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Abstract
The lack of suitable biomarkers of oxidative stress is a common problem for antioxidant
intervention studies in humans. We evaluated the efficacy of vitamin C supplementation in
decreasing biomarkers of lipid peroxidation in nonsmokers and in cigarette smokers, a commonly
studied, free-living human model of chronic oxidative stress. Participants received ascorbic acid
(500 mg twice per day) or placebos for 17 d in a double blind, placebo-controlled, randomized
crossover design study. The urinary biomarkers assessed and reported herein are derived from 4-
hydroperoxy-2-nonenal (HPNE) and include the mercapturic acid (MA) conjugates of 4-
hydroxy-2(E)-nonenal (HNE); 1,4-dihydroxy-2(E)-nonene (DHN); and 4-oxo-2(E)-nonenol
(ONO). Vitamin C supplementation decreased the urinary concentrations of both ONO-MA
(p=0.0013) and HNE-MA (p=0.0213) by ~30%; however, neither cigarette smoking nor sex
affected these biomarkers. In contrast, vitamin C supplementation decreased urinary
concentrations of DHN-MA (3-way interaction p=0.0304) in nonsmoking men compared with
nonsmoking women (p<0.05), as well as in nonsmoking men compared with smoking men
(p<0.05). Vitamin C supplementation also decreased (p=0.0092) urinary total of metabolites by
~20%. Thus, HPNE metabolites can be reduced favorably in response to improved plasma
ascorbic acid concentrations, an effect due to ascorbic acid antioxidant function.
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Introduction
Oxidative stress plays a pivotal role in the pathogenesis of various chronic diseases
including atherosclerosis, Alzheimer disease, diabetes, and nonalcoholic fatty liver disease
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[1-3]. The notion that oxidative stress is a causative factor in the etiology of chronic disease
has provided the rationale for dietary antioxidant interventions. Several large-scale, double-
blind, placebo-controlled trials with the antioxidant vitamins C or E, alone or in
combination, have shown disappointing effects on clinical endpoints [4-6]. Consequently,
these findings have raised the question whether the dose and/or administration frequency of
these antioxidants were effective to mitigate damage from reactive oxygen species (ROS)
under conditions of oxidative stress [4].

One of the challenges in assessing antioxidant efficacy in vivo is to identify validated
endpoints of oxidative stress. Numerous markers are derived from polyunsaturated fatty
acids because they are vulnerable targets of ROS and form ‘stable’ end-products from
unstable lipid hydroperoxides (LOOHs): malondialdehyde [7], conjugated dienes [8],
isoprostanes [9,10], alkanes [8,11], and (reactive) aldehydes [12,13]. LOOHs spontaneously
degrade into cytotoxic and genotoxic lipid peroxidation (LPO) products, especially 2-
alkenals. 4-Hydroxy-2(E)-nonenal (HNE) and 4-oxo-2(E)-nonenal (ONE) are two of the
most well-studied LPO products [14] (Figure 1). Both are derived from 4-hydroperoxy-2-
nonenal (HPNE) [14,15] and are toxic because they can covalently modify proteins and
DNA through Michael-type additions and Schiff base formation [16]. Indeed, findings from
the past several decades indicate that HNE levels are associated with the severity of
Alzheimer disease and cancer [1,17].

Humans have several metabolic pathways to detoxify 2-alkenals. Phase I enzymes catalyze
the conversion of HNE into 4-hydroxy-2(E)-nonenoic acid (HNA) and 1,4-dihydroxy-2(E)-
nonene (DHN) while ONE is converted into 4-oxo-2(E)-nonenoic acid (ONA) and 4-
oxo-2(E)-nonenol (ONO). Phase II enzymes, particularly glutathione-S-transferases (GSTs)
catalyze the conjugation of HNE, ONE, and ONO with glutathione (GSH). The resulting
GSH conjugates themselves may be substrates for Phase I enzymes, forming, e.g., HNA-
GSH and DHN-GSH from HNE-GSH. Enzymes in the mercapturic acid pathway convert
GSH conjugates into the corresponding N-acetylcysteine (mercapturic acid) conjugates,
which are the metabolites excreted in the urine (Figure 1) [18-21].

Prior studies from our group have shown that phase I and II metabolites of HPNE are
elevated in rats following administration of CCl4, a well-established model of acute
oxidative stress [18]. We also demonstrated that urinary HPNE metabolites decrease
following smoking cessation in humans [22]. Thus, urinary HPNE metabolites are
responsive to changes in oxidative stress levels. In the present study, we hypothesized that
vitamin C supplementation would decrease urinary HPNE metabolites in cigarette smokers.
We specifically examined these urinary metabolites in smokers because smoking is an
accessible free-living model of chronic oxidative stress in humans [23,24].

Materials and methods
Materials

HNE and ONO as well as their mercapturic acid (MA) and N-(acetyl-d3)-L-cysteine (MAd3)
conjugates were prepared and chemically characterized as described previously [18,25].
DHN-MA and DHN-MAd3 were prepared by NaBH4-reduction of HNE-MA and HNE-
MAd3 [18]. HPLC-grade solvents were obtained from Honeywell Burdick and Jackson,
Muskegon, MI (0.1% formic acid in water) and from EMD Chemicals, San Diego, CA
(acetonitrile). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Subjects and Study Design
The Institutional Review Board for the Protection of Human Subjects at Oregon State
University approved the study protocol. Men and women were recruited from the University
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area and were enrolled on the basis of age (18-35 y), non-nutritional supplement user for the
past 6-mo, stable exercise patterns (<7 h/week), cigarette smoker (>10 cigarettes/d) or
nonsmoker. The complete details of the investigation and additional biochemical endpoints
have been reported previously [26,27].

This study was conducted as a double-blind, placebo-controlled, randomized crossover
study with the primary aim to determine the effect of vitamin C supplementation on vitamin
E kinetics in smokers and nonsmokers [26]. Participants received ascorbic acid (500 mg
twice per day) or a placebo (70.5% calcium phosphate dibasic, 29.5% cellulose, 0.5%
magnesium stearate) for 17 d; all supplements were kindly provided by Pharmavite, LLC
(Northridge, CA). Participants were instructed by a registered dietitian (RSB) to follow a
diet low in ascorbic acid during the intervention periods. On Day 14, participants ingested
approximately 50 mg each of an equimolar mixture of d6-α- and d2-γ-tocopheryl acetates.
Blood was collected at regular intervals for 72 h and urine was collected in 8 h intervals
from 0 to 24 h. After a 3-month washout period, participants received the alternate treatment
and repeated the study as described above. Plasma ascorbic acid concentrations were
measured from each fasting sample obtained during the 72 h study and averages of these
plasma concentrations are reported herein.

Extraction of urinary HPNE metabolites and LC-MS/MS Analysis of HPNE metabolites
Urine samples were prepared as described previously [25]. Briefly, an aliquot of urine (0.2
ml) was acidified to pH 3 with 20 μl of 1 N HCl, then deuterium-labeled (d3)-internal
standards (0.5 nmol DHN-MAd3, 0.1 nmol HNE-MAd3, and 0.1 nmol ONO-MAd3) were
added. The samples were extracted twice with ethyl acetate (700 μl), and the extracts were
combined and evaporated under nitrogen. The residues were then reconstituted in 100 μl of
1:4 acetonitrile:water containing 0.1 % formic acid and analyzed using a liquid
chromatography/mass spectrometry system (LC-MS).

The LC system consisted of a Shimadzu Prominence HPLC with two LC-20AD pumps, a
DQU-20A5 degasser, a SIL-HTc autosampler and post-column switching valves (Shimadzu,
Columbia, MD). Separation was achieved on a 250 × 2 mm Synergi Max RP C12 column
(Phenomenex, Torrance, CA) by gradient elution using aqueous 0.1 % (v/v) formic acid as
solvent A and acetonitrile containing 0.1 % (v/v) formic acid as solvent B at a flow rate of
0.2 ml/min. The linear solvent gradient proceeded from 20 to 50% B in 10 min, from 50 to
90% B over the next 2 min, held constant at 90% B for 7 min, returned to 20% B over 1
min, and equilibrated at 20% B for 5 min.

The mass spectrometer was an Applied Biosystems MDS Sciex hybrid triple quadrupole/
linear ion trap instrument (4000 QTrap) equipped with a TurboV electrospray source
(Concord, Canada). Detection was achieved by selected reaction monitoring (SRM) in the
negative ion mode with the collision energy set at 25 eV. The following SRM transitions
were used for quantitative purposes (Figure 2) with qualifying SRMs listed in parentheses:

HNE-MA, tR 10.5 and 10.8 min, m/z 318 →189 (m/z 318→171);

HNE-MA-d3, tR 10.5 and 10.8 min, m/z 321→189 (m/z 321→171); ONO-MA, tR 11.3
min, m/z 318→162;

ONO-MA-d3, tR 11.3 min, m/z 321→165;

DHN-MA, tR 9.8 min, m/z 320→191 (m/z 320→143);

DHN-MA-d3, tR 9.8 min, m/z 323→191 (m/z 323→143)

Calibration curves were constructed from standard solutions of HNE-MA, DHN-MA, and
ONO-MA in 1:4 acetontrile:water (both with 0.1 % formic acid) spiked with HNE-MAd3
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(10 μl of a 10 μM solution), DHN-MAd3 (5 μl of a 100 μM solution), and ONO-MAd3 (10
μl of a 10 μM solution) using materials we described previously [18,25]. Analyte
concentrations were calculated from peak area ratios of the analyte/internal standard using
Analyst 1.4.1 (Applied Biosystems). HPNE metabolite concentrations, normalized to urinary
creatinine, were measured in aliquots from each of the three (0-8, 8-16 and 16-24 h)
collections. Urinary creatinine was measured spectrophotometrically using a kit (#500701;
Cayman Chemical Co., Ann Arbor, MI). No apparent effects of urinary interval (P>0.05)
were observed. Therefore, the average was calculated from the three intervals to yield the
urinary concentration per g creatinine for the 24 h period for each individual.

Statistical analysis
Data are expressed as means ± SD. Repeated measures MANOVA was performed using
JMP Statistical Discovery Software (5.0.1a, SAS Institute, Cary, NC) to evaluate effects
attributed to smoking status, sex, and with-in subject vitamin C supplementation effects and
time effects from urine samples collected in three 8 h intervals over 24 h (0-8, 8-16, and
16-24 h). Results were considered to be statistically significant at p < 0.05. Urinary
metabolite data from the different time points were not significantly different. Therefore,
concentrations from the three 8 h intervals were averaged and mean values were used to
examine whether vitamin C supplementation reduces urinary metabolite concentrations. For
the analysis of repeated measures (multiple samples from the same subject), the natural
logarithm of the dependent variables (urine concentration for placebo or vitamin C
supplementation) was used in the MANOVA analysis to minimize the correlation between
the mean and variance of the data. When the effects of either cigarettes or sex were not
statistically significant, then matched pairs analysis was used.

Results
Participant characteristics and plasma vitamin C

Urinary HPNE metabolites were measured in samples collected throughout a study
examining vitamin C supplementation on vitamin E pharmacokinetics. Complete details of
this study have been published elsewhere [26]. In brief, vitamin C supplementation
ameliorated the faster rate of vitamin E disappearance in smokers, but had no effect on
nonsmokers’ vitamin E kinetics [26]. No significant differences (p > 0.05) were observed
between nonsmokers and smokers with respect to age or body mass index (BMI) (Table 1).
However, concentrations of urinary cotinine, a marker of nicotine metabolism, were greater
in smokers (>10 cigarettes/d). Vitamin C supplementation increased (p <0.0001) ascorbic
acid concentrations [26] to a similar extent in smokers and nonsmokers regardless of sex
(Figure 3). Plasma ascorbic acid during the placebo trial also did not differ between smokers
and nonsmokers and was ~50% lower in comparison to the supplement trial. Thus, smokers
and nonsmokers had essentially identical plasma ascorbic acid concentrations in the
respective study phases.

Vitamin C supplementation decreases urinary HPNE metabolites
The present investigation aimed to evaluate novel biomarkers of LPO in cryogenically
archived samples from our prior work. HPNE metabolite concentrations were measured in
urine samples following 17 d of supplementation with placebo and vitamin C for each
subject (crossover study design). Thus, each participant served as their own control thereby
allowing for within-subject assessment of vitamin C supplementation on HPNE metabolite
levels compared to placebo treatment.

Vitamin C supplementation decreased urinary ONO-MA (p=0.0013); however, neither
cigarette smoking nor sex affected this parameter (Figure 4A). Similarly, vitamin C
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supplementation decreased urinary HNE-MA concentrations (p=0.0213; Figure 4B), while
smoking and sex had no effect on its urinary levels. In contrast, a 3-way interactive effect
for vitamin C supplementation, sex, and smoking was observed for urinary DHN-MA
concentrations (vitamin C effect p = 0.0165, 3-way interaction p=0.0304) indicating that
smokers and nonsmokers as well as men and women responded differently to vitamin C
supplementation. As with the other LPO metabolites, there was a main effect of vitamin C
supplementation on urinary DHN-MA (p=0.0165). Post-hoc analysis indicated that vitamin
C supplementation decreased urinary DHN-MA (p<0.05) in nonsmoking men compared
with nonsmoking women as well as in male nonsmokers compared with male smokers
(Figure 5). Lastly, when the urinary metabolites were summed for each individual, vitamin
C decreased total metabolite concentrations (Figure 4C; p=0.0092).

We also performed regression analysis to better define the interrelations between
concentrations urinary HPNE metabolites in the presence and absence of vitamin C
supplementation (Table 2). Each HPNE metabolite was highly correlated (p <0.02 to
<0.0001) with each other during placebo trial (r = 0.51-0.83) and to a greater extent during
the vitamin C intervention trial (r = 0.70-0.90)

Discussion
The findings of this study demonstrate for the first time that vitamin C supplementation
dramatically reduces urinary concentrations of HPNE metabolites in a cohort of healthy
nonsmokers and smokers. Urinary levels of ONO-MA and HNE-MA, independent of sex or
smoking status, are reduced by ~30% following vitamin C supplementation (Figure 4).
Similarly, vitamin C supplementation decreased the total of HPNE metabolites by ~20%.
These findings can be explained by the antioxidant effects of vitamin C, causing a decrease
in LOOH production by preventing the radical initiation reaction (Figure 1, Step 1) through
scavenging of oxygen radicals. In addition, vitamin C promotes the tocopherol-dependent
radical termination reaction (Figure 1, Step 3), as demonstrated by measurements of
deuterium-labeled vitamin E kinetics in these subjects [26]. Both effects favorably decrease
the pool of lipid hydroperoxy radicals that would otherwise perpetuate the radical
propagation reaction (Figure 1, Step 2). The net result is decreased formation of HPNE,
HNE and ONO.

Further to a direct antioxidant effect of ascorbate, prolonged vitamin C supplementation may
elevate the expression/activity of glutathione peroxidase (GPx) as demonstrated in rats
[28,29]. Increased GPx activity would favor the reduction of LOOHs into hydroxylipids
(LOHs, step 6 in Fig. 1) at the expense of HPNE production, because the hydroperoxy group
in LOOHs induces non-enzymatic cleavage of carbon–carbon bonds to form HPNE [15,30].
Membrane-derived LOOHs, including fatty acid hydroperoxides, are substrates for GPx-1
and GPx-4 [31,32]. Therefore, ascorbate-induced expression of GPx would lead to reduced
production of HPNE. Unfortunately, direct testing of this hypothesis by measuring liver
glutathione or GPx activities is not possible when humans, not rats, are subjects.

The decrease in urinary concentrations of ONO-MA and HNE-MA by vitamin C
supplementation sheds light on the question whether HPNE metabolites are biomarkers of
oxidative stress or biomarkers of the physiological response to oxidative stress. If the
predominant effect of vitamin C supplementation was enhancing phase I and phase II
metabolism, preserving cellular levels of GSH, and promoting cellular excretion of GSH
metabolites as we observed previously in cultured cells treated with HNE [33], we would
expect higher concentrations of HPNE metabolites following vitamin C supplementation.
We observed the opposite effect, that is, an overall decrease in the levels of urinary HPNE
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metabolites, thus supporting the notion that vitamin C supplementation reduces oxidative
stress and LPO.

If the urinary HPNE metabolite levels reflect oxidative stress status, why are the metabolite
levels not elevated in the smoking subjects? Although the present study does not provide a
definitive answer to this question, there are several aspects to consider. First, greater
accumulation of oxygen radicals, either from the smoke itself [24] or indirectly from
activated inflammatory cells, does not necessarily translate into increased oxidative stress
because of cellular compensatory mechanisms that induce the expression of antioxidant
enzymes [34,35]. Although prior studies demonstrate that smoking decreases plasma
ascorbic acid due to its increased utilization [36], we observed no difference in plasma
ascorbic acid concentrations between smokers and nonsmokers regardless of intervention
study phase. This may indicate that ascorbic acid utilization did not increase due to adequate
defense against greater ROS in the smokers, who were all confirmed to be otherwise healthy
young adults on the basis of their health history and normal serum clinical chemistries [26].
Consistent with this notion, this specific cohort of smokers had plasma F2-isoprostane
concentrations that did not differ from those of the nonsmokers [26]. Second, increased
production of LOOH and HPNE does not necessarily translate into increased levels of
HPNE metabolites from the mercapturic acid pathway. Smoking increases the expression of
phase I enzymes, such as aldo-keto reductase 1 B10 (AKR1B10) [37-39] and aldehyde
dehydrogenase (ALDH) [40], which would increase the production of DHN and HNA,
respectively, since HNE is a known substrate of both AKR1B10 [41] and ALDH [42,43].
Because free DHN cannot form conjugates with GSH and HNA is a poor substrate for GST
enzymes, increased expression of phase I enzymes decreases HNE as a substrate pool for
GST. Thus, it is possible that smokers had greater production of DHN and HNA that was
not paralleled by greater production of phase II metabolites of HNE. Clearly, complete
interpretations of our findings are limited since we did not measure both free and conjugated
DHN and HNA. Lastly, smoking is known induce GPx enzymes [44] that are responsible for
converting LOOHs into LOHs [45], an action that would be expected to blunt the increase in
HPNE production.

The three urinary HPNE metabolites, ONO-MA, HNE-MA and DHN-MA, were
significantly correlated with each other during the placebo phase as well as the vitamin C
supplementation phase of the study (Table 2). In addition, the relationships during the
vitamin C supplementation phase were stronger (r = 0.70-0.90) than those from the placebo
phase (r = 0.51-0.82). DHN-MA and HNE-MA correlated better with each other than ONO-
MA with each of the two other HPNE metabolites, which is a reflection of DHN-MA being
a direct metabolite of HNE-MA. HPNE [14,15] is the common precursor to HNE and ONO,
the AKR metabolite of ONE [41]. ONO differs from HNE in that the formation of ONO
from HPNE does not involve reduction of the γ-hydroperoxy group. Assuming that
reduction of the γ-hydroperoxy group is mediated by vitamin C-inducible GPx, vitamin C
supplementation would differentially affect HNE-MA and ONO-MA levels consistent with
our observation that ONO-MA levels were reduced (33%) to a greater extent (p=0.027) than
HNE-MA (27%).

The subjects we examined for urinary HPNE metabolites in this study were previously
analyzed for plasma and urinary F2-isoprostane levels [26,27], allowing a comparison
between F2-isoprostanes and HPNE metabolites as endpoints in this vitamin C
supplementation study. Vitamin C supplementation did not change the urinary
concentrations of any of the three F2-isoprostanes quantified (i.e. 8-iso-PGF2α, 8-iso-15(R)-
PGF2α and PGF2α; p > 0.05) [27] nor did vitamin C supplementation change plasma levels
of F2-isoprostanes [26]. Like the γ-hydroxy group in HNE [15], the side-chain hydroxy
groups in F2-isoprostanes originate from hydroperoxy groups [46], most likely by GPx-
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mediated reduction as reported for the related hydroperoxy eicosatetraenoic acids [32,47].
Thus, vitamin C-induced GPx expression would enhance F2-isoprostane production from
hydroperoxy precursors, thereby blunting the antioxidant activity of vitamin C. The different
response of urinary F2-isoprostane and ONO-MA levels to vitamin C supplementation
implies that HPNE metabolites, especially ONO-MA, are more sensitive to the antioxidant
effects of vitamin C than are F2-isoprostanes.

Previous studies using an animal model of acute oxidative stress [18] and smoking cessation
as a model of oxidative stress relief [22] have established the value of HPNE metabolites as
biomarkers of oxidative stress. Our present findings provide evidence that HPNE metabolite
levels can be reduced favorably in response to improved plasma vitamin C concentrations.
Although additional work is needed to fully validate these metabolites as biomarkers of
oxidative stress, they show promise as a potentially more sensitive index of oxidative stress
compared to F2-isoprostanes. Indeed, our prior work indicated no change in plasma or
urinary F2-isoprostanes following vitamin C supplementation whereas the present work in
the same participant population demonstrates that short-term vitamin C administration
decreases HPNE metabolites by 20-30%. Clearly, additional study is needed to further
characterize the responsiveness of these metabolites to dose-dependent changes in oxidant
exposure as well as to assess their role in the etiology of chronic disease.
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Abbreviations

AKR aldo-keto reductase

ALDH aldehyde dehydrogenase

BMI body mass index

DHN 1,4-dihydroxy-2(E)-nonene

GPx glutathione peroxidase

GSH glutathione

GST glutathione-S-transferase

HNA 4-hydroxy-2(E)-nonenoic acid

HNE 4-hydroxy-2(E)-nonenal

HPLC high performance liquid chromatography

HPNE 4-hydroperoxy-2-nonenal

LC liquid chromatography

LOH hydroxylipid

LOOH lipid hydroperoxide

LPO lipid peroxidation

MA mercapturic acid

MAd3 N-(acetyl-d3)-L-cysteine
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MS mass spectrometry

ONA 4-oxo-2(E)-nonenoic acid

ONE 4-oxo-2(E)-nonenal

ONO 4-oxo-2(E)-nonenol

ROS reactive oxygen species

SRM selected reaction monitoring
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Fig. 1. Lipid peroxidation (LPO) and fate of LPO products
The LPO chain reaction can be initiated by many radical species (indicated by R•) and
converts LH into LOO•, which attacks another LH generating L• (paths 1 and 2, dotted
oval). Ascorbic acid may scavenge the initiating radical species R• and reduce the
tocopheroxyl radical, generating the ascorbyl radical, which can be reduced by glutathione
dependent enzymes.
Key to reaction steps: 1, initiating event; 2, radical propagation reaction; 3, termination of
the radical reaction by tocopherol (TocH); 4, dismutation of ascorbyl radicals (Asc•−); 5,
reduction of dehydroascorbate (DHAsc) by GSH-dependent dehydroascorbate reductase; 6,
GSH peroxidase (GPx); 7, further oxygenation and non-enzymatic cleavage of carbon-
carbon bonds; 8, reduction. Steps 9-12 represent the mercapturic acid pathway to form
mercapturic acid (= N-acetyl cysteine) conjugates: 9, glutathione-S-transferase (GST); 10, γ-
glutamyl transferase; 11, cysteinyl glycinase; 12, N-acetyl transferase. HNE-GSH/MA
metabolites can be converted into DHN-MA and HNA-MA. Step 13, dehydration; 14, aldo-
keto reductase (AKR).
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Fig. 2. LC-MS/MS-SRM chromatogram of a human urine extract
Chromatographic peaks: Top: HNE-MA, tR 10.5 and 10.8 min, m/z 318 →189 (m/z
318→171); Middle: DHN-MA, tR 9.8 min, m/z 320→191 (m/z 320→143); Bottom: HNE-
MA, tR 10.5 and 10.8 min, m/z 318→162 (qualifying transition) and ONO-MA, tR 11.3 min,
m/z 318→162. The structures from top to bottom are HNE-MA, DHN-MA, and ONO-MA.
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Fig. 3. Plasma ascorbic acid concentrations in nonsmoking and smoking men and women
following supplementation with vitamin C or placebos
During this double-blind, placebo-controlled, randomized crossover study, participants
received 17-day treatments with ascorbic acid (500 mg twice per day) or with placebo. On
Day 14, participants’ blood was collected at various intervals for 72 h and plasma ascorbic
acid concentrations were measured in each of the samples taken; averages of these
concentrations are reported herein. Vitamin C supplementation increased ascorbic acid
plasma concentrations (mean ± SD, p <0.0001, n=22), but the concentrations were not
different between smokers and nonsmokers, or between men and women. These data have
been published previously [26].
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Fig. 4. Modulation of urinary levels of HPNE metabolites (mean ± SD) by vitamin C supplements
Urine was collected from all subjects shown in Figure 3. Vitamin C supplementation
decreased urinary levels of ONO-MA (p=0.0013, panel A), HNE-MA (p=0.0213, panel B),
and the total of ONO-MA, HNE-MA and DHN-MA (p=0.0092, panel C).
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Fig. 5. Modulation of urinary DHN-MA metabolite levels (mean ± SD) by vitamin C supplements
in nonsmoking men and women (top panel) and in smoking men and women (bottom panel)
Vitamin C supplementation had a different effect on urinary DHN-MA depending upon the
sex and cigarette smoking habits of the participants (3-way interaction p=0.0304). As with
the other metabolites, there was an overall effect of vitamin C supplementation on urinary
DHN-MA (p=0.0165). Additionally, vitamin C supplementation decreased urinary DHN-
MA (p<0.05) in non-smoking men compared with nonsmoking women, and also in non-
smoking men compared with smoking men. Bars within a graph bearing the same letter are
not different from each other.
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Table 1

Study participant characteristics

Parameter Nonsmokers
(n = 12)

Smokers
(n = 10)

Sex
6 men 6 men

6 women 4 women

Age (years) 23.1 ± 2.5 21.1 ± 1.7

BMI (kg/m2) 24.7 ± 2.8 23.2 ± 3.9

Cigarettes smoked (averaged over study) 0 10.6 ± 3.7

Cotinine (μg/ml; averaged over study) 0.027 ± 0.013 2.6 ± 1.6

These and additional details have been published previously [26].
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Table 2

Correlations (p-value) of urinary HPNE metabolites during each of the supplementation trials.

Supplement

Pairwise-correlations
between:

Placebo Vitamin C

ONO-MA DHN-MA 0.51
(p=0.015)

0.70
(p=0.0003)

ONO-MA HNE-MA 0.57
(p=0.006)

0.75
(p=0.0000)

HNE-MA DHN-MA 0.83
(p=0.0000)

0.90
(p=0.0000)
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