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5-(Hydroxymethyl)-2-furfural (I) is a major breakdown product occurring in solutions with high
concentrations of fructose and glucose and is present in many fruit juices, in heat-sterilized parenteral
solutions, and in baby cereals. The objective of this study was to characterize and identify
5-(hydroxymethyl)-2-furfural metabolites in human subjects following the consumption of dried plum
juice and/or dried plums. Subjects were fasted overnight and blood and urine samples were obtained
during the day following consumption. Subjects fed the dried plum juice and dried plums consumed
3944 µmol (497 mg) and 531 µmol (67 mg) of I, respectively. Four presumed metabolites of I were
detected in the urine of subjects that consumed dried plum juice. They were tentatively identified
using HPLC-MS/MS as (1) N-(5-hydroxymethyl-2-furoyl)glycine (III), (2) 5-hydroxymethyl-2-furoic acid
(II), (3) (5-carboxylic acid-2-furoyl)glycine (IV), and (4) (5-carboxylic acid-2-furoyl)aminomethane (V).
Total urinary excretion during the 6 h following the consumption of dried plum juice was 168, 1465,
137, and 75 µmoles on the basis of II as a standard for II, III, IV, and V, respectively. The estimated
total recovery of I metabolites was 46.2% and 14.2% of the I dose during the first 6 h after consumption
of dried plum juice and dried plums, respectively. I seems to be metabolized rapidly to glycine
conjugates and other metabolites and excreted in the urine.
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INTRODUCTION

Dried plums and dried plum juice contain a number of
phytochemicals that have antioxidant activity, particularly
chlorogenic acid and its isomers (1). During the studies of
metabolism of phytochemicals in dried plum or dried plum juice,
we observed the appearance of some unknown metabolites in
urine following the consumption of dried plum juice. It is known
that dried plums and dried plum juice have considerable amounts
of 5-(hydroxymethyl)-2-furfural (I) (Figure 1) (1), and our
preliminary observations indicated that some of the metabolites
that were observed were derived fromI. I is not a phenolic
compound and does not exhibit antioxidant activity by in vitro
antioxidant capacity assays.I is a major breakdown product
occurring in solutions high in fructose and glucose. Most of
the formation ofI occurs during heating or autoclaving, but
spontaneous breakdown also takes place.I also is present in
many fruit juices, heat-sterilized parental solutions (2), infant
formulas (3), and baby cereals (4). Low pH promotes heat-
induced hexose decomposition to furan derivatives. Ulbricht et

al. (5) estimated that humans may ingest up to 150 mg ofI/day.
Thus,I is an important artificial compound in the human diet.

The objective in this study was to identify and quantify, using
HPLC-MS/MS, compounds in urine that appeared to be
metabolites ofI following the consumption of dried plums or
dried plum juice. To our knowledge, this is the first report ofI
metabolism in human subjects.

MATERIALS AND METHODS

Subjects.Six healthy women (65-70 y; body wt) 66.2( 1.1 kg)
participated in this study. All study participants were considered in
good health on the basis of a medical history questionnaire, physical
examination, and normal results of clinical laboratory tests. All of the
subjects fulfilled the following eligibility criteria: no history of
cardiovascular, hepatic, gastrointestinal, or renal disease; no alcoholism;
no antibiotic or supplemental vitamin and/or mineral use at least 4 weeks
prior to the start of the study; no smoking. The study protocol was
approved by the Human Investigation Review Committee of Tufts
University and the New England Medical Center, and written informed
consent was obtained from each study participant.

Study Design. Each participant was admitted to the Metabolic
Research Unit (MRU) at the Jean Mayer USDA Human Nutrition
Research Center on Aging at Tufts 24 h before the day of sampling. In
the evening before the day of sampling, subjects were fasted overnight.
In the morning of the sampling day, an intravenous catheter was inserted
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into one forearm. A 15 mL heparin blood sample (zero baseline sample)
was obtained from each fasting subject, following which the subjects
were given one of three dietary treatments: control, 315 mL of water;
315 mL of dried plum juice; dried plums (131 g blended in 315 mL of
water). The amounts ofI, other major compounds, total phenolics, and
antioxidant capacity (ORACFL) (6, 7) consumed are presented inTable
1. Additional blood samples were obtained at 0.25, 0.5, 1, 2, 3, 4, and
6 h after consumption of the drink. An interval of at least 2 weeks
occurred between each treatment, and the order of administering the
treatments was randomized for each subject. Urine samples were
collected from these subjects before and at 0-2, 2-4, and 4-6 h after
the consumption of each treatment.

A lunch was given following the blood sampling at 4 h. The diets
provided to these subjects during their residency in the MRU were
designed to be low in flavonoids and other phenolics andI but provide
the recommended dietary allowance for protein and energy. All meals
were prepared under the supervision of a dietitian in the MRU. The
consumption of water was not limited. Other foods or beverages were
not allowed during the residency.

Chemicals and Standards.Ammonium acetate, lithium acetate, and
sulfatase (type H-5) were purchased from Sigma Chemical Co. (St.

Louis, MO). 5-Hydroxymethyl-2-furoic acid (II ) and 5-(hydroxymeth-
yl)-2-furoyl glycine (III ) (Figure 1) were provided by SRI International
(Menlo Park, CA) through Midwest Research Institute (Kansas City,
MO). All other solvents were from Fisher Scientific (Fair Lawn, NJ).

Analysis of Urine. Separation of Urine Metabolites Using HPLC
with Electrochemical Detection.Urine (500µL) was added to 500µL
of ammonium acetate buffer (1 M, pH 6) in a disposable culture tube.
Samples to be treated with enzyme were added to ammonium acetate
buffer containing the enzyme. The enzyme solution was prepared by
adding 1.65 mg of sulfatase (type H-5)/500µL of ammonium acetate
buffer. The nonenzyme and enzyme-treated samples were placed in a
37 °C water bath for 3 h. After the incubation period the samples are
treated with 10µL of HCl (20 µL + 1 mL H2O) (pH < 3) to stop the
enzyme reaction.

Analysis of urine was carried out on an ESA-HPLC with a Coularray
detector with a 250 mm× 4.6 mm i.d. Zorbax SB-C18 column plus a
UV detector (ESA Biosciences, Chelmsford, MA). Buffer A in the
HPLC gradient contained methanol/acetic acid/water (5/2/93, v/v) with
50 mM lithium acetate (pH 3.8). Buffer B consisted of methanol/acetic
acid/water (93/2/5, v/v) with 50 mM lithium acetate (pH 5.5). Both
buffers were filtered through Sep-Pak C18 cartridges (Waters, MA)
before using. The HPLC gradient consisted of 0% B from 0 to 18 min,
0 to 20% B from 18 to 68 min, and 20 to 70% B from 68 to 98 min.
The detector cells were cleaned for 1 min, and then the gradient went
from 70 to 0% B in 10 min to prepare for the injection of the next
sample. Cell potentials were set at 0, 60, 125, 190, 255, 320, 385, 450,
515, 580, 645, 710, 775, and 840 mv. The initial two cells were used
to collect output data from a UV detector set at 260 and 320 nm.
CompoundsII andIII were quantified against their standards, andIV
and V were estimated usingII as standard, assuming a similar UV
absorption at 260 nm.

HPLC-MS/MS Analysis.Numerous conditions were tested in an
attempt to find a solvent system that was compatible with the mass
detector but also would reproduce the UV profile observed with the
UV and Coularray detection system used for quantitating the metabo-
lites. Removing the lithium acetate salt, which is required for the
Coularray buffer system, changed the elution pattern of several peaks.
However, if we used ammonium acetate in the place of lithium acetate
and matched the pH in the mobile phase, we could come close to
reproducing the Coularray profile but still have a buffer system that
worked quite well with the mass spectrometer. The MS analysis of
urine I and metabolites was carried out on an HP series 1100 HPLC
system including an autosampler, a binary pump, a 250 mm× 4.6
mm i.d. Zorbax SB-C18 column, and a diode array detector (Agilent
Technologies, Palo Alto, CA). Mass spectrometry was performed with
an Esquire-LC mass spectrometer (MS) (Bruker Daltonics, Billerica,
MA), an ion trap instrument equipped with an electrospray interface.
Using separate injections, column effluent was monitored in either
positive or negative ion mode of the MS. The MS was set to perform
auto MS/MS. Major MS parameters in positive ion mode were the
following: capillary, -3500 V; nebulizer, 40 psi; dry gas, 9 L/min;
dry temperature, 330°C; trap drive, 33.4; end plate offset,-66 V;
skim 1, 9.4 V. Major MS parameters in the negative ion mode were
the following: capillary,+3500 V; end plate offset,-67.8 V; skim 1,
-18.6 V.

Analysis of Plasma.Plasma was analyzed using an ESA-HPLC with
a Coularray detector plus a UV detector (ESA Biosciences, Chelmsford,
MA) and conditions similar to that for urine described earlier. Salicylic
acid was used as an internal standard.

RESULTS AND DISCUSSION

Subjects given dried plum juice consumed 3944µmol (497
mg) of I , and those given dried plums consumed 486µmol (61.2
mg) of I (Table 1). In our analysis of the data, the focus was
on evaluating those peaks appearing in the chromatogram of
urine following consumption of dried plum juice that were
absent or present at extremely low concentrations in control
urine samples. If the urinary excretion of new compounds with
significant UV absorption at 260 nm was high, relative to

Figure 1. Structures of 5-(hydroxymethyl)-2-furfural (I) and proposed
metabolism in subjects consuming dried plums or dried plum juice.

Table 1. Concentrations and Amount Consumed of
5-(Hydroxymethyl)-2-furfural (I), Chlorogenic Acid Isomers, ORACFL,
and Total Phenolic Components Found in Dried Plum Juice and
Dried Plums

dried plum juice dried plums

component /mL consumed /g consumed

chlorogenic acid, mg 0.057 21.2 0.037 4.7
chlorogenic isomers, mg 7

3-O-caffeoylquinic acid 0.236 74.3 0.573 5.1
4-O-caffeoylquinic acid 0.224 70.6 0.329 43.1

5-(hydroxymethyl)-2-furfural, mg 1.577 497 0.467 61.2
5-(hydroxymethyl)-2-furfural, mmol 3994 486
antioxidant capacity, mmol of TEa 21.3 6716 82.4 10794
tot. phenolics, mg 3.5 1102 14.0 1835

a TE: trolox equivalent.
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controls, and changed with time following consumption of dried
plum juice, they were considered as possibleI metabolites. Some
of these metabolites could be detected following the consump-
tion of dried plums, but generally these were quite low or
nondetectable. This would be predicted if they were metabolites
of I since the quantity ofI consumed was more than 8× higher
with dried plum juice compared to dried plums (Table 1).

Four metabolites ofI were identified in the urine on the basis
of MS data, UV spectra on a diode array detector, information
found in the literature, and standards which were obtained for
two of the compounds (Figures 1-7). They are presumed to
be I metabolites since they were structural derivatives ofI and
did not exist in either dried plum juice or in the control urine.
One metabolite which we have been able to identify was an
oxidized product ofI was 5-hydroxymethyl-2-furoic acid (II)
(Figure 2). This was the major metabolite ofI with 1465µmol
excreted in the first 6 h after consumption of dried plum juice
(Table 2) or about 36.9% of the dose ofI. All six subjects
consuming dried plums also had increased excretion ofII
compared to controls (36.8 vs 5.5 umol/6 h). CompoundII was
identified on the basis of mass spectral data and retention time
compared to an authentic standard. CompoundII had anm/z
of 140.8, and a daughter ion was formed having anm/zof 96.8
(Table 2; Figure 3). The largest quantities were excreted in
the first 2 h after consumption of dried plum juice (Figure 3).

Compound II was also a significant metabolite which
appeared in plasma (Figure 4). A peak plasma concentration
of approximately 120µM was observed after 30 min, and

concentrations began to decline 60 min after consumption of
the dried plum juice. By 6 h the plasma levels ofII were nearly
back to baseline.

A second metabolite was also identified on the basis of mass
spectrometric data and retention time compared to an authentic
standard as a glycine conjugate, 5-(hydroxymethyl)-2-furoyl
glycine (III) ( Table 2; Figures 1 and5) with anm/zof 197.9
and three daughter ions with anm/zof 168.1, 153.9, and 123.9.

Figure 2. Representative HPLC chromatograms of 5-(hydroxymethyl)-2-
furfural (I) in dried plum juice (A), 5-hydroxymethyl-2-furoic acid (II) in
serum (B), and of metabolites in urine at 0−2 h at 260 nm (C).

Table 2. 5-(Hydroxymethyl)-2-furfural (I) Metabolites and Estimated
Metabolite Excretion during the First 6 h after Consumption of Water,
Dried Plums, or Dried Plum Juice

micromol excreted/6 h following meala

metabolite control dried plum dried plum juice

IVb 1.7 ± 1.7 (1/6) 4.3 ± 2.7 (2/6) 168 ± 39 (6/6)
II 5.5 ± 0.9 (6/6) 36.8 ± 9.0 (6/6) 1465 ± 53 (6/6)
III 0 (6/6) 6.3 ± 3.6 (4/6) 137 ± 32 (6/6)
Vc 17.5 ± 8.2 (3/6) 21.7 ± 8.0 (5/6) 75 ± 7 (6/6)

a Calculated quantities (mean ± SEM, µmol) of all metabolites were based
upon II as standard. Number of subjects with metabolite detected in urine is shown
in parentheses. b Tentatively identified as (5-carboxylic acid-2-furoyl)glycine (IV).
c Tentatively identified as (5-carboxylic acid-2-furoyl)aminomethane (V).

Figure 3. MS, MS/MS and urinary excretion of 5-hydroxymethyl-2-furoic
acid (II) in human subjects following dried plum juice consumption. The
quantity of 5-hydroxymethyl-2-furoic acid (II) excreted is calculated using
II as a standard.

Figure 4. Plasma concentrations (µmol/L) of 5-hydroxymethyl-2-furoic acid
(II) in human subjects following consumption of dried plum juice. The
quantity of 5-hydroxymethyl-2-furoic acid (II) in plasma was calculated
using 5-hydroxymethyl-2-furoic acid (II) as a standard. The area under
the plasma curve was 318 µmol/(L·h).
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This appeared to be a metabolite ofI with 137( 32µmol (3.4%
of I dose) recovered in the urine during the first 6 h (Table 2;
Figure 5). Four of the six subjects that consumed dried plums
also hadIII in the urine, but only 6.3µmol was recovered in
the urine during the first 6 h (Table 2). None of the control
subjects had detectable levels ofIII in the urine.

A third metabolite was observed to have a parent ionm/zof
211.9 and two daughter ions withm/z of 167.9 and 123.9
(Figure 6). This metabolite had two daughter ions with the same
m/zasIII (Figure 5). In addition, its UV spectrum was almost
identical with that ofIII. All these observations indicated that
the structure was very similar to that ofIII. On the basis of
this information and its molecular weight, this metabolite was
tentatively identified as (5-carboxylic acid-2-furoyl)glycine (IV)
(Table 2; Figure 6). The proposed MS/MS fragment of this
metabolite is shown inFigure 6. The excretion ofIV was
different from the other metabolites in that the amount excreted
was highest in the second 2 h period and it declined in the
subsequent 2 h period. Total recovery in the urine during the
first 6 h after dried plum juice consumption was calculated to
be 168µmol (Table 2) or approximately 4.2% of theI dose.
CompoundIV was detected in the urine of 1 control subject
and 2 of the subjects that consumed dried plums.

A fourth metabolite had anm/zof 167.8 and a daughter ion
m/z123.9 (Figure 7). On MS/MS, this compound also showed
a strong daughter ion (m/z123.9) which also appeared as a major
daughter ion ofIII (Figure 5) and a minor daughter ion of
compoundIV (Figure 6), indicating that it must have the same
core structure. From molecular ion to daughter ion, a 44 Da
fragment was lost, which was most likely a carboxyl group.

Thus, this metabolite has tentatively been identified as 5-hy-
droxymethyl-2-furoyl)aminomethane (V) (Figure 1). Compound
V was excreted in smaller quantities with an average of 75µmol
excreted (1.8% ofI dose) in subjects that consumed dried plum
juice (Table 1). Surprisingly, there were detectable levels of
compoundV in 3 of 6 of the control subjects (Table 2).

Godfrey et al. (8) identified and quantitated three metabolites,
2,5-furan dicarboxylic acid (VI) ( Figure 1) and compoundsII
and III in the urine of rats and mice. Formation ofIII was
inversely proportional to dose in rats (8,9) but not mice. There
does not seem to be any evidence for the formation of
glucuronide or sulfate conjugates of any of these metabolites
in mice or rats or from our data in humans. Incubation of urine
samples with a mixture ofâ-glucuronidase and sulfatase did
not significantly change the area of any of the compoundI
related peaks detected (data not presented). Therefore, we
concluded that no glucuronide or sulfate conjugates ofI were
formed. Earlier, Germond et al. (9) demonstrated in rats thatI
was completely converted to two metabolites, which were
identified by nuclear magnetic resonance (NMR) and MS asII
and III. Administration of high doses ofI showed a similar
rapid elimination but a proportional reduction of the amount of
the glycine conjugate produced. From our data, the ratio ofII/
III excreted in the urine was 10.7 in subjects consuming dried
plum juice and 5.8 in subjects consuming dried plums whereI
intakes were 3944 and 531µmol from dried plum juice and
dried plums, respectively. This agrees with previous data in rats
suggesting that increasedI intake reduces formation of the

Figure 5. MS, MS/MS, and urinary excretion of N-(5-hydroxymethyl-2-
furoyl)glycine (III) in human subjects following consumption of water, dried
plums, or dried plum juice. The quantity of III excreted was calculated
using 5-hydroxymethyl-2-furoic acid (II) as a standard.

Figure 6. MS, MS/MS, and urinary excretion of a metabolite of
5-(hydroxymethyl)-2-furfural (I) tentatively identified as (5-carboxylic acid-
2-furoyl)glycine (IV) in human subjects following consumption of water,
dried plums, or dried plum juice. The quantity of IV excreted was calculated
using 5-hydroxymethyl-2-furoic acid (II) as a standard.
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glycine conjugate (8, 9). We did not find any evidence for the
presence ofVI in the urine of human subjects, which was found
in mice and rats (8). However, compoundIV seems to be a
metabolite that is present in the human (Figure 6) but not in
mice or rats. Godfrey et al. (8) reported that absorption ofI
was rapid in male rats and mice. Excretion was primarily via
the urine in both rats and mice, with 60-80% of the adminis-
tered dose excreted by this route within 48 h. Germond et al.
(9) found a higher elimination ofI or its metabolites in the urine
with a recovery of 95-100% after 24 h in rats. We estimated
that the recovery ofI metabolites was 46.2% and 14.2% for
dried plum juice and dried plums, respectively, during the first
6 h following the meal.

Compound I, a heat-induced decomposition product of
hexoses, is present in various foods and drinks (4, 10-12). There
has been some concern expressed historically concerning
possible toxicity issues withI (5). On the basis of infusion
studies with rats and dogs, compoundI does not appear to be
toxic at concentrations ordinarily encountered (e.g., 10 mg/L).
However, dried plum juice contained over 1500 mg/L (Table
1). The amount of compoundI consumed by subjects in this
study was approximately 7.5 mg/kg (Table 1). Dosages of
parenterally administeredI exceeding 75 mg/kg body weight
have led to some toxic effects, including increased activity of
hepatic enzymes, altered serum-protein fractions, increased
relative spleen weight, and hepatic fatty degeneration. After
review of available literature, Ulbricht et al. (5) concluded that,

from a clinical standpoint, the amount ofI formed as a result
of the heat sterilization of parenteral solutions containing
hexoses does not seem to pose any significant toxicological
problems. Janzowski et al. (13) also concluded thatI does not
pose a serious health risk, even though the highest concentrations
in specific foods approach the biologically effective concentra-
tion range in cell systems. Zhang et al. (14) concluded thatI
could act to both initiate and promote formation of aberrant
crypt foci in rats, although the doses studied were quite high
(1% in the diet or 300 mg/ kg).

Total urinary excretion during the 6 h following the con-
sumption of dried plum juice was 168, 1465, 137, and 75µmol
(4.2%, 36.9%, 3.4%, and 1.9% of compoundI dose) on the
basis ofII as a standard forIV, II, III, and V, respectively
(Table 2). Although other compounds appeared in the urine
following dried plum or dried plum juice consumption, the group
of metabolites presented in this manuscript were considered to
be unique to compoundI since they were absent or very low in
the control subjects and in a blueberry treatment group (data
not presented), they are structural derivatives ofI demonstrated
by their mass spectral data and UV spectra, excretion following
dried plum juice was severalfold higher than that observed with
dried plums, and they were all very polar compounds. Possible
pathways of metabolism of compoundI in the human are
presented inFigure 1. Although it is not clear whether
compoundI can be metabolized directly toII and III, the
urinary excretion ofII is much greater thanIII ; thus, compound
II is likely a precursor to compoundIII.

CompoundI seems to be metabolized fairly rapidly toII and
III and other metabolites and excreted in the urine. Compounds
III-V all appear to be glycine conjugate metabolites ofI.
CompoundsIV andV are metabolites observed in the human
but not in mice or rats. No evidence was obtained for the
formation ofVI in the human even though it has been observed
in rats and mice.
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