unclear (Gough et al., 2021). The CIT present in both supplements may improve NO 

bioavailability leading to a potential for increased blood flow to exercising skeletal muscle 
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(Schwedhelm et al., 2008; Bescós et al., 2012), and the malate present in CM may improve 

mitochondrial function and thus aerobic metabolism (Wu et al., 2007; Gough et al., 2021), but 

the extent to which each mechanism contributes (if at all) to improved performance, has not been 

adequately tested. Given the potential for increased oxygen delivery and increased mitochondrial 

function, the lack of research on CM effects on aerobic exercise performance is glaring.  

Critical power (CP) is a power output that can be indefinitely maintained via aerobic 

metabolism and is an under-studied dimension of aerobic metabolic function/capacity (Jones et 

al., 2010). While CP is often measured on a cycle ergometer, Burnley and colleagues (2009) 

have developed an exercise test that estimates critical force/torque in the knee extensor muscles 

using maximal isometric contractions at a 3-second contraction/2-second rest duty cycle for a 

total of five minutes. This test has been validated against traditional, multiple submaximal trial-

to-task failure tests and has been found to yield strikingly similar values (Burnley et al., 2009). 

The test was adapted to the forearm flexor muscles by Kellawan & Tschakovsky (2014) with 

similar findings and patterns of fatigue. 

CM supplements have been shown to improve exercise performance, but there is a need 

to further elucidate the aerobic mechanisms involved with possible exercise performance 

improvements after a large enough dose of CM with adequate time for absorption is given 

(Trexler, Persky, et al., 2019, Gonzalez & Trexler, 2020). To the author’s knowledge, there is no 

study to date that investigates the possible aerobic mechanisms with CM supplementation and 

how they could affect the performance of a critical force test (a type of exercise that is dependent 

on the proposed aerobic mechanisms). Therefore, the purpose of this study was to investigate 

how an acute 12g dose of CM, in comparison to a placebo, affects 1) mitochondrial function 
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assessed by Near-Infrared Spectroscopy (NIRS), 2) oxygen saturation/desaturation in the muscle, 

and 3) performance of a handgrip critical force test (HGCF) in the forearm muscles.  

1.02 – Purpose: 

The purpose of this study was to examine the effects of a single, acute dose of CM on an 

exercise performance test that is influenced by oxygen and aerobic metabolic function. More 

specifically, the purpose was to investigate how an acute 12g dose of CM, in comparison to a 

placebo, affects 1) mitochondrial function assessed by Near-Infrared Spectroscopy (NIRS), 2) 

oxygen saturation in the muscle, and 3) performance of an HGCF test in the forearm muscles.  

1.03 – Research Questions: 

1. Does a single, acute dose of CM supplementation affect mitochondrial function in 

the forearm muscles one-hour after ingestion? 

2. Does a single, acute dose CM supplementation affect oxygen saturation in the 

forearm muscles during the HGCF test one-hour after ingestion? 

3. Does a single, acute dose of CM supplementation affect oxygen desaturation in 

the forearm muscles during the HGCF test one-hour after ingestion? 

4. Does a single, acute dose of CM supplementation affect critical force (an 

equivalent to critical torque or critical power) in the forearm muscles one-hour 

after ingestion? 

1.04 – Sub Question: 

1. Does a single, acute dose of CM supplementation affect recovery of force 

production over the course of four minutes beginning one minute after a fatiguing 

HGCF test in the forearm muscles one-hour after ingestion? 
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1.05 – Null Hypotheses: 

1. CM supplementation will have no effect on NIRS-assessed mitochondrial 

function in the forearm muscles.  

2. CM supplementation will have no effect on oxygen saturation in the forearm 

muscles during the HGCF test. 

3. CM supplementation will have no effect on oxygen desaturation in the forearm 

muscles during the HGCF test. 

4. CM supplementation will have no effect on critical force measures in the forearm 

muscles during the HGCF test. 

5. Sub Question – CM supplementation will have no effect on recovery of force 

production after a fatiguing HGCF test in the forearm muscles. 

1.06 – Research Hypotheses:  

1. CM supplementation will improve NIRS-assessed mitochondrial function in the 

forearm muscles during the HGCF test when compared to a placebo. 

2. CM supplementation will cause oxygen saturation to decline less in the forearm 

muscles during the HGCF test when compared to a placebo. 

3. CM supplementation will attenuate oxygen desaturation in the forearm muscles 

during the HGCF test when compared to a placebo. 

4. CM supplementation will increase critical force measures in the forearm muscles 

when compared to a placebo. 

5. Sub Question – CM supplementation will lead to a faster recovery of force 

production after a fatiguing HGCF test in the forearm muscles when compared to 

a placebo. 
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1.07 – Significance: 

 This study will enhance the current body of literature and allow for a better understanding 

of the effect of an acute dose of CM supplementation on aerobic performance outcomes. 

Citrulline supplementation has been shown to improve blood pressure, increase satiety after 

eating, and could improve cardio-metabolic health in clinical populations (Burton-Freeman et al., 

2021), but there is a need to further explore CIT/CM supplementation as an ergogenic aid in non-

clinical populations. The current study provides further data that could eventually contribute to 

the application of CM supplementation in clinical populations or people with endothelial 

dysfunction and its effect on exercise.  

1.08 – Limitations: 

1. Results of this study only apply to women aged 18-35 years. 

2. Results of this study only apply during the early follicular phase of the menstrual 

cycle (when experimental testing took place). 

3. Results of this study only apply to the forearm flexors muscle group and 

therefore, small muscle-mass exercise.  

4. Results of this study only apply to performance of static, isometric contractions of 

one’s non-dominant arm. 

5. Training status will not be controlled. 

6. Participant recruitment was limited depending on age, sex, location, and 

willingness to volunteer, which may not be fully representative of the sample 

population.  

7. The reported 2:1 ratio of citrulline to malate reported by Bulk Supplements was 

not confirmed by third-party testing. 
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1.09 – Delimitations:  

1. Healthy females aged 18-35 years.  

2. Females with a regular menstrual cycle.  

3. Females who have not consumed nicotine in any form for the past six months.  

4. Females who could tolerate consumption of 12g of CM supplementation. 

5. Females who could adhere to the testing schedule.  

6. Females who are not pregnant or breastfeeding.  

7. Females who are free from forearm musculoskeletal injuries. 

8. Females who do not have any known cardiovascular, pulmonary, or metabolic 

diseases/conditions that are affected by exercise performance.  

9. Females who are taking heart or metabolic medications that could affect 

endothelial responses to exercise.  

1.10 – Assumptions: 

1. Participants gave a maximal effort during the critical force testing of the forearm 

muscles and during any other maximal contraction outside of this test.  

2. Participants adhered to the restrictions and instructions prior to testing.  

3. Participants followed all instructions prior to and throughout testing.  

4. Participants were truthful in their reports of dietary/supplement consumption and 

health information prior to and throughout testing.  

5. Participants will absorb the CM supplement similarly. 

6. CIT will be used to form NO after ingestion and absorption. 

7. Malate will enter the muscle cells and be used by the mitochondria after ingestion 

and absorption. 
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8. The CM supplement will mechanistically act how it is proposed to. 

9. The actual ratio of citrulline to malate given is equal to the reported ratio by the 

supplement manufacturer.  

1.11 – Operational Definitions:  

1. Citrulline Malate (CM): a supplement with a 2:1 L-citrulline to DL-malate ratio 

provided by Bulk Supplements. 

2. Near-Infrared Spectroscopy (NIRS): Wavelengths of light at 800nm and 760nm 

allow for measurement of oxy-hemoglobin, deoxy-hemoglobin, and total-

hemoglobin in small blood vessels, capillaries, and muscle tissue (Mancini et al., 

1994).  

3. Measure of Mitochondrial Function: Estimated by measuring the slopes of 

deoxygenated hemoglobin during intervals of blood flow occlusion and non-

occlusion on an exponential curve (McCully et al., 2020).  

4. OxHb (Oxygenated Hemoglobin): Relative oxygenated hemoglobin 

concentrations. Value is a percentage of the participant’s maximum oxygen 

saturation immediately following the release of the blood pressure cuff after five 

minutes. 

5. DeOxHb (Deoxygenated Hemoglobin): Relative deoxygenated hemoglobin 

concentrations. Value is a percentage of the participant’s maximum desaturation 

of oxygen when the blood pressure cuff is inflated for five minutes.  

6. HgBDiff (Hemoglobin Difference): The relative difference between OxHb and 

DeOxHb taken as a percentage of the highest HgBDiff value during the five-

minute occlusion and five-minute cuff-release.  
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7. TSI% (Tissue Saturation Index): Representative of the oxygenation levels of the 

tissue being measured. In this case, the forearm flexor muscles. 

8. Maximal Voluntary Contraction (MVC): The maximum amount of force 

produced by a particular muscle/muscle group. In this case, the forearm flexor 

muscles. MVC will always represent the participant’s highest force production on 

that given testing day. 

9. Impulse: An applied force over a specific time interval, or the integral of force.  

10. Critical Force (CF): The average of the last six contractions during the handgrip 

critical force test. Represents a metabolic steady state as it is influenced by 

oxygen delivery and aerobic metabolic function (Burnley et al., 2009). Also, 

represents aerobic metabolic function and is a measure of aerobic capacity (Jones 

et al., 2010).  

11. Handgrip Critical Force Test (HGCF): A maximal, all-out test for the 

determination of critical force. Involves a three-second MVC followed by a two-

second rest repeated for five minutes, or sixty contractions. This test is adapted 

from the one developed by Burnley et al. (2009) originally designed to estimate 

critical torque. 

12. Regular Menstrual Period: Having one period per month and for at least the past 

three months at the time of recruitment/informed consent.  
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CHAPTER II: REVIEW OF LITERATURE 

2.01 – Outline: 

 The following chapter begins with an introduction to the research problem and highlights 

the review process and search criteria for reviewing the current literature. Next, the proposed 

mechanisms of action for citrulline (CIT) and citrulline malate (CM) are described. The effects 

of CM and CIT supplementation on exercise are detailed, followed by a summary of these 

performance effects. Next, the need for additional research using only female subjects and 

considering menstrual cycle phases is highlighted. Critical force and aerobic capacity are then 

explained. Next, the mitochondrial function test via NIRS is described, followed by the variables 

associated with the mitochondrial function test. This chapter is concluded with a summary of the 

literature findings.  

2.02 – Introduction:  

 CIT and CM supplementation has been shown to improve time-trial cycling exercise and 

VO2 kinetics, in addition to improving the total number of repetitions for multiple upper-body 

and lower-body resistance training exercises. CIT consumption leads to increased nitric oxide 

(NO) production, which increases vasodilation and, therefore, blood flow and oxygen delivery to 

the working muscles during exercise. CM, in addition to containing CIT, also contains malate, 

which would increase the bioavailability of malate for use in the Kreb’s Cycle and Malate 

Aspartate Shuttle (MAS), potentially leading to improved mitochondrial function; though, this 

mechanism is still unclear. While CM supplementation’s effect on exercise has been studied, the 

understanding of the extent to which CIT, malate, or the synergistic combination of both 

ingredients contributes to changes in exercise performance is not well understood. More 

specifically, the understanding of malate and its role in aerobic metabolic pathways and aerobic 
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performance is less understood than the mechanisms involved with CIT. Additionally, larger, 

acute doses of both supplements have been shown to yield the greatest changes in exercise 

performance, but most studies employ a low or moderate dose. Altogether, investigating the 

extent (if at all) of CM supplementation on aerobic mechanisms and aerobic performance when 

using a large dose with adequate timing for absorption has not been studied to the author’s 

knowledge.  

2.03 – Review Process:  

 Existing literature was searched through OU Libraries’ online databases, including 

PubMed and Web of Science. Keywords such as, “citrulline exercise”, “citrulline malate 

exercise”, “citrulline exercise performance”, “malate and exercise”, “critical power/torque”, 

“mitochondrial function”, and mitochondrial capacity”. Additionally, literature was also found 

by searching through the reference lists of meta-analyses reviewing CIT/CM studies. 

2.04 – Proposed Mechanisms of Action:  

 The CIT and malate present in CM supplements is hypothesized to act differently 

mechanistically. Since both are present, it is possible that the effects of CIT, malate, or some 

combination of the two contribute more to possible enhancements of exercise performance. 

Thus, it is important to examine the possible mechanisms of each ingredient separately and then 

how they could function together.  

CIT, when supplemented in the diet, can be combined with aspartate to form L-arginine 

by argininosuccinate synthase (Haines et al., 2010). L-arginine can then be converted to NO via 

Nitric Oxide Synthase (NOS), leading to eventual vasodilation and several other physiological 

mechanisms. One might ask why not supplement with L-arginine because it requires one less 

enzymatic reaction. A large amount of ingested L-arginine is cleared from the body, either by 
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bacteria in the intestines (Castillo et al., 1993), with arginases (Wu, 1998), or metabolized by the 

liver (Morris, 2002). Unlike L-arginine, CIT does not undergo the same elimination processes 

leading to higher concentrations of it in the blood (Bescós et al., 2012). Therefore, CIT 

supplementation has been identified as a more efficient way to increase L-arginine levels and 

subsequently NO.  

 NO is an extensively researched molecule in exercise physiology due to its ability to 

regulate blood flow through vasodilation and mitochondrial respiration, thus affecting exercise 

performance (Oral, 2021). While it is widely known that NO is critical for vasodilation (Jones et 

al., 2021), there is nuanced evidence that NO can inhibit or enhance mitochondrial function 

depending on the circumstances (Pappas et al., 2023; Poderoso et al., 2019). More specifically, 

NO can inhibit cytochrome c oxidase, which is the final complex in the electron transport chain 

and mediates nearly all oxygen consumption in mammals (Poderoso et al., 2019). Because NO is 

a diatomic molecule similar in structure to oxygen, it competitively and non-competitively 

inhibits cytochrome c oxidase, which reduces mitochondrial efficiency (Stamler & Meissner, 

2001). Additionally, NO can indirectly reduce aerobic respiration by inhibiting aconitase, which 

isomerizes citrate to isocitrate in the Kreb’s Cycle, leading to an overall reduction in ATP 

production (Williams & O’Neill, 2018).  

 Contrasting the possible reductions in mitochondrial function from NO and even NOS 

activity (Stamler & Meissner, 2001), other evidence suggests that NO can improve mitochondrial 

oxidative efficiency during exercise by increasing ATP synthase coupling and reducing the 

proton gradient (Pappas et al., 2023). It is possible that several of the above mechanisms are 

occurring simultaneously as NO has a host of targets (Stamler & Meissner, 2001). This is 

important information to be cognizant of when examining possible mechanisms involved with 
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CM supplementation as NO has a hand in a multitude of physiological pathways (Jones et al., 

2021).  

With possible decreases in mitochondrial function because of NO, it begs the question of 

whether malate, an intermediate in the Kreb’s Cycle, could help mitigate any decrements to 

mitochondrial efficiency caused by NO production. Malate has been suggested to increase 

aerobic ATP production, in addition to delaying fatigue through the mitigation of lactic acid 

formation by promoting pyruvate oxidation into acetyl coenzyme-A (Bendahan et al., 2002; 

Gonzalez & Trexler, 2020). It is also hypothesized that malate will additionally enhance the 

efficiency of the MAS, further improving mitochondrial function (Gough et al., 2021). Still, the 

proposed mechanisms of enhancement to exercise performance from malate supplementation 

have not been directly observed in humans, resulting in an unclear understanding of aerobic 

respiration contributions to possible exercise performance enhancements (Gough et al., 2021).  

The combination of malate and CIT in CM supplements is proposed to cause a 

synergistic enhancement to exercise performance. This is due to the eventual production of NO 

through NOS propagated and increased FMD (Rogers et al., 2020) by CIT coupled with possible 

improvements (or at least mitigating any decrements) to oxidative energy production via malate 

(Gonzalez & Trexler, 2020). Overall, it is unclear the extent to which CIT (through the NOS 

pathway) and malate (through the Kreb’s Cycle) contributes to aerobic pathways or performance.   

2.05 – Citrulline Malate and Exercise:  

 As previously discussed, CM is suggested to improve or mitigate aerobic energy 

production capacity due to the combination of malate to CIT, possibly providing a synergistic 

ergogenic enhancement of exercise performance. In terms of CM supplementation studies and 

exercise performance, there is less research on types of aerobic exercises than there is on types of 
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resistance exercises, further highlighting the need to better understand how CM supplementation 

influences aerobic variables. One of the first studies reporting on aerobic performance effects of 

CM supplementation found that rates of oxidative ATP production increased, but this was after 

ingesting 2g of CM per day for 15 days (Bendahan et al., 2002). However, the results from this 

article should be cautiously interpreted due to there being no control/placebo group and the 

participants being symptomatic of fatigue. Most studies have investigated how an acute dose of 

CM primarily affects resistance training, where maximum number of repetitions (MNR) was 

measured, which could give insight into aerobic aspects of exercise as aerobically trained 

individuals generally have a higher MNR (Panissa et al., 2013). 

 In a randomized, double-blind crossover study, participants increased total number of 

bench press repetitions after consuming an acute 8g dose of CM taken one hour prior to exercise 

(Pérez-Guisado & Jakeman, 2010). Using a similar study design, participants significantly 

increased total number of repetitions in the last of five sets of the leg press, hack squat, and leg 

extension after an acute 8g dose of CM taken one hour before exercise (Wax et al., 2015). Wax 

et al. (2016) also investigated changes to upper body lifting performance after an acute 8g dose 

of CM taken one hour prior to exercise, and reported a significant increase in total number of 

repetitions for chin-ups, reverse chin-ups, and push-ups. Participants in all three of the 

aforementioned studies were resistance-trained males. 

In recreationally resistance-trained males, after an 8g dose of CM 40 minutes prior to 

exercise, there were no significant improvements to total repetitions after a bench press training 

protocol (Gonzalez et al., 2018). These results may, in part, be due to the fact that the CM dose 

was taken only 40 minutes before exercise as opposed to 60 minutes prior, which allows for the 

highest bioavailability of CIT in the plasma (Moinard et al., 2008). In another study involving 
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recreationally active males, there was no significant increase in total repetitions of leg press or 

hack squat exercises following an acute 6g dose of CM taken one hour prior to exercise (da Silva 

et al., 2017). Again, one of the reasons behind the nonsignificant results could partly be because 

of the lower dose utilized in this study. Similarly, Chappell et al. reported no significant 

increases in total repetitions in leg curls (2020) or barbell curls (2018) after 8g of CM one hour 

prior to exercise. 

In a study involving recreationally active males performing maximal leg extensions for 

five sets of 30 repetitions two hours after an acute 8g dose of CM, there were no significant 

changes to plasma nitrates, blood flow, metabolic efficiency, or hormonal response (Trexler, 

Keith, et al., 2019). In a similar study but with submaximal isotonic leg extensions, an acute 8g 

dose of CM taken two hours before exercise also did not improve performance, blood flow, 

metabolic efficiency, or hormonal response (Trexler et al., 2020). According to the findings 

reported by Moinard et al. (2008), the highest levels of plasma CIT are found one hour after 

ingestion and decrease by more than half two hours after ingestion. This suggests that at two 

hours post-CM-consumption, when exercise began in both aforementioned Trexler studies, there 

were not high enough levels of CIT available in the plasma, which could have contributed to the 

lack of significant results reported by both studies. 

Overall, CM supplementation yielded the most improvements to performance with doses 

of 8g or higher given one hour prior to resistance exercise (Chappell et al., 2020; Glenn et al., 

2016; Glenn et al., 2017; Pérez-Guisado & Jakeman, 2010; Wax et al., 2015; Wax et al., 2016) as 

opposed to doses smaller than 8g (da Silva et al., 2017) or doses given more than one hour after 

consumption (Trexler, Keith, et al., 2019; Trexler et al., 2020). The studies mentioned did little 

to no measuring of possible mechanisms involved with performance improvements, further 
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supporting the need for exploration into this topic. Additionally, future recommendations from a 

recently published meta-analysis further emphasize that acute CM supplementation could 

improve muscle endurance, but further research is needed to confirm this claim; especially 

regarding the dosing, timing, and aerobic performance measures (Park et al., 2023).  

2.06 – Citrulline and Exercise: 

 Because CIT is a main ingredient in CM supplements that can cause its own 

physiological responses independent of malate, it is necessary to discuss existing literature where 

only CIT supplementation was used. Several studies have investigated loading doses of CIT 

taken over the span of several days to several weeks, but the results from studies utilizing acute 

doses of CIT will be focused on as this is what is being tested in the current study.  

 There are perplexing results reported after acute CIT supplementation, which is most 

likely due to varying dosing and timing protocols used in each study. Cutrufello et al. (2015) 

found no significant changes to maximal oxygen consumption (VO2 max) or FMD one or two 

hours after 6g of CIT supplementation. These results could be explained by the timing of the 

dosing, as peak plasma levels of CIT are highest one hour after consumption, rather than two 

(Moinard et al., 2008). In addition, larger doses of CIT consumption have been shown to 

increase plasma CIT levels the greatest (Moinard et al., 2008), suggesting that an acute dose of 

6g was not enough to improve exercise performance due to less bioavailability of CIT. Similar 

results were reported by Hickner et al. (2006), wherein an acute 3g dose of CIT 3 hours before 

exercise or a 9g dose given over 24 hours did not elicit significant changes to VO2 peak or 

submaximal oxygen consumption. Additionally, Martínez-Sánchez et al. (2017) reported 

participants who completed a half-marathon did not have any improvements in time to 

completion but did have a significant reduction in muscle soreness up to 72 hours after the race 
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following ingestion of 500mL of watermelon juice (with 3.45g of CIT). These results emphasize 

the need to utilize optimal dosing and timing of supplementation before exercise in order to 

ensure exercise is taking place near the time point where CIT levels are increased rather than 

depleted (Gonzalez et al., 2023). Overall, acute doses of only CIT have inconsistent results that 

require further exploration.  

2.07 – Summary on CIT/CM Performance Effects: 

 Despite a multitude of studies investigating both CIT and CM influence on a variety of 

exercise performance variables, it is challenging to make comparisons due to the varying dosing 

and timing protocols implemented in each study. Experiments investigating aerobic effects from 

CIT are lacking (Cutrufello et al., 2015; Hickner et al., 2006; Martínez-Sánchez et al., 2017). On 

the contrary, there is substantial evidence that CM supplementation could potentially alter 

aerobic performance variables as acute doses have significantly increased MNR performed in 

several exercises (Chappell et al., 2020; Glenn et al., 2016; Glenn et al., 2017; Pérez-Guisado & 

Jakeman, 2010; Wax et al., 2015; Wax et al., 2016).  

2.08 – Emphasis on only Sampling Women:  

 Most literature investigating performance effects of CM have either solely involved 

males or included both males and females in the sample, as few have exclusively included 

females. One study involving resistance-trained females ingesting 8g of CM one hour before 

performing bench press and leg press exercises (6 sets at 80% 1-RM to failure) reported a 

significant increase in total repetitions for both lifts and a decrease in RPE during bench press for 

the CM group (Glenn et al., 2017). Another study only involving females reported a significant 

increase in maximal and average grip strength, and peak and explosive power during a Wingate 

test after an acute 8g dose of CM taken one hour prior to exercise (Glenn et al., 2016). Gills and 
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colleagues (2022) investigated how an acute 8g dose of CM affected peak power and torque 

output during a 5-repetition and 50-repetition isokinetic knee extension test and found that CM 

did not influence performance on the 50-repetition test, but did increase total work completed 

during the 5-repetition test. The participants in this study were also tested during the 

menstruation phase of the menstrual cycle to control for estrogen levels (Gills et al., 2022), as 

estrogen has been shown to up-regulate genes related to NO production (Mendelsohn & Karas, 

1994). These three studies are the only three, to the author’s knowledge, that only have female 

participants. Thus, there is a need to attempt to fill this gap in the literature which is one of the 

goals of this study.  

 In addition to contributing to the amount of literature solely using a female sample, there 

are some skeletal muscle biological sex differences between men and women that require 

acknowledgment. Women tend to have more type I, oxidative muscle fibers when compared to 

men who tend to have more type II, glycolytic muscle fibers (Staron et al., 2000; Lindholm et al., 

2014). Type I fibers have higher amounts of mitochondria, more mitochondrial and oxidative 

enzymes, and increased capillary density (McArdle et al., 2015). Because of these differences, 

we wanted to use a sample that was similar in muscle composition.  

2.09 – Menstrual Cycle Considerations: 

 It is important to consider the menstrual cycle and its potential impact on exercise 

performance outcomes and bioenergetics as hormones fluctuate greatly during the entire cycle. 

Current literature regarding menstrual phase and exercise is contradictory, but one thing is clear: 

it depends on what is being measured and what phase it is being measured in (McNulty et al., 

2021). There are three phases of the menstrual cycle that are of particular interest: the 

menstruation or early follicular phase (EF), the midfollicular phase, and the luteal phase (Brown, 



 19 

2022). Gonzales and colleagues (2020) reported no changes in exercise-onset vasodilator kinetics 

between the follicular phase and luteal phase after CIT supplementation, although vasodilator 

kinetics were slower during the luteal phase than follicular phase. Additionally, FMD (a 

proposed mechanism of NO production) has not been shown to fluctuate across the menstrual 

cycle in women with natural cycles and those on oral contraceptive pills (OCP) (Shenouda et al., 

2018). Bioenergetics and mitochondrial dynamics have been shown to be regulated by estrogen 

via gene expression (Klinge, 2020), which could have implications on this study as estrogen 

levels fluctuate throughout the menstrual cycle and is elevated in the luteal phase. In a study 

analyzing substrate utilization fluctuations in healthy, physically active women, carbohydrate 

utilization and oxidation values were significantly higher in the follicular phase than in the luteal 

phase during aerobic exercise (Willett et al., 2021). The results from Klinge (2020) and Willett et 

al. (2021) demonstrate that mitochondrial activity and bioenergetics are subject to change during 

the menstrual cycle, which needs to be considered in the current study.  

In the present study, it was decided to test during the EF phase due to there not being any 

changes in FMD (Shenouda et al., 2018), having no changes to vasodilator kinetics (Gonzales et 

al., 2020), and levels of the hormones associated with the menstrual cycle being the lowest 

(Holesh et al., 2023). Because mitochondrial dynamics and gene expression (Klinge, 2020) and 

substrate utilization (Willett et al., 2021) are influenced by estrogen levels, testing participants in 

the current study during the EF phase provides the best control for these variables as estrogen 

levels (among other hormones) are the lowest during this phase. Additionally, potential 

participants were not excluded due to the use of OCP specifically (Shenouda et al., 2018); they 

just needed to have a regular menstrual cycle with menstruation (defined as having one period 

per month for at least the past three months). 
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2.10 – Critical Force: 

Critical power (CP) represents a threshold of power output that can be indefinitely 

maintained via oxidative ATP production and allows for a better understanding of fatigue and 

aerobic capacity (Jones et al, 2010). For this study, the term “impulse” is used because the 

exercise performed is an isometric contraction performed over a period of time with no lever 

arm. The concept of CP still applies to critical impulse (CI) and critical force (CF). The time to 

fatigue during high-intensity muscular exercise proceeds in an expected, hyperbolic fashion 

(Jones et al., 2010). A five-minute “all-out” test developed by Burnley and colleagues (2009) 

allowed for an estimation of critical torque (using isometric contraction of the knee extensors) 

that utilized a 3-second contraction/2-second rest duty cycle for five minutes. A similar protocol 

was employed by Kellawan & Tschakovsky (2014), but for an isometric handgrip exercise test 

with a 1-second contraction/2-second rest duty cycle for ten minutes. The current study 

combined aspects from each of these protocols as we used a 3-second contraction/2-second rest 

duty cycle for five minutes but for an isometric handgrip test. Altogether, this test provides an 

estimate of aerobic capacity.  

Critical power/force is influenced by several variables, one of them being oxygen 

delivery to exercising tissues (Goulding & Marwood, 2023). When a cycling CP test was 

performed during blood-flow occlusion (hypoxic conditions), CP was significantly lower than 

during non-occlusion (Broxterman, Ade, et al., 2015). These results were also reported when 

blood flow was occluded during a handgrip CF test (Broxterman, Craig, et al., 2015). 

Contrastingly, when CP was measured on a cycle ergometer when breathing in hyperoxic gas, 

CP significantly increased in comparison to those who breathed in normoxic gas (Goulding et al., 

2020). Whether blood flow or oxygen levels were inhibited (Broxterman, Ade, et al., 2015) or 
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enhanced (Goulding et al., 2020), CP changed accordingly, which further confirms that CP is a 

parameter of aerobic metabolic function. Because CP is influenced by oxygen delivery, if blood 

flow or oxygen delivery is increased, oxygen extraction by the tissues presumably decreases due 

to a lower partial pressure of oxygen in the tissues, potentially influencing VO2 and therefore CP 

(Broxterman, Ade, et al., 2015). Therefore, if CM supplementation does increase blood flow or 

oxygen delivery to exercising muscle through its proposed mechanisms, CF, in this case, could 

be altered. By performing a handgrip CF test (HGCF) after CM supplementation, and in 

comparison to a placebo, it allows for a better understanding of how (if at all) aerobic 

mechanisms involved with CP are affected by an acute dose of CM. 

2.11 – Mitochondrial Function Testing via Near Infrared Spectroscopy (NIRS): 

 Traditionally, muscle oxidative capacity has been estimated using invasive procedures 

such as biochemically analyzing muscle biopsies (Nagasawa et al., 2003). More recently, though, 

noninvasive technologies have been developed to estimate muscle oxidative capacity, two of 

those being Magnetic Resonance Spectroscopy (MRS) and NIRS technology. MRS monitors 

phosphorus metabolites in the body by specifically measuring recovery rates of phosphocreatine 

(PCr) (Ryan et al., 2013), which estimates mitochondrial function as recovery of PCr levels is 

controlled by mitochondrial ATP production (Nagasawa et al., 2003). NIRS, another noninvasive 

tool to measure oxidative capacity or mitochondrial function, utilizes light at two different 

wavelengths to estimate oxygenated and deoxygenated forms of hemoglobin and myoglobin. 

More specifically, both oxygenated and deoxygenated forms of hemoglobin and myoglobin 

absorb light at 800nm, but only deoxygenated forms of hemoglobin and myoglobin absorb light 

at 760nm, allowing for an estimation of percentages of each form in small blood vessels, 

capillaries, and intracellular muscle points of oxygen uptake (Mancini et al., 1994).  
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An early study reported a significantly strong, positive correlation between post-exercise 

oxygen consumption time constant and recovery of PCr time constant (Nagasawa et al., 2003), 

further supporting PCr recovery rates representing validity in this measure to estimate 

mitochondrial function. More recently, a cross-validation study between P-MRS and NIRS 

testing conducted by Ryan et al. (2013), reported very high agreement between the time 

constants from P-MRS and NIRS, suggesting that NIRS testing is a valid way to measure 

mitochondrial function. This test has high repeatability day-to-day (Zhang et al., 2020). 

However, there are limitations to NIRS technology in terms of estimating skeletal muscle 

oxidative capacity. Sites with large layers of adipose tissue decrease accuracy of NIRS 

measurements as the signal only protrudes about 1.5cm deep, limiting accurate measurements to 

sites with less adipose tissue and good access to superficial muscles (Ferrari et al., 2011), which 

is partly the reason why the mitochondrial function test is being performed on the elbow flexor 

muscles in the current study.  

2.12 – Summary of Literature Findings: 

 CM supplementation is hypothesized to influence exercise by increasing vasodilation via 

NO production from CIT and increasing mitochondrial function through the Kreb’s Cycle/MAS 

from malate (Wu et al., 2007; Gough et al., 2021). However, NO has been shown to inhibit or 

improve mitochondrial function depending on the circumstances (Pappas et al., 2023; Williams 

& O’Neill, 2018). This, in conjunction with the influence of malate, has led to ambiguity on 

possible mechanisms involved with CM and the implications on exercise performance as malate 

supplementation has only been studied in mice (Wu et al., 2007) and not humans. Specifically, 

estimating mitochondrial function while also analyzing an aerobic performance test after CM 

supplementation has not been done, let alone with proper pharmacokinetic dose and timing 
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protocols (Moinard et al., 2008). CF, a measure of aerobic capacity (Jones et al., 2010) and is 

dependent on blood flow and oxygen delivery (Broxterman, Ade, et al., 2015; Goulding et al., 

2020), has not been measured following CM supplementation, which is thought to influence 

these mechanisms. Furthermore, there is a lack of female representation in this body of research.  
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CHAPTER III: METHODOLOGY 

3.01 – Introduction to Chapter: 

 Research has suggested that CM supplementation could improve exercise performance 

(Gills et al., 2022; Glenn et al., 2016; Glenn et al., 2017; Pérez-Guisado & Jakeman et al., 2010; 

Wax et al., 2015; Wax et al., 2016). CIT by itself is hypothesized to increase NO bioavailability, 

potentially leading to increased oxygen delivery to skeletal muscle (Bescós et al., 2012). Malate 

is hypothesized to increase mitochondrial function by increasing the efficiency of the Kreb’s 

Cycle and the MAS, but this is unclear and has only been observed in mice (Wu et al., 2007). 

Thus, it has been suggested that the CIT and malate present in CM supplements may provide a 

synergistic effect to improve exercise performance, but the mechanisms with malate and its role 

in aerobic metabolic pathways and how they affect aerobic exercise performance are not fully 

understood. Additionally, the utilization of a potent enough dose of CM with adequate timing for 

absorption and utilization in studies investigating CM is warranted. Finally, there is a lack of CM 

studies using solely female participants. To date, no studies have investigated how a large (12g) 

dose of CM affects a possible aerobic mechanism or an aerobic performance test in only women.  

 This chapter will begin by describing the sample that was used in the study, followed by 

a highlight of the inclusion and exclusion criteria. An explanation of the research design and the 

experimental overview is described. Next, the instruments and measurement protocols are 

detailed. The HGCF test, supplementation procedures (drinks, dose, timing, randomization) are 

then explained, followed by the data collection procedures. The chapter is then concluded by 

detailing the data management tools and devices, data analysis procedures, and statistical 

analyses used.  
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3.02 – Participants: 

 A total of 25 female participants (age: 21.8 ± 4.3 years, height: 161.2 ± 7.3 cm, weight: 

64.4 ± 11.9 kg, values are mean ± SD) were recruited for the study, but only 17 completed all 

experimental procedures and were subsequently included in the analysis. Five participants 

dropped out of the study due to scheduling and period fluctuation issues, and three participants 

completed all visits after the deadline to be included in this sample. Convenience sampling was 

utilized for this study as all participants volunteered and were a part of the OU community. OU 

Mass-Mail emails sent out to all female faculty, staff, and students, paper flyers posted in 

classrooms and common areas in the Department of Exercise Science at OU, word-of-mouth, 

and announcements in student club meetings/classes were all methods used for recruitment of 

participants. A sample of 17 participants was found to be sufficient to detect an effect of 0.34 SD 

(low-moderate Cohen’s d effect size) using a dependent measures t-test (used in the present 

study to examine differences between the CM and placebo conditions on multiple measures; 

please see statistical analysis section) assuming a correlation of 0.90 between repeated testing. 

Additionally, a sample of 17 was sufficient to detect an interaction effect of 0.46 SD (moderate 

effect size) using a 2 condition x 16 time point completely within repeated measures ANOVA 

(see statistical analysis section). 

 Before any testing or data collection began, participants were made aware of all 

experimental procedures, gave informed consent, signed a HIPAA Authorization form, recalled 

their physical activity from the last seven days using the International Physical Activity 

Questionnaire (IPAQ), and completed the Physical Activity Readiness Questionnaire (PAR-Q) to 

determine if they were fit for exercise. Additionally, participants completed a Menstrual History 

Questionnaire to determine when the participants’ menstruation phase occurred and a Health 
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Status Questionnaire to assess possible medications, nicotine habits, and basic health 

information. All participants were classified as either moderately- (600+ METmin/week) or 

highly-trained (1500+ METmin/week) according to the IPAQ classifications. All forms 

mentioned can be found in Appendices B-G.  

3.03 – Inclusion Criteria:  

 To be included in the sample for this study, participants needed to be female between the 

ages of 18-35 years and have a regular menstrual period. 

3.04 – Exclusion Criteria: 

 Exclusion from the study resulted if the person was outside of the specified age range, 

had musculoskeletal injuries that affected forearm exercise performance, answered “yes” to any 

questions on the PAR-Q, had consumed nicotine within the last six months, were pregnant or 

breastfeeding, had any known cardiovascular, pulmonary, or metabolic diseases that influenced 

exercise performance, or any took heart/metabolic medications that could affect endothelial 

responses to exercise.  

3.05 – Experimental Design and Overview:  

 This study utilized a randomized, double-blind, placebo-controlled, crossover design. 

Participants completed three visits. Visit 1 included completion of paperwork, measurement of 

height and weight, and familiarization to the mitochondrial function test, handgrip MVCs, 

handgrip critical force (HGCF) test, and recovery MVCs. Visits 2 and 3 took place when 

participants were on their menstrual period and were separated by a minimum of 48 hours.  

Before Visits 2 and 3, participants were instructed to not eat anything 8 hours prior to 

arrival time, not consume any non-steroidal anti-inflammatory drugs (NSAIDs), caffeine, or 

participate in any vigorous exercise for 12 hours before arrival time. These requirements are 
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based on the recommendations from Harris et al. (2010) for FMD testing, which has been shown 

to be affected by CM supplementation (Rogers et al., 2020). Once at the laboratory, participants 

had a maximum of 15 minutes to drink either the CM or PLAC drink. Neither the participant nor 

researcher knew the contents of the drink. The order of drinks on testing days were randomly 

assigned and counter balanced. Immediately after the participant consumed the drink, a one-hour 

timer was started. During this time, the participants all watched the same 1.5-hour (45 min 

during Visit 2 and 45 min during Visit 3) documentary in a seated position. As soon as the one-

hour rest period was completed, the mitochondrial function test began. After this was finished, 

participants transitioned to the custom handgrip apparatus and performed a series of MVCs, 

completed the HGCF test, and then performed four MVCs one minute apart beginning one 

minute after completion of the HGCF test (known as the recovery MVCs). The same procedures 

were completed for Visit 3, just after consuming the drink that was not consumed on Visit 2. 

 

Figure 1: Experimental timeline and overview of measures.  
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3.06 – Experimental Procedures: 

Mitochondrial Function Testing Using Near Infrared Spectroscopy (NIRS): 

 A total of three estimations of mitochondrial function using NIRS were completed on 

each participant, one during each visit. For each test, the subject laid on their back on a table 

with their legs uncrossed. Blood pressure was taken with a sphygmomanometer (Omron 

Healthcare, Inc., Lake Forest, IL 60045) and then recorded. The NIRS Portamon device (Artinis 

Medical Systems B.V., The Netherlands), after it was wrapped in plastic wrap to keep out 

moisture, was placed on the subject’s non-dominant forearm superficial flexor muscles felt for 

by palpation. The NIRS device was secured using two bandage wraps to keep out excess light. 

The device was connected to a laptop with OxySoft software (Artinis Medical Systems B.V., 

The Netherlands) via Bluetooth. The wavelengths utilized were 848nm and 759nm and the 

sampling rate was set at a rate of 10Hz.  

 A blood pressure cuff was placed on the upper part of the subject’s nondominant arm and 

connected to a Hokanson E20 Rapid Cuff Inflator and Hokanson AG101 Cuff Inflator Air 

Source (D.E. Hokanson, Inc., Bellevue, WA 98005). The pressure setting on the Hokanson Air 

Source was set to 100mmHg above the subject’s systolic blood pressure. Once the equipment 

was set up, a 2.5-minute resting period occurred to allow for the oxygenated hemoglobin 

(OxHb), deoxygenated hemoglobin (DeOxHb), difference between OxHb and DeOxHb 

(HgBDiff), and tissue saturation index percentage (TSI%) readings to normalize. After this 2.5-

minute resting period, a series of cuff inflations, deflations, and exercise was performed 

according to the procedure below:  

• Inflate 30 seconds/Deflate 30 seconds X 2 

• Isometric Handgrip Pulse (2s on 2s off for 20 seconds) 
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• Rest period 3 seconds 

• Inflate 5 seconds/Deflate 5 seconds X 7 

• Inflate 7 seconds/Deflate 7 seconds X 4 

• Inflate 10 seconds/Deflate 10 seconds X 4 

• Isometric Handgrip Hold 3 seconds 

• Inflate 5 minutes 

• Deflate 5 minutes 

This protocol was adapted from Brizendine et al. (2013). After the 5-minute deflation 

period, another file on the OxySoft software was opened for the HGCF test. The NIRS Portamon 

device on the forearm was not moved in between tests.  

 A blood volume correction was performed on the raw values of OxHb, DeOxHb, 

HgBDiff, and TSI%, as outlined by Ryan et al. (2012). Raw OxHb and DeOxHb values were 

used in the following equations: 	

(1)                                          β = |OxHb|
|OxHb|+|DeOxHb|

 

(2)                              cOxHb	=	OxHb	-	[TotalHb x (1- β)] 

(3)                         cDeOxHb	=	DeOxHb	-	(TotalHb x β) 

 Equation 1 represents 𝛽, the blood volume correction factor, and was calculated for every 

data point during the mitochondrial function test. To calculate the OxHb after correcting for 

blood volume, raw OxHb values were substituted into Equation 2. The same was done for 

DeOxHb values but using Equation 3. These methods are congruent with similar studies (Ryan et 

al., 2012). For estimation of mitochondrial function, the slope of the increase in DeOxHb after 

each inflation following the 20-second incremental handgrip exercise was determined. The slope 
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was calculated by using Microsoft Excel to find the largest, most consistent segment during the 

inflation period. The slopes from the first six inflations after the handgrip exercise and the 

average of the first 30-second inflations was used in accordance with McCully et al. (2020) 

because the metabolic rate changes the greatest during the first six inflations and the date tends to 

be cleaner. More specifically, these slopes were fit with a single exponential decay curve in 

which a time constant (tau) value (measured in seconds) was calculated and used to estimate 

mitochondrial function.  

Handgrip Critical Force (HGCF) Test and Setup: 

 The participant sat upright on a traditional preacher curl bench to attempt to limit as 

much arm movement as possible and keep the angle of the subject’s arm/forearm consistent 

between participants. The subjects grasped a custom, 3D printed handgrip device with four 

fingers wrapped around the handle and the thumb wrapped underneath. Their forearm was placed 

on a support while gripping the device. The custom handgrip device was connected to a force 

transducer which sampled at a frequency of 2000Hz (Transducer Techniques, Temecula, CA 

92590). The table position was adjusted depending on the participant’s anthropometrics and 

comfort and recorded in order to replicate in future tests.  

 The force transducer transmitted a reading in Volts to a BIOPAC MP150 data acquisition 

system (BIOPAC Systems Inc., Goleta, CA 93117) for analysis with AcqKnowledge Acquisition 

and Analysis software (BIOPAC Systems Inc., Goleta, CA 93117). This signal was filtered using 

a low pass filter at 5Hz and converted to Newtons according to the manufacturer’s calibrations. 

A screen was placed directly in front of the participants which displayed the BIOPAC force 

outputs and a video with the timing of each contraction for them to observe and follow. Before 

completion of the HGCF test, participants performed multiple three-second MVCs to practice 
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giving maximal effort. They observed their force output on the screen and tried to increase it 

with each effort. One minute of rest was provided between MVCs.  

 During the HGCF test, participants were instructed to perform a MVC for three seconds 

followed by a two-second rest period. This cycle repeated for a total of five minutes, or a total of 

60 contractions. A PowerPoint presentation converted to a video with these timings played on 

the TV in front of the participants as a prompt of when to contract and relax. Verbal 

encouragement was given throughout the test. After the five minutes were completed, subjects 

completed four MVCs each with one minute of rest to represent recovery after a fatiguing test.  

NIRS Recordings During the HGCF Test: 

 The NIRS device recorded OxHb, DeOxyHb, HgBDiff, and TSI values during the pre-

test MVCs, HGCF test, and the recovery MVCs. These values were normalized to the subject’s 

0% oxygen saturation (the minimum OxHb reading during the five minutes of total occlusion 

after the mitochondrial function test) and 100% oxygen saturation (the maximum OxHb reading 

during the four minutes of reactive hyperemia following cuff-release after the mitochondrial 

function test). These procedures are in accordance with previous studies (Ryan et al., 2012).  

3.07 – Supplementation Procedures: 

 All drinks were prepared by the same researcher, but this researcher was blinded to the 

contents in the drinks used on a particular participants’ testing day and were randomly assigned 

by a different researcher. The PLAC drink contained 1g (one packet) of no-calorie saccharin 

sweetener (Walmart Inc., Bentonville, AR 72716) and 2.4g (one packet) of zero-sugar artificial 

raspberry lemonade electrolyte water beverage mix (Propel, distributed by Gatorade, Chicago, IL 

60604) thoroughly mixed into 500mL of water. The CM drink contained 12g of 2:1 L-citrulline 

to DL-malate powder (Bulk Supplements, Henderson, NV 89011) measured out on a food scale. 
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The same raspberry lemonade flavor packet used in the PLAC drink was mixed with the CM and 

500mL of water. Both drinks were transparent and were indistinguishable by sight and taste. On 

Visits 2 and 3, participants were given 15 minutes maximum to drink the entire 500mL, but most 

consumed it in less than three minutes.  

3.08 – Data Analysis:  

 The BIOPAC AcqKnowledge files for pre-exercise MVCs, HGCF test, and recovery 

MVCs were converted to text files and then run through a custom-written MATLAB 

(MathWorks Inc., Natick, MA 01760) script which calculated peak force, mean force, and area 

under the curve (impulse) for each contraction during the HGCF test. Critical force and critical 

force-time integral were calculated as the average of the final 6 contractions. The NIRS data for 

the mitochondrial function tests were exported as text files and downloaded into Microsoft Excel 

(version 16.71 for Mac) for analysis. Raw DeOxHb and OxHb values were corrected for blood 

volume changes using the calculations mentioned in section 3.06. The NIRS data (OxHb, 

DeOxHb, HgBDiff, and TSI%) from the HGCF test were exported as text files and downloaded 

to Excel for analysis. The values were corrected as mentioned in section 3.06. A custom-written 

Excel template then calculated the total areas under the curve (AUC), 5-second, time-binned 

averages, and 20-second, time-binned averages for each variable during exercise. 

3.09 – Statistical Analysis: 

 Microsoft Excel and SPSS (version 28.0, IBM, Chicago, IL 60604) were used for 

statistical analyses. All data are reported as mean ± SEM unless otherwise noted. Dependent-

measures t-tests were used to compare the CM and PLAC conditions for maximal isometric 

handgrip strength, critical force, critical force-time integral or impulse, NIRS estimation of 

mitochondrial function, NIRS-derived AUC for OxHb, DeOxHb. A 2 (condition; CM and 
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PLAC) x 16 (time) completely within, repeated measures ANOVA was performed to analyze 

how OxHb, DeOxHb, and TSI% changed between the two conditions (CM and PLAC) and over 

16 time periods (one pre-exercise and 15 during-exercise time points). This data was obtained 

from the 20-second, time-binned averages of each variable. Lastly, a 2 x 5 completely within, 

repeated measures ANOVA was performed to analyze how the recovery MVCs changed 

between the two conditions (CM and PLAC) and over five time periods (final contraction at the 

end of the HGCF test and four time points after HGCF test). The Greenhouse-Geisser correction 

was used if Machly’s test of sphericity was violated. Effect sizes are reported as Cohen’s d, 

calculated by dividing the mean difference of the variables by the pooled standard deviation. A 

small effect is 0.20, a moderate effect is 0.50, and a large effect is denoted as 0.80. The alpha 

level was set at p < 0.05 for all tests.  
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CHAPTER IV: RESULTS 

4.01 – Maximal Isometric Handgrip Strength: 

 MVCs from the CM testing day and PLAC (182.7 ± 49.9 N vs 187.9 ± 53.2 N, 

respectively) testing day were averaged and compared (Table 1). A dependent samples t-test 

showed no significant differences between the CM condition and the PLAC condition (p = 

0.288, Cohen’s d = -0.10).  

4.02 – Critical Force: 

The peak force from all 60 contractions of the critical force test are shown in Figure 2. A 

dependent samples t-test found no significant differences between the mean of the peak force 

from the final 6 contractions of the test in the CM condition and the PLAC condition (see figure 

insert; p = 0.857, Cohen’s d = 0.02). Peak contraction force, expressed as a percentage of each 

participant’s MVC on the respective testing day, can be seen in Figure 3. A dependent samples t-

test showed no significant differences between the mean of the force from the final 6 

contractions of the test in the CM condition and the PLAC condition (see figure insert; p = 0.443, 

Cohen’s d = 0.20). 
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Figure 2: Peak force from all 60 contractions during the HGCF test. Values are mean ± SEM. 

Insert shows mean CF values calculated from the final 6 contractions. 

 

Figure 3: Peak force from all 60 contractions during the HGCF expressed as a percentage of the 

highest MVC obtained on the respective testing day. Values are mean ± SEM. Insert shows mean 

CF values calculated from the final 6 contractions expressed as a percentage of MVC. 
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4.03 – Critical Force-Time Integral: 

The mean of force-time integral (FTI) from each of the 60 contractions during the test 

from the CM testing day and PLAC testing day are shown in Figure 4. A dependent samples t-

test showed no significant differences between the average FTI over the final 6 contractions of 

the test in the CM condition and the PLAC condition (see insert; p = 0.093, Cohen’s d = 0.21). 

The sum of the FTI (area or impulse) during the final 6 contractions as well as the sum of all 60 

contractions from the HGCF test for the CM testing day and the PLAC testing day are shown in 

Table 1. A dependent samples t-test revealed no significant differences between the CM 

condition and the PLAC condition for the sum of the final 6 contractions (p = 0.093, Cohen’s d = 

0.21) and the sum all 60 contractions (p = 0.925, Cohen’s d = -0.008). 

 

Figure 4: Mean force-time integral from each of the 60 contractions during the HGCF test. 

Values are mean ± SEM. Insert shows mean critical FTI calculated from the final six 

contractions. 
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4.04 – NIRS Estimation of Mitochondrial Function: 

 Mean time constant (tau) values from the single-exponential curve fit from the 

mitochondrial function tests are shown in Figure 5. Data from 2 participants were not included in 

the analysis due to software malfunction and data loss. Therefore, only 15 participants from the 

sample were analyzed. A dependent samples t-test revealed no significant differences between 

the CM condition and the PLAC condition (p = 0.790, Cohen’s d = -0.09). 

 

Figure 5: Mean time constant (tau) values from the mitochondrial function test. N = 15. Values 

are mean ± SEM. 
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Table 1. Average Values on CM and PLAC testing days. 

 CM PLAC 

MVC (Newtons)a 182.7 ± 49.9 187.9 ± 53.2 

∑FTI Final 6 (N∙s)a 1254.5 ± 392.6  1165.3 ± 475.7 

∑FTI All 60 (N∙s)a 16024.9 ± 5217.7 16070.6 ± 6004.5 

AOC OxHb (µM∙s)b 3963.5 ± 2522.5 3860.5 ± 3789.8 

AUC DeOxHb (µM∙s)b 14232.0 ± 5987.9 15535.8 ± 6878.0 

Values are mean ± SD. a indicates a sample size of 17 and b indicates a sample 
size of 16. CM = citrulline malate; PLAC = placebo; MVC = maximal voluntary 
contraction; ∑FTI Final 6 = the sum of the force-time integral of the last six 
contractions from the HGCF test; ∑FTI All 60 = the sum of the force-time 
integral of all 60 contractions during the HGCF test; AOC OxHb = area over the 
curve for oxygenated hemoglobin during HGCF test; AUC DeOxHb = area under 
the curve for deoxygenated hemoglobin during HGCF test. 

 

4.05 – NIRS-derived Area Under the Curve (AUC) for Ox and DeOx Hemoglobin: 

The mean area under/over the curve (area under/over the curve representing change from 

resting values) for the OxHb and DeOxHb during the HGCF test can be found in Table 1. A 

dependent samples t-test revealed no significant differences between the CM condition and the 

PLAC condition for the AOC for OxHb (p = 0.88, Cohen’s d = 0.03). A dependent samples t-test 

also revealed no significant differences between the CM condition and the PLAC condition for 

the AUC for DeOxHb (p = 0.722, Cohen’s d = -0.20). 

4.06 – NIRS-derived Oxygen Sat/Desaturation During HGCF Test: 

 Figure 6 shows five-second averages for OxHb, DeOxHb, and TSI% from the 1-min pre-

exercise, rest period and the HGCF test. 
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Figure 6: Five-second averages for OxHb (A), DeOxHb (B), and TSI% (C) during the HGCF 

and the one-minute rest period prior. Values are mean ± SEM. 

 

Statistical analysis was performed on 20-second averages (20 seconds covers 4 

contractions during exercise), due to having too few participants to compare the 60 contractions 

to each other and compared to the average across the 1-minute of rest prior to exercise. Values 

for OxHb can be seen in Figure 7. A two-way repeated measures ANOVA was performed to 
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analyze the effect of CM supplementation (condition) and time on OxHb values in comparison to 

a placebo. Machly’s test of sphericity was violated for condition x time (p < 0.001), so the results 

are reported after using the Greenhouse-Geisser correction. There was not a significant condition 

x time interaction (p = 0.552) nor was there was a significant main effect for condition (p = 

0.283). There was a significant main effect for time (p < 0.001). Analysis of main comparisons 

across time points showed pre-exercise values were significantly higher than all 15 time-points 

(p ≤ 0.012) during exercise. The average of OxHb values during the first 20 seconds (time point 

1) was significantly lower than the resting time point (p < 0.001), significantly higher than the 

average of time points 2 and 3 (p ≤ 0.010), but not significantly different than time points 4-15 (p 

≥ 0.090).  

 

Figure 7: Twenty-second averages of OxHb during the HGCF test and one-minute prior. Values 

are mean ± SEM. * indicates pre-exercise values are significantly different than all 15 time 

points during test (p < 0.001). ** indicates time points 2 and 3 are significantly lower than time 

point 1 (p ≤ 0.010). 



 41 

A similar trend was observed for DeOxHb values and can be seen in Figure 8. Machly’s 

test of sphericity was violated for condition x time (p < 0.001), so the results are reported after 

using the Greenhouse-Geisser correction. The was not a significant condition x time interaction 

(p = 0.666), nor was there was a significant main effect for condition (p = 0.738). There was a 

significant main effect for time (p < 0.001). The DeOxHb was significantly lower at rest than any 

of the 15 time points (p < 0.001) during exercise. The average of DeOxHb values during the first 

20 seconds of exercise, during 20-40 seconds of exercise, and during 40-60 seconds of exercise 

were significantly larger than the resting time point and significantly differed from all other time 

points (p < 0.048). 

 

Figure 8: Twenty-second averages of DeOxHb during the HGCF test and one-minute prior. 

Values are mean ± SEM. * indicates pre-exercise values are significantly different than all 15 

time points during test (p < 0.001). # indicates first, second, and third 20s averages were 

significantly larger than resting and significantly different than all other time points (p < 0.048). 
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Twenty-second averages of TSI% values are shown in Figure 9. Machly’s test of 

sphericity was violated for condition x time (p < 0.001), so the results are reported after using the 

Greenhouse-Geisser correction. There was not a significant condition x time interaction (p = 

0.292). There was also not a significant main effect for condition (p = 0.358). There was a 

significant main effect for time (p < 0.001). The average of TSI% values from the resting point 

were significantly higher than all other time points (p < 0.001). The averages during the first 

20sec of exercise were reduced compared to pre (p < 0.001) but elevated compared to all other 

time point (p < 0.001). The average TSI% values during 20-40sec of exercise was significantly 

larger than those from 40-60sec, 60-80 sec, and 80-100sec of exercise (p ≤ 0.027), but not 

significantly different from any of the time points after 100sec of exercise (p ≥ 0.067). 

 

Figure 9: Twenty-second averages of TSI% during the HGCF test and one-minute prior. Values 

are mean ± SEM. * indicates pre-exercise values are significantly different than all 15 time 

points during test (p < 0.001). # indicates value from the 0-20sec differed from all other 
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exercising time points, and $ indicates the value from 20-40sec of exercise differed from 40-

60sec, 60-80 sec, and 80-100sec of exercise. (p < 0.05). 

4.07 – Recovery of MVC Following Exercise: 

The final contraction during the HGCF test (End) and four recovery MVCs (Rec1 – 

Rec4) were all divided by the largest MVC recorded during that test day and expressed as a 

percentage of MVC. This is represented in Figure 10. A 2 x 5 repeated measures ANOVA was 

performed to analyze the effect of CM supplementation (condition) and time on recovery MVCs 

as a % of MVC in comparison to a placebo. Machly’s test of sphericity was violated for 

condition x time (p = 0.003), so the results are reported after using the Greenhouse-Geisser 

correction. There was not a significant condition x time interaction (p = 0.642). There was also 

not a significant main effect for condition (p = 0.897). There was a significant main effect for 

time (p < 0.001). The value from the final contraction of the HGCF test was significantly lower 

than all 4 of the recovery MVCs (p < 0.001). Rec1, performed one minute after completion of 

HGCF test, was significantly lower than Rec2-4 (p ≤ 0.001). Similarly, Rec2 was significantly 

lower than Rec3 and Rec4 (p ≤ 0.001). Finally, Rec3 was significantly lower than Rec4 (p ≤ 

0.004). 
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Figure 10: Recovery MVCs performed one minute, two minutes, three minutes, and four 

minutes after completion of the HGCF test expressed as a percentage of the highest MVC 

recorded on the respective testing day. “End” value represents the average of the final 

contraction of the HGCF test. Values are mean ± SEM. * indicates each time point differed from 

all other time points (p < 0.05). 
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CHAPTER V: DISCUSSION 

5.01 – Purpose and Hypotheses:  

 The purpose of this study was to investigate if a single, acute dose of CM 

supplementation affects mitochondrial function, forearm flexor critical force, and oxygen 

saturation/desaturation in the forearm muscles during the critical force test, 60 minutes after 

ingestion. It was hypothesized that an acute dose of CM supplementation would increase 

mitochondrial function, improve performance of the HGCF test by increasing CF, and limit the 

fall in oxygen saturation and rise in desaturation during the HGCF test. Based on the results 

presented, none of these hypotheses are supported. Therefore, the null hypotheses are accepted. 

An acute, 12g dose of CM, in comparison to a placebo, did not affect mitochondrial function, 

performance of a HGCF test, or oxygen saturation/desaturation during the HGCF test in healthy 

women aged 18-35 years. 

5.02 – Maximal Isometric Handgrip Strength: 

Handgrip MVC was not significantly different between the PLAC and CM 

supplementation conditions. This contrasts the results from Glenn and colleagues (2016), where 

they reported a significant increase in peak and mean maximal grip strength in women 60 

minutes after consumption of 8g of CM. However, their participants were older (average age of 

51 years) and were avid tennis players. Additionally, the grip strength was measured in the 

subject’s dominant arm. The participants in the current study did all exercise performance on 

their non-dominant arm to control for possible unequal training. Because the ability to produce 

force decreases with age (Frontera et al., 2000; Rogers & Evans, 1993; Williams et al., 2002), 

this could explain the discrepancy between results as older women might have a decreased 

ability to produce force when compared to young women, allowing for more room for 
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improvement. Glenn et al. (2016) discuss that maximal grip strength correlates with explosive 

power, which was also increased after CM supplementation. However, the mechanisms leading 

to the increased grip strength and explosive power reported by Glenn et al. (2016) are unclear 

because there were no measures of a possible mechanism in addition to the participants being in 

different menopausal stages.  

5.03 – Critical Force: 

CF and CF expressed as a percentage of MVC were not significantly different after CM 

supplementation. While there is no direct reporting of CM supplementation on CP or CF in 

previous studies, there are reports of CM supplementation on repetitions to failure. Glenn et al. 

(2017) showed a significant increase in total repetitions of the bench press exercise following 8g 

of CM supplementation in women. It is important to note that the type of exercise utilized by 

Glenn et al. (2017) required more muscle mass than the handgrip exercise employed in the 

current study. Thus, it is possible that performance effects of CM supplementation could be 

dependent on the size of muscle mass involved with the exercise due to the hemodynamic of 

small-mass and large-mass exercise. For example, Green et al. (2004) reported significantly 

higher sheer stress on the endothelium during cycling exercise when compared to handgrip 

exercise; possibly leading to more NO-mediated vasodilation with cycling exercise. This 

suggests that NO-mediated vasodilation is more predominant in large muscle-mass exercises 

when compared to small muscles-mass exercises like intermittent handgrip contractions (Green 

et al., 2005).  

Similar to findings from the current study, Farney and associates (2019) reported CM did 

not attenuate muscular fatigue during high-intensity resistance training (squats, lunge jumps, 

squat jumps, and lateral jumps) after an acute dose of 8g. Similarly, Fick et al. (2021) reported 
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no significant change in fatigue rate in the quadricep muscle. While Farney et al. (2019) and Fick 

et al. (2021) measured fatigue variables, there was no direct measurement of CF. Our results 

suggest that CM supplementation did not influence the absolute or relative average peak of the 

force produced in the last 30 seconds of a HGCF test in moderate- to highly-trained women. 

Additional research should be done investigating if CM affects CF in other populations, such as 

untrained individuals or men.  

While CF or CP has not been directly measured after CM supplementation, CP has been 

measured after beetroot supplementation. Beetroot contains nitrate, which, when supplemented 

in the diet, can increase NO production through the nitrate-nitrite pathway independently of 

oxygen (Jones et al., 2021). Although through a different mechanism, beetroot supplementation 

could lead to an increase in vasodilation and oxygen delivery similarly to CIT/CM 

supplementation. In recreationally active males, acute beetroot supplementation did not influence 

CP performed on a cycle ergometer (Kelly et al., 2013). In this way, our results are congruent 

with this study. 

5.04 – Critical Force-Time Integral:  

The FTI is the mean of the area of the final six contractions during the HGCF test. This 

represents the absolute amount of work performed in the last 30 seconds of the HGCF test, and 

these results suggest, similar to critical force, that CM supplementation does not increase the 

work performed during this period when compared to a placebo. Similarly, the sum of the area 

from all 60 contractions was also not affected by CM supplementation. These measures represent 

the total amount of work done in the last 30 seconds and the total work during the whole 5-

minute HGCF test, respectively. We are limited in the ability to directly compare these results to 

those of another study analyzing CIT or CM supplementation on CP/CF, but there are similar 
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measures that can be discussed. Glenn and colleagues (2017) reported an increase in the total 

number of repetitions of the bench press after acute CM supplementation. A significant increase 

in number of repetitions to failure was also reported by Wax et al. (2015, 2016), and Pérez-

Guisado & Jakeman (2010), but still, there are some studies that did not report any significant 

increase to total repetitions to failure (Gonzalez et al., 2018; Martínez-Sánchez et al., 2017; 

Trexler, Keith, et al., 2019). These incongruent results could be partly explained by the different 

doses and timing of CM supplementation utilized. However, one study that investigated how 12g 

of CM, the same dose used in the current study, affected a cycle time-to-exhaustion (TTE) test, 

and reported no significant change (Cunniffe et al., 2016). While this is a TTE test, this study 

used the same dose as the current one and found similar results. Gills et al. (2022) reported an 

increase in the total work done during a 5-repetition isokinetic leg extension protocol, but not in 

a 50-repetition protocol (though not technically a critical torque test) after acute supplementation 

of CM. These variables were measured during a leg extension test which involves additional 

muscle groups than the handgrip test in this study. In addition, the exercise tests conducted by 

Gills et al. (2022) measured power compared to fatigue and endurance resistance exercise used 

in the current study. Based on the results presented and those of other studies with similar 

outcomes, CM supplementation has not been able to consistently improve fatigue resistance or 

CP variables.  

5.05 – NIRS Estimation of Mitochondrial Function: 

A previous study in mice by Wu et al. (2007) found that 30 days of malate 

supplementation let to an increase in forced swimming time and an increase in mitochondrial 

malate dehydrogenase activity. As such, we hypothesized CM supplementation would improve 

NIRS assessed mitochondrial function in the present study. However, unlike these findings, CM 
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did not improve the mitochondrial function as presented in this study, which suggests that a 

single, acute dose of CM was not sufficient enough to alter mitochondrial variables as 

hypothesized. The mean time constants (tau values) reported in this study were generally larger 

(therefore, slower) than those presented by Beever et al. (2020) (average tau value of 51sec vs. 

23sec, respectively), though, these measurements were done in the vastus lateralis and 

gastrocnemius muscles. Similarly, the tau values in this study were also slower than those 

reported by DePauw et al. (2021), measured in the flexor forearm muscles (average tau value of 

51sec vs. 35sec, respectively). These discrepancies could be due to the large variability in our 

results, as the time constants varied greatly between participants and even between testing days.  

5.06 – NIRS-Derived Area Under the Curve (AUC) for Ox and DeOx Hemoglobin: 

 OxHb and DeOxHb were measured during the HGCF test and expressed as a percentage 

of peak saturation or desaturation from the total cuff occlusion measure. The AUC for DeOxHb 

and area over the curve (AOC) for OxHb were calculated to represent a measure of the change in 

oxygen saturation during the HGCF test. There was no significant difference between the change 

in OxHb and DeOxHb during exercise after CM supplementation, compared to a placebo. This 

finding contrasts with the results of Bailey et al. (2015), who reported an increase in VO2 

kinetics and a decrease in the amount of DeOxHb following CIT supplementation. They 

interpreted these results as CIT improving oxygen availability and distribution at the muscle. 

However, an acute dose of CM was used in the current study whereas a loading dose of CIT over 

the course of seven days was utilized by Bailey et al. (2015). Our results are, however, in 

agreement with the results of Trexler et al. (2020), where total muscle oxygen consumption 

measured via NIRS during exercise was not significantly different after 8g of CM 

supplementation.  
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5.07 – NIRS-Derived Sat/Desaturation During HGCF Test: 

Throughout the HGCF test, OxHb, DeOxHb, and TSI% were measured and expressed as 

a percentage of peak saturation and desaturation, and TSI value during cuff occlusion. The 

average of all four of these variables were taken over 20-second intervals which represents four 

consecutive contractions.  

During the HGCF test, OxHb levels decreased immediately after the test began and fell 

until they plateaued after ≈180 seconds. This trend is consistent with the results from Hammer et 

al. (2020) who also showed an immediate decline in OxHb until a plateau is reached during a 

HGCF test. Also congruent with the results from Hammer et al. (2020), the DeOxHb levels 

increased immediately after exercise began until a plateau was reached after ≈120 seconds of 

exercise. This same plateau of DeOxHb was also observed by Bailey et al. (2015), where 

DeOxHb leveled-off just before ≈120 second into a bout of moderate-intensity cycle exercise. 

Because the results presented in this study have the same patterns presented in other studies, it 

increases the confidence that CM supplementation did not affect the variables measured. 

OxHb and DeOxHb are embedded into the TSI% calculation, which accounts for why 

there were no significant changes after CM supplementation. The changes in TSI% over time are 

consistent with what was reported by Hammer et al. (2020), where TSI% decreased immediately 

after the HGCF test began and eventually leveled-off after ≈100 seconds of exercise. Bailey et al. 

(2015) also reported a similar trend during a severe intensity cycling test.  

5.08 – Recovery of MVC Following Exercise: 

 Another possible effect of CM supplementation could have been a faster recovery 

following exercise. We completed four MVCs after the HGCF test to test “recovery” of force 

after exercise. CM supplementation did not influence how quickly force recovered compared to a 
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placebo. It was hypothesized that due to the possible vasodilatory effects of CIT, more blood 

flow to the exercising muscle after the fatiguing test would lead to a faster recovery of force 

when compared to a placebo, but this was not the case in this study. The only studies that exist 

investigating the effects of CIT/CM supplementation on recovery have mostly focused on 

perceptions of muscle soreness after exercise, not how quickly force or another exercise 

parameter was recovered after exercise. Most studies have reported a decreased feeling of muscle 

soreness between 24-48 hours after exercise when CIT/CM was supplemented (Tarazona-Díaz et 

al., 2013; Suzuki et al., 2016; and Pérez-Guisado & Jakeman, 2010; Rhim et al., 2020). 

Subjective perceptions of muscle soreness were not measured in this study, but we can report 

that force production after a fatiguing exercise test was not influenced by acute CM 

supplementation. 

 Given the lack of data using CIT or CM to examine the recovery of force following 

exercise, we looked to other supplements that lead to increases in NO bioavailability. Nitrate 

supplementation through beetroot juice and other foods leads to increased NO production and 

may influence of recovery rates following exercise (Larsen et al., 2011). This supplement acts 

through similar mechanisms via NO as CM is proposed to. Nitrate supplementation has been 

shown to speed up phosphocreatine (PCr) recovery kinetics after exercise, perhaps through 

increased oxygen delivery (Vanhatalo et al., 2014). Because PCr recovery is a function of 

aerobic ATP production, it is reasonable that if PCr is recovered faster, then this could translate 

to an increase in the rate of force production after a fatiguing test. PCr recovery was not assessed 

in the current study, however, given CM did not alter recovery of MVC it does not seem likley 

that PCr recovery was influenced by CM. Vanhatalo et al. (2014) did observe the increase in PCr 

recovery in a hypoxic environment, however, so it is possible that there needs to be some kind of 
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oxygen deficit in order for CM supplementation to be effective in improving the recovery of 

force production. 

5.09 – Limitations:  

 There are limitations to this study. A larger sample size is needed as 17 participants only 

allows for an effect size of (0.34-0.46 SD) to be detected. Additionally, plasma levels of CIT and 

arginine were not measured, so there was no indication of how CIT was absorbed and then 

converted to arginine. Therefore, we cannot confirm the extent to which CIT increased following 

supplementation and/or whether there were inter-participant differences. Additionally, the CF 

test was performed with voluntary contractions, and no measures specific to the origin of fatigue 

(central vs. peripheral) were made. Also, the dose of CM and timing of the dose given affects the 

amount of CIT available in the plasma to potentially be used in the NOS pathway. The dose used 

in this study was 12g of a 2:1 citrulline:malate ratio, which equates to 8g of CIT and 4g of 

malate. The quality of the supplement in this study was not sent off for secondary analysis, so the 

exact ratio was not determined. Therefore, we can only assume a 2:1 ratio was used, and, if 

different, could have affected results. Another limitation pertains to the testing taking place 

during the menstruation phase of the menstrual cycle, so these results may not be extrapolated to 

other phases of the menstrual cycle as levels of estrogen and progesterone could affect results 

(Gonzales et al., 2020). Finally, due to NIRS software malfunctions, some participants were 

delayed in the start of the HGCF test, usually by only 10 minutes. Because plasma CIT levels 

decrease exponentially one hour after consumption (Moinard et al., 2008), it is possible that just 

10 minutes of delay could have drastically impacted the amount of CIT available. Lastly, the 

participants in this study were moderately or highly-trained, which could explain the lack of 

improvement in performance or other variables as there would be less room for improvement. 
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This is supported by the findings of Gough et al. (2021), as there were less improvements to 

exercise performance tests if the participants were either resistance or aerobically trained.  

5.10 – Significance and Future Study Recommendations: 

 The results of this study suggest that an acute dose of CM supplementation given 

approximately one hour before a mitochondrial function test and HGCF test, had no influence on 

aerobic capacity or aerobic performance in menstruating women aged 18-35 years. CM 

supplementation did not affect mitochondrial function. To our knowledge, this is the first study 

to examine CM supplementation on mitochondrial function in humans. Despite the proposed 

mechanisms of CM would affect aerobic exercise performance more so than anaerobic exercise 

performance, some studies have demonstrated improvements to anaerobic performance. In a 

repetitions to failure test using 80% of the subject’s one-repetition max, those who supplemented 

with CM were able to significantly increase in repetitions in the last set of exercise (Pérez-

Guisado & Jakeman, 2010). The authors postulate that high-intensity anaerobic exercises could 

be greater influenced after CM supplementation. Glenn and associates (2016) reported a 

significant increase in peak and explosive power during a Wingate test after 8g of CM 

supplementation. This contrasts the results reported by Gills et al. (2021), where peak and mean 

power were not changed after an acute 8g CM dose. It could be interesting to explore the use of a 

larger dose of CM with effects on anaerobic performance moving forward.  

Nitrate supplementation through consuming beet root juice is thought to work similar 

mechanistically to CIT/CM by increasing NO production. A meta-analysis reports greater 

performance on endurance exercises after nitrate supplementation comparted to CIT 

supplementation (d’Unienville et al., 2021), which is attributed to elevated nitrate and nitrite 

levels and a decrease in systolic blood pressure. Therefore, in the future, the effect of nitrate 
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supplements on performance of a CF test could offer better insight to possible NO contributions 

to exercise. It could also be interesting to compare nitrate/beetroot supplementation to CM 

supplementation as both supplements could increase NO production but through different 

mechanisms. 

The type of dose (acute or loading), amount of supplement, and timing of supplement 

before exercise could all impact results. Cunniffe et al. (2016) used the same dose of CM that we 

used and reported no significant differences between mean power or TTE of a cycle ergometer 

exercise test after CM supplementation compared to a placebo. Both the current study and 

Cunniffe et al. (2016) reported no significant changes to performance after an acute 12g dose of 

CM, but investigating how loading doses of CM affect performance is recommended for future 

studies. Loading doses of CIT (6g/day for seven days) were utilized by Bailey et al. (2015), who 

reported improved VO2 kinetics and total amount of work done during an exercise performance 

test on a cycle ergometer. Similarly, Suzuki et al. (2016) utilized a 2.4g of CIT/day for seven 

days dosing regimen and reported a reduction in time to complete a 4-km cycling exercise. One 

of the only articles to investigate how a loading dose of CM (2g/day for four and eight weeks) 

affected lean mass and muscle strength reported no improvements after CM supplementation for 

8 weeks (Hwang et al., 2018). However, only muscular strength variables were measured, so in 

the future, using a loading dose of CM to assess its effect on aerobic performance measures is 

justified.   

It is possible that in the present study, participants were not performing at their maximal 

effort, but this cannot be confirmed as electromyography activity in the forearm muscles was not 

measured. Electrically stimulated critical torque tests the variables associated with peripheral 

fatigue as the muscle is being stimulated directly (Kent-Braun et al., 2012). In the future, 
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assessing how (or if) CM supplementation solely affects peripheral fatigue during an electriclaly-

stimualted critical torque test could allow for a better delination and understanding of fatigue. 

Additionally, the use of participants who are not trained is warranted as there could be a blunting 

of ergogenic effects with more trained individuals (Gough et al., 2021; Hultström et al., 2015). 

The total amount of work completedwas increased during severe-intensity cycling 

exercise after a loading CIT dose was given for seven days, which was also accompanied by a 

significant decrease in DeOxHb during this test (Bailey et al., 2015). While this study did utilize 

a loading dose, it is possible that severe-intensity exercises that utilize a larger muscle mass are 

more sensitive to the variables that CM is suggested to change. Thus, utlilizing a severe-intensity 

exercise performance test is warranted in the future.  
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APPENDIX I: VERBAL RECRUITMENT 
Hi everyone, my name is Elise Hodges and I am a second-year master’s student in Dr. Black’s 
sensory and muscle function lab. I am conducting my thesis research project on how the 
supplement citrulline malate affects muscle aerobic performance and fatigue specifically in 
women. Not much is known about specific mechanisms with citrulline malate, and there is even 
less research studying women especially.  
 
Some requirements to participate are that you need to be a female with a regular menstrual cycle, 
between the ages 18-35, do not have any musculoskeletal injuries in the arm/forearm, do not 
have any known cardiovascular, pulmonary, or metabolic diseases, are not 
pregnant/breastfeeding, have not consumed nicotine within the past 6 months, and are not on any 
heart/metabolic medications. 
 
There will be a total of three visits for a time commitment of about 4 hours. You will be 
compensated in the form of a $20 gift card at the end of the third and final visit. 
 
If you meet the criteria and are interested in participating, please contact me either at my phone 
number or my email. I am leaving one of my study flyers up at the front which has my 
information on it. Thank you so much and I hope to hear from you! 
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