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Abstract: Impaired bioenergetics have been reported in veterans with Gulf War illness (VGWIs),
including prolonged post-exercise recovery of phosphocreatine (PCr-R) assessed with 31Phosphorus
magnetic resonance spectroscopy. The citric acid cycle (CAC) is considered the most important
metabolic pathway for supplying energy, with relationships among CAC markers reported to shift in
some but not all impaired bioenergetic settings. We sought to assess relations of CAC markers to
one another and to PCr-R. Participants were 33 VGWIs and 33 healthy controls 1:1 matched on age–
sex–ethnicity. We assessed seven CAC intermediates, and evaluated PCr-R in a subset of matched
case–control pairs (N = 14). CAC markers did not significantly differ between cases and controls.
Relationships of alpha-ketoglutarate to malate, isocitrate, and succinate were strongly significant in
cases with materially weaker relationships in controls, suggesting possible shifts in these markers in
concert in VGWIs. PCr-R correlated strongly with five of seven CAC markers in controls (succinate,
malate, fumarate, citrate, isocitrate, range r = −0.74 to −0.88), but bore no relationship in VGWIs.
In summary, PCr-R related significantly to CAC markers in healthy controls, but not VGWIs. In
contrast, relations of CAC markers to one another appeared to shift (often strengthen) in VGWIs.

Keywords: Gulf War illness; veterans; bioenergetics; citric acid cycle; 31-phosphorus magnetic
resonance spectroscopy

1. Introduction

Gulf War illness (GWI) is a chronic multi-symptom condition that affects an estimated
one third of the ~700,000 US personnel deployed to the 1990–1991 Persian Gulf theater.
The ground war lasted only four days, many of those deployed never saw combat, and
combat stress is not an independent predictor of GWI [1,2]. However, this conflict involved
a large number of new, unique, and excessive environmental and drug exposures [3].
For instance, these included organophosphates as nerve gas for the estimated 100,000
exposed following the demolition of the Khamisiyah weapons depot; organophosphate,
carbamate, and other pesticides; pyrethroid-impregnated uniforms; pyridostigmine bro-
mide (a carbamate) as a nerve agent pretreatment adjunct; the first widespread US military
use of anthrax vaccine; the only military use of botulinum toxoid vaccine; and the first
use of depleted uranium (to gird tanks so that they could not be penetrated by enemy
munitions, and to strengthen munitions to better penetrate enemy tanks); as well as oil
fires, burn pits, and other exposures. Studies tie environmental and drug exposures to GWI
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(and its defining symptoms) [1,4]; tie exposures to mitochondrial impairment [5,6]; and tie
mitochondrial impairment to GWI (and GWI symptoms) [7–10].

Bioenergetic impairment has been shown in veterans with GWI (VGWIs). For instance,
post-exercise phosphocreatine recovery time constant (PCr-R) upon 31Phosphorus mag-
netic resonance spectroscopy (31P-MRS), was significantly prolonged in VGWIs (selected
by Kansas and CDC GWI criteria) [7]. Mitochondrial/bioenergetic impairment is known
to produce multi-symptom illness such as that reported in VGWIs, with an emphasis
on fatigue, brain, and muscle symptoms (as observed in VGWIs)—differentially produc-
ing symptoms in post-mitotic organs of high energy demand [11]. This index has been
deemed a robust index of mitochondrial impairment in vivo [12]. For this purpose, mito-
chondrial impairment can be construed broadly to encompass reduced energy supplied
by mitochondria for reasons that may extend beyond respiratory chain dysfunction per
se. These can include, for example, reduced mitochondrial number, transport, impaired
energy production by mitochondria due to substrate or oxygen availability limitations, etc.
Another study reported increased mitochondrial DNA lesion frequency and mitochondrial
DNA copy number in peripheral blood mononuclear cells of VGWIs relative to healthy
controls [10]. Of note, alterations in mitochondrial lipids and function have been shown in
animal models of GWI [13–15].

There is need to assess additional markers that bear a potential relation to bioenergetics,
to begin to better understand the (range of) contributors to GWI, and the interrelation
among such markers, including whether or how these relationships are altered in GWI. We
therefore sought to assess concentrations of citric acid cycle (CAC) intermediates in VGWIs
and in matched healthy controls. “The citric acid cycle is the final common oxidative
pathway for carbohydrates, fats and amino acids. It is the most important metabolic
pathway for the energy supply to the body” [16]. In fact, though it is often depicted as a
unidirectional cycle, most of the reactions are bidirectional—all except citrate synthase and
alpha-ketoglutarate dehydrogenase [17]—so influences can occur at the level of individual
CAC elements. Although CAC marker levels are not good indices of energetic status, shifts
in how CAC markers relate to one another have been reported in settings of impaired
energy/altered bioenergetics [17–19]. For instance, in one paper examining citric acid cycle
intermediates in infants with mitochondrial disorders, it is stated: “Most of the Krebs Cycle
intermediates were also not useful in discriminating patients with mitochondrial disorders.
Interestingly, there was strikingly poor correlation among most of those analytes in all
patient groups, but fumarate and malate were uniquely well correlated (r2 = 0.840)” [18].
We sought to assess the hypothesis that CAC markers’ relation to one another, and to PCr-R,
was shifted in VGWIs relative to healthy controls.

2. Materials and Methods
Design: Case–Control Study

Participants: 33 healthy controls were 1:1 matched to 33 VGWIs. Participants were
33 matched pairs from a study on which prostaglandin/leukotriene results have been
published [20]. 31P-MRS was secured from a sub-study, under separate funding (for which
an IRB amendment to the parent study was secured), in which participants were a proper
subset of participants in the study from which CAC markers were procured.

Recruitment: Our procedures for recruitment of VGWIs have been previously reported:
“Categories of recruitment approach included directed as well as general media, collabo-
rations with support groups/interest groups, local free advertising resources (Craigslist
and Backpage), physician outreach, Internet-based approaches, and referrals from study
participants and screenees” [21]. The present study capitalized on past participants that
had been recruited via the above approach. For controls, recruitment modalities included
the above approaches, as well as ResearchMatch [22] and postings at our university’s
clinical research center.
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Ethics statement: Approval for the parent study and for the 31P-MRS sub-study were
both secured on 5 July 2010, under the UCSD Human Research Protections Program (HRPP)
#100959. All participants gave written informed consent to participate.

Cases: To qualify as a VGWI, veterans must have been deployed to the Gulf theater at
any time between August 1990 and July 1991. They additionally had to meet the Centers
for Disease Control and Prevention (CDC) and Kansas symptom inclusion criteria for
GWI [23,24]. CDC criteria require symptoms for at least 6 months arising since the advent
of the Gulf War in at least two of three domains of fatigue/sleep, mood/cognitive, and
musculoskeletal symptoms [23]. The more specific and discriminating Kansas criteria
require symptoms for at least 6 months arising since the advent of the Gulf War in at
least 3 of 6 categories of fatigue/sleep, pain, neurological/cognitive/mood, respiratory,
gastrointestinal, and dermatologic symptoms [24]. Moreover, to qualify in a category,
the symptoms must be at least moderate in severity (not mild) and/or there must be
multiple symptoms within the category. Kansas criteria request that designated component
symptoms that qualify for a domain be self-rated from 0–3 (as absent, mild, moderate,
severe). Participants could not have conditions, such as lupus or multiple sclerosis, that
produce chronic symptoms that could be confused for GWI.

Controls: To qualify as a control, prospective participants were healthy nonveterans
meeting neither Kansas nor CDC symptom inclusion criteria, and without Kansas exclusion
criteria (that is, they could not have other health conditions such as lupus or multiple
sclerosis that could produce symptoms that might be described similarly to those of
GWI). Controls were matched 1:1 to cases on sex, ethnicity, and age (within four years).
In recognition of the fact that mixed ethnicities are common, a half-match for ethnicity
was qualifying.

Measurements: (a) Survey measures: In addition to surveys assessing eligibility crite-
ria, which included symptoms, participants completed surveys related to demographics, as
well as Gulf and non-Gulf exposures. (b) CAC markers: CAC intermediates were assessed
in plasma samples of participants, by coauthor Kelley, using ethylacetate extraction and
gas chromatography/mass spectrometry, according to the methods of Sandlers et al. [25].
Assessments were conducted without access to case vs. control information. CAC mea-
surements were conducted in all 66 participants (33 matched pairs). However, due to a
laboratory issue affecting samples for two case–control pairs, citrate and isocitrate were
each assessed in 31 matched pairs. (c) PCr-R: Phosphocreatine post-exercise recovery time
constant was assessed (as previously reported) in 14 of the participants (7 GWI cases and
their 7 matched controls) by 31P-MRS [7]. Briefly, using a 3T scanner and 5-inch diameter
surface coil under the calf, spectra were assessed every 3 s over 2 min of rest, 5 min of calf
exercise (foot pedal depression exercise), then 6 min of recovery. This assessed phosphorus-
containing products including phosphocreatine, a backup energy source for muscle that
is depleted during exercise, with recovery rate dependent on ATP generation [12]. An
exponential was fitted to determine PCr-R. As above, this assessment has been deemed a
robust index of mitochondrial function in vivo [12].

Of note, CAC markers involved 1:1 paired cases and controls. PCr-R involved 1:1
paired cases and controls, and cases and controls were a subset of those in the CAC marker
group; but the 1:1 pairings were not all shared across the two sets.

Analysis: Descriptive statistics characterized all 66 participants (cases and controls),
and the subset of 14 in whom PCr-R was available from 31P-MRS. T-tests for continuous
markers, and chi-square tests for categorical markers, compared characteristics in cases
to those in their matched controls (paired t-test). Paired t-tests assessed the relationship
of CAC markers to case–control status. Because of differences in time from visit date to
the mailing and testing of archive samples, for each CAC marker, we assessed whether
there was a relation to archive time, separately in cases and controls, using regression with
robust standard errors. Correlation was used to assess relationships among CAC markers,
separately for cases and controls. For any CAC marker with a suggestion of a relation to
archive time, relationships were reappraised using regression adjusted for archive time.
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All regression analyses employed robust (heteroskedasticity-independent) standard errors.
Correlations of each CAC marker to PCr-R, and regression with robust standard errors
predicting each CAC marker by PCr-R (adjusting for archive time, for CAC markers with
any possible relation to archive time), were analyzed separately for cases and controls.
Analyses were carried out using Stata™ version 9.0 and 12.0 (StataCorp LLC, College
Station, USA). Two-sided p-values < 0.05 determined statistical significance.

3. Results

Characteristics of cases and controls are shown in Table 1a (the full 66, 33 each of cases
and controls) and Table 1b (the 14 for whom 31P-MRS was undertaken). Cases and controls
were, by selection, similar in age, sex, and ethnicity. As has been reported in other studies,
VGWIs were significantly more likely to be married than were controls, possibly reflecting
that for veterans with these challenging conditions, it is primarily those with social support
that can add study participation to already challenging lives [20].

Table 1. (a) Participant characteristics: Full sample. (b) Participant characteristics: Subset with post-exercise phosphocreatine
recovery time constant (PCr-R) assessed.

(a) Demographic Characteristics

All
N = 66

Control
N = 33

Case
N = 33

Case vs. Control
p-Value

Age (years), mean (SD) 50.0 (6.98) 49.9 (7.20) 50.2 (6.85) 0.88

Male, % 93.9 93.9 93.9 1.0

Ethnicity, %
Caucasian 66.7 66.7 66.7 1.0
African American 8.2 8.2 8.2 1.0
Hispanic 9.09 9.09 9.09 1.0
Asian 3.03 3.03 3.03 1.0
Native American 3.03 3.03 3.03 1.0

Married, % 53.0 39.9 66.7 0.027

Gulf War Illness (GWI) Kansas Criteria Symptom Scores *

Rating All
Mean (SD) Control Case All

Fatigue 0–12 4.03 (4.33) 0.21 (0.55) 7.85 (2.80) <0.0001
Pain 0–9 2.83 (3.22) 0.15 (0.44) 5.51 (2.45) <0.0001
Neuro 0–38 9.52 (11.2) 0.21 (0.55) 18.8 (8.80) <0.0001
Skin 0–6 1.09 (1.79) 0.03 (0.17) 2.15 (2.03) <0.0001
Gastrointestinal
(GI) 0–8 1.83 (2.46) 0.03 (0.17) 3.64 (2.36) <0.0001

Respiratory 0–7 1.17 (0.84) 0.03 (0.17) 2.30 (2.04) <0.0001

(b) Demographic Characteristics

All
N = 14

Control
N = 7

Case
N = 7

Case vs. Control
p-Value

Age (years), mean (SD) 53.6 (6.37) 53.7 (6.55) 53.6 (6.70) 0.97
Male, % 100 100 100 1.0

Ethnicity, %
Caucasian 85.7 85.7 85.7 1.0
African American 14.3 14.3 14.3 1.0
Hispanic 0 0 0 N/A
Asian 0 0 0 N/A
Native American 0 0 0 N/A

Married, % 57.1 42.9 71.4 0.28
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Table 1. Cont.

GWI Kansas Criteria Symptom Scores *

Rating All
Mean (SD) Control Case Case vs. Control

p-Value

Fatigue 0–12 4.36 (4.83) 0.29 (0.49) 8.43 (3.41) <0.0001
Pain 0–9 2.93 (3.10) 0.29 (0.49) 5.57 (2.07) <0.0001
Neuro 0–33 10.1 (11.7) 0.29 (0.76) 20.0 (8.45) <0.0001
Skin 0–6 1.14 (1.92) 0 2.29 (2.21) 0.0182
GI 0–7 1.86 (2.51) 0 3.71 (2.36) 0.0013
Respiratory 0–5 1.64 (1.74) 0.14 (0.38) 3.14 (1.07) <0.0001

* GWI cases are selected for having Kansas symptoms above a threshold; controls are selected for having Kansas symptom scores below
a threshold. This is a result of cases being selected for adherence to Kansas symptom inclusion criteria, and controls for failing to meet
Kansas symptom inclusion criteria.

In contrast to PCr-R, values of CAC markers did not significantly differ between cases
and controls, in either the total sample or the subsample in whom PCr-R was measured
(Table 2a,b).

Table 2. (a) Citric Acid Cycle (CAC) markers (µmol/L): Full sample. (b) CAC markers (µmol/L): PCr-R subset.

(a)

CAC Marker N
All

N = 66
Mean (SD)

Control
N = 33

Case
N = 33

Case vs. Control
p-Value *

succinate 66 4.13 (1.39) 4.21 (1.53) 4.04 (1.24) 0.61
malate 66 6.10 (2.26) 6.24 (2.19) 5.95 (2.35) 0.47

fumarate 66 1.46 (0.63) 1.44 (0.56) 1.48 (0.70) 0.79
alpha

ketoglutarate 66 12.7 (8.78) 12.7 (10.9) 12.7 (6.1) 0.99

aconitate 66 4.15 (0.84) 4.09 (0.74) 4.22 (0.93) 0.42
citrate 62 14.1 (4.34) 14.8 (4.27) 13.3 (4.36) 0.199

isocitrate 62 5.44 (2.38) 5.70 (2.21) 5.17 (2.54) 0.37

(b)

CAC Marker
All

N = 14
Mean (SD)

Control
N = 7

Case
N = 7

Case vs. Control
p-Value

succinate 3.76 (1.23) 3.62 (1.32) 3.90 (1.21) 0.69
malate 5.41 (1.68) 5.73 (2.02) 5.11 (1.34) 0.51

fumarate 1.25 (0.35) 1.15 (0.38) 1.35 (0.31) 0.29
alpha ketoglutarate 9.81 (3.80) 8.19 (2.17) 11.4 (4.52) 0.11

aconitate 4.13 (0.57) 4.00 (0.48) 4.26 (0.66) 0.42
citrate 13.4 (3.71) 12.9 (4.83) 14.0 (2.49) 0.64

isocitrate 5.13 (2.31) 4.26 (2.44) 6.01 (1.98) 0.20

* Paired t-test.

The relation of CAC markers to visit date was assessed (the relationship is equivalent
to that for archive time except for the constant), and was assessed separately in all cases
and all controls. There was a suggestion of a relationship for two CAC markers, alpha
ketoglutarate (AKG) and aconitate. In controls (regression with robust SE), the relationships,
β (SE) p, were AKG: +0.019 (0.011) p = 0.10; aconitate: −0.0016 (0.00092), p = 0.093. In cases,
AKG: +0.0073 (SE 0.0097), p = 0.46; aconitate: −0.16 (SE 0.00090), p = 0.083. For no other
CAC marker was the relationship near significant in either group (e.g., no p < 0.25 in
either group).

Table 3a,b show correlations of CAC markers to one another, separately in cases
and controls. All correlation coefficients were positive in each group. Note some strong
relationships (correlations ~0.5 or greater) were shared between cases and controls with a
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focus on correlations. Other correlations were strong (r > 0.5) in either cases or controls,
and materially weaker in the other group. See, for instance, the AKG relation to malate and
to isocitrate; and the isocitrate relation to fumarate. Citrate and isocitrate related strongly
to fumarate, in controls but not in cases. There was a less striking difference in correlation
for citrate vs. succinate (r = 0.39 vs. r = 0.56).

Table 3. (a) Controls: Correlations among CAC markers. (b) Cases: Correlations among CAC markers.

(a)

Succinate Fumarate Malate AKG Aconitate Citrate Isocitrate

Succinate 0.54 0.74 0.62 0.37 0.56 0.45
0.0011 <0.0001 0.0001 0.035 0.0010 0.010

Fumarate 0.54 0.67 0.33 0.049 0.68 0.70
0.0011 <0.0001 0.064 0.79 <0.0001 <0.0001

Malate 0.74 0.67 0.29 0.56 0.76 0.58
<0.0001 <0.0001 0.10 0.0008 <0.0001 0.0006

Alpha ke-
toglutarate

(AKG)
0.62 0.33 0.29 0.18 0.070 0.18

0.0001 0.064 0.10 0.33 0.71 0.32

Aconitate 0.37 0.049 0.56 0.18 0.40 0.18
0.035 0.79 0.0008 0.33 0.027 0.32

Citrate 0.56 0.68 0.76 0.070 0.40 0.74
0.0010 <0.0001 <0.0001 0.71 0.027 <0.0001

Isocitrate 0.45 0.70 0.58 0.18 0.18 0.74
0.010 <0.0001 0.0006 0.32 0.32 <0.0001

PCr-R −0.76 −0.85 −0.74 −0.41 −0.34 −0.88 −0.81
0.048 0.014 0.058 0.36 0.45 0.022 0.052

(b)

Succinate Fumarate Malate AKG Aconitate Citrate Isocitrate

Succinate 0.67 0.52 0.56 0.42 0.39 0.31
<0.0001 0.0018 0.0006 0.014 0.031 0.086

Fumarate 0.67 0.48 0.42 0.17 0.23 0.25
<0.0001 0.0043 0.016 0.35 0.22 0.18

Malate 0.52 0.48 0.62 0.32 0.59 0.66
0.0018 0.0043 0.0001 0.071 0.0005 0.0001

AKG 0.56 0.42 0.62 0.32 0.26 0.58
0.0006 0.016 0.0001 0.071 0.15 0.0006

Aconitate 0.42 0.17 0.26 0.32 0.26 0.086
0.014 0.35 0.15 0.071 0.15 0.65

Citrate 0.39 0.23 0.59 0.26 0.26 0.70
0.031 0.22 0.0005 0.15 0.15 <0.0001

Isocitrate 0.31 0.25 0.66 0.58 0.086 0.70
0.086 0.18 0.0001 0.0006 0.65 <0.0001

For each row variable, the first sub-row represents the correlation coefficients, and the lower sub-row represents the p-values of the correla-
tions.

Table 4 shows results for AKG and aconitate. Samples were stored at −80 ◦C prior to
transport to the laboratory for CAC intermediate testing. They were shipped overnight
on dry ice on a weekday before a Wednesday, to ensure receipt prior to the weekend.
Since archive time appeared to affect these variables, relationships were evaluated while
adjusting for the time variable. Using regression with robust SEs, the time-affected CAC
marker was the designated outcome variable, with the other CAC marker as the predictor
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adjusting for archive time. In archive time-adjusted analysis (but not unadjusted), the AKG
and aconitate relation to succinate was highly significant in cases but not controls. AKG
related strongly to isocitrate and to malate in cases but not controls (the magnitude of
these differences was large). In contrast, aconitate related strongly to malate in controls but
not cases.

Table 4. AKG and aconitate Relationships to other CAC intermediates (p-values).

AKG Control AKG Case Aconitate Control Aconitate Case

Succinate 0.014 <0.001 Succinate 0.020 <0.001
Fumarate 0.071 0.222 Fumarate 0.70 0.31

Malate 0.13 0.002 Malate <0.001 0.014
Aconitate 0.057 0.076 AKG 0.017 0.007

Citrate 0.21 0.13 Citrate 0.051 0.15
Isocitrate 0.030 0.005 Isocitrate 0.354 0.43

p-values are from regression with robust SE, with the column headers as dependent variables, and the row headers as independent
variables, in cases and controls—adjusted for archive time.

Table 5 and Figure S1a,b show the relationship of CAC markers to PCr-R in controls
and GWI cases. In controls, all correlations of CAC markers to PCr-R share a common sign
(negative, as might be expected if prolonged PCr-R is indexing a shortfall in energetics
of a character that is reflected in lower CAC markers). The typical magnitude of the
correlations (absolute value of coefficient) was large: five of these CAC correlations to
PCr-R in controls bore a correlation coefficient (absolute value) of 0.74 or greater (all except
AKG and aconitate and the lowest absolute magnitude correlation, for aconitate, was 0.34).
Correlations of PCr-R to all CAC markers except AKG and aconitate (the two CAC markers
influenced by archive time) were significant or borderline significant in controls.

Table 5. Relation of PCr-R to CAC markers: Correlation and regression with robust standard errors

(a) PCr-R Relates Strongly to Many CAC Intermediates in Controls

Controls

Correlation of CAC Marker with PCr-R

Succinate Fumarate Malate Citrate Isocitrate AKG Aconitate

r −0.76 −0.85 −0.74 −0.88 −0.81 −0.41 −0.34
p 0.048 0.014 0.058 0.022 0.052 0.36 0.45

Prediction of CAC Marker by PCr-R: Regression with Robust SE

Succinate Fumarate Malate Citrate Isocitrate AKG Aconitate

β (SE) −0.12 (0.035) −0.037 (0.0076) −0.17 (0.053) −0.46 (0.11) −0.22 (0.036) −0.15 (0.081) −0.0045 (0.020)
p 0.021 0.005 0.022 0.014 0.004 0.13 0.84

(b) PCr-R Does Not Relate to Any CAC Intermediates in Cases

Cases

Correlation of CAC Marker with PCr-R

Succinate Fumarate Malate Citrate Isocitrate AKG Aconitate

r 0.29 −0.27 0.25 −0.18 −0.22 0.18 0.18
p 0.52 0.56 0.58 0.73 0.67 0.70 0.70

Prediction of CAC Marker by PCr-R: Regression with Robust SE

Succinate Fumarate Malate Citrate Isocitrate AKG Aconitate

β (SE) 0.020 (0.025) −0.0047 (0.0078) 0.019 (0.039) −0.023 (0.051) −0.022 (0.046) 0.046 (0.11) +0.017 (0.014)
p 0.47 0.57 0.65 0.67 0.65 0.69 0.29

In regression analyses, aconitate and AKG values are adjusted for archive time. p-values, for both cases and controls, are nonsignificant
with or without this adjustment.
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In contrast, for GWI cases, correlations of PCr-R to CAC markers were inconsistent
in sign, low in absolute magnitude, and nonsignificant in all instances (no p < 0.5—very
far from p < 0.05). Four correlation coefficients had a positive sign, and three had negative
sign. Absolute values of all coefficients were less than the absolute value of any coefficient
among controls (maximum case coefficient 0.29 vs. control 0.88). Thus, among GWI cases,
the apparent potent relationship between CAC marker values and PCr-R was lost.

4. Discussion
4.1. Recap of Findings

Though previous studies have shown evidence of bioenergetic impairment in VGWIs,
CAC intermediates did not differ in mean value between cases and controls, including
between cases and controls who differed in PCr-R, an index of bioenergetic status. However,
the relation of CAC markers to one another was materially shifted in VGWIs relative to
controls. In both groups, all correlations of CAC markers to one another were positive;
however, AKG relationships to malate and isocitrate, and possibly succinate, were strong
and highly significant in cases, and materially weaker in controls. Conversely, relationships
such as those of fumarate to citrate and to isocitrate, though strong and very highly
significant in controls, were markedly weaker and nonsignificant in cases.

Yet more striking differences were observed in relations of CAC markers to PCr-R
when considering an index of mitochondrial/bioenergetic status, which had been assessed
in a subset using 31P-MRS. Higher CAC marker values in controls related significantly
to faster PCr-R in controls for five of the seven CAC markers (all but the two bearing a
relation to archive time), with strong correlation coefficients, from −0.74 to −0.88. This
is consistent with prolonged PCr-R serving to index impaired energy production, also
reflected in low levels of mitochondrion-derived CAC markers (in those controls with more
prolonged PCr-R). In contrast, PCr-R bore no trend of a relationship to any CAC markers in
GWI cases and lost the consistent direction (sign) of the relationship. Four of the seven
correlation coefficients were positive (the consistent direction of the relationship was lost),
and no relationship had a p-value < 0.5. Thus, the strong and significant relationships with
PCr-R spanning multiple CAC markers observed in controls were absent in cases.

4.2. Fit with Existing Literature

We are aware of no other study that has assessed CAC intermediates and PCr-R in
individuals with or without mitochondrial impairment; our findings on this point are
entirely novel.

Altered relationships among CAC markers in settings of bioenergetic dysregulation
have been previously reported [17–19]. However, consistent with our failure to find
significant case–control differences, it was elsewhere observed that CAC intermediates are
in general not useful in diagnosing mitochondrial disorders [18]. The authors noted that
“Interestingly, there was strikingly poor correlation among most of those analytes in all
patient groups” [18] (in their sample, fumarate and malate appeared to be well correlated).

While values were not significantly elevated in VGWIs relative to controls, AKG bore
an apparently strengthened relationship to isocitrate, malate, and (in the time-adjusted
analysis only) succinate in cases, suggesting a possible shift in concert in cases relative to
controls. In the study that reported the above finding, it was expressly noted that citrate
was not elevated in parallel with CAC markers that were raised; it may merit note that
relationships of citrate to other CAC intermediates that were observed in controls were lost
or markedly attenuated in cases.

One study looked at settings of anion gap metabolic acidosis, associated with elevated
d-lactate, and consistent with energy dysregulation [19]. VGWIs are neither known to
have, nor to lack, higher typical anion gaps, but our point is to look at settings in which
relationships among CAC markers are altered. In these patients, AKG, isocitrate, and
malate were found to be elevated, and in the subset without known cause for their anion
gap acidosis, succinate was elevated with them [19]. It has elsewhere been reported that in
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anaerobic states, AKG can backflux to isocitrate, that NAD+ will originate from malate de-
hydrogenase, “operating toward malate formation”, and that “under anaerobic conditions,
succinate formation is favored” [17]. These factors suggest that in some settings, impaired
energy adequacy may drive AKG, isocitrate, malate, and succinate in a common direction.
Such a phenomenon could be hypothesized to contribute to enhanced correlations among
these markers, observed in GWI cases.

4.3. Limitations

VGWIs were more likely to be married than controls. As has been noted elsewhere,
“GWI is a demanding condition, and those who have the social support of marriage may
be those most able to incorporate research participation into their difficult lives” [20].
However, there is no a priori basis for presuming that marital status will be tied to either
CAC intermediates or PCr-R, to influence differences, where present, between the groups.

Most participants were male, 31P-MRS participants were exclusively male, and GWI
findings have repeatedly been reported to differ in male versus female veterans, and
findings may not necessarily generalize to female veterans.

CAC marker assessments were conducted from plasma. In general, with mitochon-
drial assessments, it is desirable to sample affected tissue. It would be desirable to reap-
praise CAC intermediates, perhaps in muscle biopsy tissue of VGWIs in whom muscle is
affected, to exclude alterations in CAC markers in VGWIs.

This study should be viewed as hypothesis generating. The sample sizes limit sta-
tistical power, particularly for the CAC to PCr-R analysis; but despite this, the strong
correlations for five of the seven CAC markers to PCr-R, observed in controls, were signif-
icant. Where similar significance is observed in a smaller sample, this requires a greater
effect size to be present; the prospect of chance being responsible for significance is equal,
in principle, with a large or small sample, at the same p-value. Nonetheless, replication in a
larger sample is clearly desirable, and findings should be viewed as provisional.

5. Conclusions

The findings here support a relation of CAC markers to PCr-R in healthy controls.
The findings suggest the loss of this relationship in VGWIs. The impaired bioenergetics
in VGWIs, indexed by prolonged PCr-R, did not relate to blood concentrations of CAC
markers—though shifts in relations among CAC markers were observed. Future studies
should seek to assess if findings are replicated in larger samples, reassess this in other
patient groups, and seek to investigate the basis of these findings.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-460
1/18/4/1635/s1, Figure S1. (a) PCr-R vs. CAC intermediates in controls, (b) relations of PCr-R to
CAC markers in cases. In cases, there is no apparent relationship.

Author Contributions: Conceptualization, B.A.G.; methodology, B.A.G., R.I.K.; formal analysis,
B.A.G.; validation, H.J.K., J.H.H., A.H.P.G.; investigation, B.A.G., R.I.K., H.J.K.; resources, B.A.G.,
R.I.K.; data curation, H.J.K.; writing—original draft preparation, B.A.G.; writing—review and editing,
B.A.G., R.I.K., H.J.K., J.H.H., A.H.P.G., G.H.; supervision, B.A.G.; project administration, B.A.G.;
funding acquisition, B.A.G. All authors have read and agreed to the published version of the
manuscript.

Funding: Sample and data acquisition were funded by the Department of Defense Congressionally
Directed Medical Research Program (GW093063 and GW120071) and a University of California, San
Diego Academic Senate Award (MED126M). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of University of California,
San Diego (IRB #100959 and approved on 5 July 2010).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

https://www.mdpi.com/1660-4601/18/4/1635/s1
https://www.mdpi.com/1660-4601/18/4/1635/s1


Int. J. Environ. Res. Public Health 2021, 18, 1635 10 of 11

Data Availability Statement: The data presented in this study are available on request from the cor-
responding author. The data are not publicly available because we are seeking to protect participant
confidentiality and health information.

Acknowledgments: We thank all study staff, especially Janis Ritchie. Our special thanks to the Gulf
War veterans and healthy controls, who gave their time and help for this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Binns, J.H.; Barlow, C.; Bloom, F.E.; Clauw, D.J.; Golomb, B.A.; Graves, J.C.; Hardie, A.; Knox, M.L.; Meggs, W.J.; Nettleman,

M.D.; et al. Research Advisory Committee on Gulf War Veterans’ Illnesses. In Gulf War Illness and the Health of Gulf War Veterans:
Scientific Findings and Recommendations; U.S. Government Printing Office: Washington, DC, USA, 2008.

2. Binns, J.H.; Cherry, N.; Golomb, B.A.; Graves, J.C.; Haley, R.W.; Knox, M.L.; Meggs, W.J.; Pellier, P.J.; Robinson, S.L.; Smithson, S.;
et al. Research Advisory Committee on Gulf War Veterans’ Illnesses: Scientific Progress in Understanding Gulf War Veterans’ Illnesses:
Report and Recommendations; Department of Veterans Affairs: Washington, DC, USA, 2004.

3. White, R.F.; Steele, L.; O’Callaghan, J.P.; Sullivan, K.; Binns, J.H.; Golomb, B.A.; Bloom, F.E.; Bunker, J.A.; Crawford, F.; Graves,
J.C.; et al. Recent research on Gulf War illness and other health problems in veterans of the 1991 Gulf War: Effects of toxicant
exposures during deployment. Cortex 2016, 74, 449–475. [CrossRef]

4. Golomb, B.A. Acetylcholinesterase inhibitors and Gulf War illnesses. Proc. Natl. Acad. Sci. USA 2008, 105, 4295–4300. [CrossRef]
5. Golomb, B.A. Oxidative stress and mitochondrial injury in chronic multisymptom conditions: From Gulf War illness to autism

spectrum disorder. Nat. Preced. 2012. [CrossRef]
6. Golomb, B.A.; Allison, M.; Koperski, S.; Koslik, H.J.; Devaraj, S.; Ritchie, J.B. Coenzyme Q10 benefits symptoms in Gulf War

veterans: Results of a randomized double-blind study. Neural Comput. 2014, 26, 2594–2651. [CrossRef]
7. Koslik, H.J.; Hamilton, G.; Golomb, B.A. Mitochondrial Dysfunction in Gulf War Illness Revealed by 31Phosphorus Magnetic

Resonance Spectroscopy: A case-control study. PLoS ONE 2014, 9, e92887. [CrossRef]
8. Bui, L.; Nguyen, E.; Dinkeloo, E.; Ritchie, J.; Golomb, B.A. Nuclear and Mitochondrial Genetics Together Determine Gulf War

Illness Severity and Symptom Profile. In Proceedings of the Gulf War Illness 2020 State of the Science Virtual Conference 2020,
Washington, DC, USA, 18 August 2020; Available online: https://va-eerc-ees.adobeconnect.com/_a1089657440/plixyd0rh4ht/
?OWASP_CSRFTOKEN=87e827022744e2d7d32270316e1df5a2b1c2abb25c1687a66f7eb2ce8b49cba4&proto=true (accessed on 3
September 2020).

9. Fung, A.; Koslik, H.; Ritchie, J.; Dinkeloo, E.; Golomb, B.A. Bioenergetics in Veterans with Gulf War Illness Versus Healthy
Controls; Replication and Expansion. In Proceedings of the Gulf War Illness State of the Science Virtual Conference, Washington,
DC, USA, 19 August 2020.

10. Chen, Y.; Meyer, J.N.; Hill, H.Z.; Lange, G.; Condon, M.R.; Klein, J.C.; Ndirangu, D.; Falvo, M.J. Role of mitochondrial DNA
damage and dysfunction in veterans with Gulf War Illness. PLoS ONE 2017, 12, e0184832.

11. Pinto, M.; Moraes, C.T. Mitochondrial genome changes and neurodegenerative diseases. Biochim. Biophys. Acta 2014, 1842,
1198–1207. [CrossRef]

12. Thompson, C.H.; Kemp, G.J.; Sanderson, A.L.; Radda, G.K. Skeletal muscle mitochondrial function studied by kinetic analysis of
postexercise phosphocreatine resynthesis. J. Appl. Physiol. 1995, 78, 2131–2139. [CrossRef] [PubMed]

13. Abdullah, L.; Evans, J.E.; Joshi, U.; Crynen, G.; Reed, J.; Mouzon, B.; Baumann, S.; Montague, H.; Zakirova, Z.; Emmerich, T.; et al.
Translational potential of long-term decreases in mitochondrial lipids in a mouse model of Gulf War Illness. Toxicology 2016, 372,
22–33. [CrossRef] [PubMed]

14. Shetty, G.A.; Hattiangady, B.; Upadhya, D.; Bates, A.; Attaluri, S.; Shuai, B.; Kodali, M.; Shetty, A.K. Chronic Oxidative Stress, Mi-
tochondrial Dysfunction, Nrf2 Activation and Inflammation in the Hippocampus Accompany Heightened Systemic Inflammation
and Oxidative Stress in an Animal Model of Gulf War Illness. Front. Mol. Neurosci. 2017, 10, 182. [CrossRef] [PubMed]

15. Zakirova, Z.; Reed, J.; Crynen, G.; Horne, L.; Hassan, S.; Mathura, V.; Mullan, M.; Crawford, F.; Ait-Ghezala, G. Complementary
proteomic approaches reveal mitochondrial dysfunction, immune and inflammatory dysregulation in a mouse model of Gulf
War Illness. Proteom. Clin. Appl. 2017, 11, 1600190. [CrossRef]

16. Akram, M. Citric acid cycle and role of its intermediates in metabolism. Cell Biochem. Biophys. 2014, 68, 475–478. [CrossRef]
17. Chinopoulos, C. Which way does the citric acid cycle turn during hypoxia? The critical role of alpha-ketoglutarate dehydrogenase

complex. J. Neurosci. Res. 2013, 91, 1030–1043. [CrossRef] [PubMed]
18. Barshop, B.A. Metabolomic approaches to mitochondrial disease: Correlation of urine organic acids. Mitochondrion 2004, 4,

521–527. [CrossRef]
19. Forni, L.G.; McKinnon, W.; Lord, G.A.; Treacher, D.F.; Peron, J.M.; Hilton, P.J. Circulating anions usually associated with the Krebs

cycle in patients with metabolic acidosis. Crit. Care 2005, 9, 1–5. [CrossRef] [PubMed]
20. Golomb, B.A.; Koslik, H.J.; Christians, U.; Ritchie, J.; Wilson, P.; Elkins, N.; Klawitter, J.; Smith, D.; Repine, J.E. Depressed

prostaglandins and leukotrienes in veterans with Gulf War illness. J. Environ. Sci. Health B 2019, 54, 623–639. [CrossRef]
21. Erickson, L.C.; Ritchie, J.B.; Javors, J.M.; Golomb, B.A. Recruiting a special sample with sparse resources: Lessons from a study of

Gulf War veterans. Clin. Trials 2013, 10, 481–490. [CrossRef]

http://doi.org/10.1016/j.cortex.2015.08.022
http://doi.org/10.1073/pnas.0711986105
http://doi.org/10.1038/npre.2012.6847.1
http://doi.org/10.1162/NECO_a_00659
http://doi.org/10.1371/journal.pone.0092887
https://va-eerc-ees.adobeconnect.com/_a1089657440/plixyd0rh4ht/?OWASP_CSRFTOKEN=87e827022744e2d7d32270316e1df5a2b1c2abb25c1687a66f7eb2ce8b49cba4&proto=true
https://va-eerc-ees.adobeconnect.com/_a1089657440/plixyd0rh4ht/?OWASP_CSRFTOKEN=87e827022744e2d7d32270316e1df5a2b1c2abb25c1687a66f7eb2ce8b49cba4&proto=true
http://doi.org/10.1016/j.bbadis.2013.11.012
http://doi.org/10.1152/jappl.1995.78.6.2131
http://www.ncbi.nlm.nih.gov/pubmed/7665409
http://doi.org/10.1016/j.tox.2016.10.012
http://www.ncbi.nlm.nih.gov/pubmed/27931520
http://doi.org/10.3389/fnmol.2017.00182
http://www.ncbi.nlm.nih.gov/pubmed/28659758
http://doi.org/10.1002/prca.201600190
http://doi.org/10.1007/s12013-013-9750-1
http://doi.org/10.1002/jnr.23196
http://www.ncbi.nlm.nih.gov/pubmed/23378250
http://doi.org/10.1016/j.mito.2004.07.010
http://doi.org/10.1186/cc3806
http://www.ncbi.nlm.nih.gov/pubmed/16277723
http://doi.org/10.1080/03601234.2019.1596001
http://doi.org/10.1177/1740774512470040


Int. J. Environ. Res. Public Health 2021, 18, 1635 11 of 11

22. Harris, P.A.; Scott, K.W.; Lebo, L.; Hassan, N.; Lightner, C.; Pulley, J. ResearchMatch: A national registry to recruit volunteers for
clinical research. Acad. Med. 2012, 87, 66–73. [CrossRef] [PubMed]

23. Fukuda, K.; Nisenbaum, R.; Stewart, G.; Thompson, W.W.; Robin, L.; Washko, R.M.; Noah, D.L.; Barrett, D.H.; Randall, B.; Herwaldt,
B.L.; et al. Chronic multisymptom illness affecting Air Force veterans of the Gulf War. JAMA 1998, 280, 981–988.[CrossRef]

24. Steele, L. Prevalence and patterns of Gulf War illness in Kansas veterans: Association of symptoms with characteristics of person,
place, and time of military service. Am. J. Epidemiol. 2000, 152, 992–1002. [CrossRef] [PubMed]

25. Sandlers, Y.; Shah, R.R.; Pearce, R.W.; Dasarathy, J.; McCullough, A.J.; Dasarathy, S. Plasma Krebs Cycle Intermediates in
Nonalcoholic Fatty Liver Disease. J. Clin. Med. 2020, 9, 314. [CrossRef] [PubMed]

http://doi.org/10.1097/ACM.0b013e31823ab7d2
http://www.ncbi.nlm.nih.gov/pubmed/22104055
http://doi.org/10.1001/jama.280.11.981
http://doi.org/10.1093/aje/152.10.992
http://www.ncbi.nlm.nih.gov/pubmed/11092441
http://doi.org/10.3390/jcm9020314
http://www.ncbi.nlm.nih.gov/pubmed/31979094

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Recap of Findings 
	Fit with Existing Literature 
	Limitations 

	Conclusions 
	References



