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Abstract 

Scope: Biomarkers for intake of green leafy vegetables such as spinach could help 

investigate their health effects. However, only few potential intake markers have been reported 

in the literature so far.  
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Methods and results: Based on a cross-over study on whole leaf and minced spinach, we 

investigated changes in metabolites before and after spinach intake and differences between 

the two treatments and health status. Nineteen volunteers (12 healthy subjects and 7 short bowel 

patients) completed the study within 48 d. Urine samples (24 hr intervals before and after 

spinach intake) and serum samples (baseline, post 8 d, and post 15 d) were collected and 

analyzed by UHPLC-QTOF-MS. The acquired data was analyzed by multivariate and 

univariate analyses. Three candidate biomarkers were observed in urine only after the spinach 

intake, including des-amino arginine pentenol ester, D/L-malic acid ester of cis-p-coumarate, 

D/L-malic acid ester of trans-p-coumarate, and 69 metabolites were present before spinach 

intake but showing an altered level after treatment. These metabolites were related to dietary 

habits or meal structure, and some changes were possibly affected by spinach intake. The 

candidate biomarkers were independent of spinach pre-processing and healthy status. No 

markers were discovered in serum samples. 

Conclusion: We propose structures for three candidate spinach intake biomarkers; these 

markers will need further validation in independent studies. 

1. Introduction 

Spinach, native to central and southwestern Asia, is widely consumed almost everywhere in 

the world today. Spinach is low in calories and high in specific vitamins, minerals, and 

secondary plant metabolites [1]. Approximately 20% or more of the recommended daily β-

carotene (provitamin A), lutein, folate (vitamin B9), α-tocopherol (vitamin E), and ascorbic 

acid (vitamin C) consumption is provided per 100 g of fresh spinach [2]. Moreover, spinach is 

regarded as a source of potentially bioactive compounds, especially carotenoids, polyphenols, 

and phenolic acids [3]. Preliminary studies on spinach have indicated potential anti-

inflammatory or hypolipidemic activity [1].  
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Spinach is rich in yellow carotenoids, including β-carotene and lutein [4]. Higher serum 

levels of the latter have been known to reduce the progression of the eye disease age-related 

macular degeneration [5]. The effect of absorption efficiency of these components related to the 

density of macular pigment were explored at baseline in a previous manuscript from this study 

[6]. Physiological effects of carotenoids depend on the degree of bioaccessibility, which in turn 

could be affected by the particle size of the spinach matrix. The protein content in spinach is 

about 30% of the dry matter, and spinach is also known to have a high content of oxalate. In 

order to establish a relationship between spinach intake and health and secondary to understand 

the physiological or metabolic effects, an accurate and objective method for quantifying 

spinach intake is essential. Dietary instruments such as questionnaires are commonly used to 

assess food intake, but they lack accuracy and precision because of recall bias and systematic 

errors [7]. Biomarkers of food intake (BFIs) may be a valuable and objective tool when assessing 

dietary intake and monitoring compliance by providing information on specific metabolites 

distinguishing consumers from non-consumers[8]. An ideal BFI has negligible levels when the 

food has not been consumed but increases as a function of intake and time. Conversely, 

metabolites which are useful as effect biomarkers are typically present at baseline, increase or 

decrease after the intervention, and may be defined as the human body's apparent metabolic or 

physiological response to exposure [9]. A change in metabolite levels may therefore indicate an 

influence on host physiology. 

Untargeted metabolomics was employed here to discover BFIs and apparent effect 

biomarkers based on mass spectrometry, because it allows us to determine hundreds or even 

thousands of metabolites [3]. In the current study, we aimed 1) to review previous work on 

biomarkers of spinach intake; 2) to find and characterize putative BFIs and biomarkers of effect 

after a challenge with spinach; 3) to investigate the effect of ingested spinach leaf size as well 

as effects of the length of the large bowel on the markers.  
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2. Experimental Section 

2.1 Search methodology for BFI review 

Previous work on spinach intake markers was found using the BFIRev methodology [10], 

except that only one investigator (MX) evaluated the literature references. The details on how 

BFIRev was performed are shown in Supplementary Material S1.  

2.2. The human trial 

2.2.1. Subject 

Twenty-two study participants, including twelve healthy subjects and ten short-bowel 

patients, were recruited through public advertisements and from the Gastroenterology 

Department at Rigshospitalet, Denmark, for this study, respectively. Twelve healthy subjects 

and seven of the patients completed the study [6]. The eligibility and exclusion criteria are 

reported in Supplementary Materials S2. 

2.2.2. Study design 

A randomized, controlled, open-labeled, cross-over trial was performed at the Department 

of Nutrition, Exercise, and Sports (NEXS) and at the University Hospital, Denmark [6]. Each 

enrolled subject was randomized to the sequence of two kinds of processed spinach, either 

minced before whole leaf spinach or vice versa. Spinach was provided on the test day and every 

second day for a 14 days period. Randomization to the sequence was done by flipping a coin 

by a person not involved in the project. The two study periods with the same duration were 

divided by a two-week wash-out period to avoid any carry-over effect. Each experimental 

period with a total of 17 d was subdivided into three parts: -48 – 0 hours defined as the run-in 

period, 0 – 24 hrs (after the first meal), defined as the test day, and 24 hours – 2 weeks defined 

as the follow-up period, as shown in Figure 1. The study was registered at 

www.clinicaltrial.gov (study no. NCT02450227) and approved by The Regional Committee 

on Health Research Ethics for The Capital Region of Copenhagen (study no. H-3-2014-112). 

http://www.clinicaltrial.gov/
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Written informed consent was obtained from all subjects before initiation of any activities 

associated with the study.  

2.2.3. Standardization of diet 

During the run-in period, participants received instructions to refrain from foods rich in 

carotenoids according to a provided list. The evening before the test day and on the evening of 

the test day, participants were asked to consume a standardized low carotenoid meal, labelled 

“Thai food”. On the test day, subjects further received a lunch meal and snacks in the afternoon 

and evening. Details of each meal and snacks are reported in Supplementary Material S3. 

Except for these instructions, volunteers were asked to keep their habitual diet during each 

follow-up period as well as the wash-out period. 

2.2.4. Test meals 

Spinach (Spinacia Oleracea) as whole leaf and commercial minced spinach originating 

from the same batch were provided from The Netherlands by Ardo BV (The Netherlands). 

Spinach was prepared under commercial conditions, including blanching and freezing. The two 

test meals consisted of 178 (170-187g) of whole leaf spinach and 200 g (185-210g) of minced 

spinach, containing 7.1 g and 8.0 g of rapeseed oil, respectively. Each test meal along with 400 

mL water was supplied to all participants in either of the two intervention periods, depending 

on their randomization sequence.  

2.2.5. Sample collection 

On the test day, participants were asked to come in fasting and were served the test meal 

after finalizing the first 24-hour urine sample. Urine samples were collected from each 

participant from 24 hrs prior to each test day until the next morning and again from the first 

test meal until 24 hrs later, as shown in Figure 1. Fasting serum samples were collected from 

each participant at baseline on each test day before intake of the spinach meals, as well as eight 
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and 15 days into each follow-up period. All of the urine and serum samples were stored at -80 

°C until analysis.   

2.3 UHPLC-QTOF-MS analysis 

24 hr urine and serum samples were prepared according to our published protocol [11].  The 

details are provided in Supplementary Materials S4. Extracts of spinach from the same batch 

provided to participants were produced to support the identification of spinach-derived 

metabolites. The detailed procedure was reported in Supplementary Material S5. Selected urine 

samples and spinach extract were also profiled on VION-QTOF (Waters) with higher mass 

resolution and sensitivity for comparison.  

2.4 Data preprocessing 

 MZmine2 (version 2.31) [12] was applied for preprocessing data in both ionization modes 

from urine and serum samples, respectively, to produce lists of features defined by retention 

time (RT), mass to charge ratio (m/z), and the measured signal intensity (peak height). The set 

of detailed analytical steps for MZmine2 were included in Supplementary Materials S6. 

Intra-batch correction was done to reduce the effect of analytical drift within each analytical 

batch for both urine and serum samples using the “normaliz” function in MATLAB R2014b 

(ver. 8.4.0.150421, Mathworkd Inc., MA, USA). An additional feature-wise inter-batch 

correction was applied to data originating from serum samples using the Galaxy platform 

(linear regression)  [13].  

2.5 Data analysis and marker grouping 

2.5.1. Partial least squares-discriminant analysis (PLS-DA) 

 The PLS_Toolbox (version 6.5, eigenvector Research, Inc., MA, US) was used for building 

PLS-DA models in MATLAB. PLS-DA models were built for urine/serum metabolic patterns 

associated with time (i.e., pre vs. post 24 hrs for urine and baseline vs. 8 and 15 days for serum) 

in each ionization mode, as previously described [14]. Double cross-validations (inner and outer 
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loops) were performed to optimize models and assess final model performance to reduce the 

risk of over-fitting [15]. The area under the receiver operating characteristic curves (AUC) and 

misclassification error rates (ER) reflect each model's performance. The features were selected 

repeatedly based on their variable importance in projection (VIP) values and selectivity ratio 

until cross-validation (8-fold) ERs were showing no further decrease during model building. 

Only features that were present in at least 80% of all models for a given mode and sample type 

(urine or serum) were finally kept.  

2.5.2. Paired Student’s t-test 

A paired Student’s t-test was performed, in MATLAB, on the selected features obtained by 

the PLS-DA pattern analysis for urine samples to investigate whether they might serve as 

independent markers. Time points (before/after spinach intake), the status of health (health 

subjects/short bowel patient), and the treatments (minced/whole leaf) were all treated as fixed 

factors. The p-values obtained from each comparison after FDR correction were used to further 

select features for identification.  

2.5.3. Pearson correlation analysis 

Pearson correlation (Pc) used the ‘corrplot’ package in R 3.6.1. Pc analysis was applied on 

each unique marker originated from features (p-values <0.05, pre vs. post spinach intake) 

selected by Student’s t-tests. The change in intensity of each unique marker from 24 hrs urine 

before intake of spinach to the following 24 hrs urine was used for the Pc analysis. A heatmap 

was built based on the obtained Pc coefficients (r), and features clustering with high r values 

were further grouped to ease metabolite identification and biological interpretation.  

2.6 Identification and standards 

Full-scan extracted MS spectra of selected features were inspected, and precursors were 

identified based on in-source fragments and adducts. Our in-house database and results 

obtained from the BFI review (section 2.1) were used to match features in terms of RT and 
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spectra. For unknown precursors, MS/MS fragmentation analysis was conducted with 

collision-induced dissociation energies at 14 eV, 28 eV, and 42 eV by UHPLC-MS/MS (VION, 

Waters), keeping the same parameters as for the MS full scan experiment [11]. The structure 

elucidation was performed by searching online databases: Food Component Database (FooDB, 

www.foodb.ca), Human Metabolome Database (HMDB) [16], Metlin [17], and mzCloud 

(https://www.mzcloud.org/). The biological interpretation was carried out in KEGG 

(https://www.genome.jp/kegg/). The identification of features associated with spinach intake 

or with its potential metabolic effects was classified as levels I-Ⅴ following the criteria 

described by Schymanski et al. [18]. In order to improve identification, analytical standards were 

bought or synthesized, and hydrolyzation of spinach extract was also conducted as reported in 

Supplementary Material S7. 

3. Results 

3.1. BFI review 

In the BFIRev literature search for intake biomarkers of spinach consumption, covering the 

last 20 years, a total of 171 literature references were screened after excluding duplicates. Only 

19 literature references were eligible after filtering titles and abstracts. Eventually, 15 articles 

remained after reading the full text. Several compounds have been reported related to spinach 

intake. These include “4-guanidinobutanoic acid with an isoprene modification” and phase Ⅱ 

metabolites of spinach polyphenols (patulein and spinacetin); in addition carotenoids (lutein, 

lycopene, beta-carotene, and zeaxanthin), and chlorophyll-related compounds have been 

associated with spinach intake as well as with the intake of green vegetables in general. 

3.2 Statistical analysis 

Recruitment started in January 2015, and the study ended in December 2015. The 

participating short bowel patients had colorectal and partial ileal resections (140–350 cm small 

http://www.foodb.ca/
https://www.mzcloud.org/
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intestine left). Three patients dropped out since the workload was greater than expected or they 

had progression in their disease. One of these patients reported side effects [6]. The rest of the 

participants (12 healthy subjects, 7 short-bowel patients) completed the entire trial (see 

Supplementary Material S8). Data acquisition was completed in April 2018.  

3.2.1 Data preprocessing 

A total of 83 urine samples (76 + 7 QCs) and 115 serum samples (107 + 8) were analyzed. 

A total of 1134 and 760 urine features remained after MZmine2 and MATLAB preprocessing 

for positive and negative modes, respectively. After preprocessing of serum samples, 947 and 

346 features remained for positive and negative mode, respectively.  

3.2.2 PLS-DA 

Eight features (eight from urine, zero from serum) associated with spinach intake are shown 

in Table 1, and another 132 features from urine samples were selected as putative effect 

markers based on 137 PLS-DA models with AUCs between 0.9-1 and with error rates <0.1, 

comparing times before and after the treatment.  

3.2.3 Paired Student’s t-test 

Eight urine features classified as putative BFIs served as independent markers based on the 

p-values by comparing samples collected before and after spinach consumption (Table 1). 

None of these features differentiated between whole leaf and minced spinach or between 

patients and healthy subjects (see Supplementary Material S9). None of the remaining 132 

putative effect biomarkers differed between whole leaf and minced spinach, but several of them 

differed between healthy subjects and patients (see Supplementary Material S9).  

3.2.4 Pearson correlation 

The eight features grouped into three putative intake biomarkers, each showed a marked 

change after spinach intake. The 132 other features represented 69 unique metabolites. A total 

of 72 compounds were cross-correlated, combining both modes, see Figure 2. The m/z, RT, 
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MS/MS fragmentation pattern, and annotations corresponding to the compounds in the 

heatmap are shown in Supplementary Material S9. 

3.3. Identification of putative spinach intake and effect biomarkers 

Three candidate BFIs were observed in urine after spinach intake. The first putative BFI 

(m/z 214.155 [M+H] +) was putatively identified as des-amino arginine pentenol ester at level 

Ⅱ as shown in Table 1; it was excreted by all participants after both kinds of spinach processing 

(Figure 3a). Its main fragment (m/z 146.093) corresponds to an ester of des-amino arginine, (4-

guanidinobutanoic acid, HMDB ID: HMDB0003464) [16], while the remaining fragment (m/z 

69.070) of this metabolite, fits the brutto formula, C5H9, i.e., an aliphatic linear or branched 

unsaturated carbon chain (Supplementary Material S10a). The ester structure was indicated by 

the fact that oxygen was not lost until the parent ion was split into the 4-carbon des-

aminoarginine and the aliphatic or alicyclic C5-fragment (m/z 69.070). 

The second candidate BFI (fragment m/z 163.039) in urine was formed by in-source 

fragmentation, but it was possible to fragment the parent ion (m/z 279.051) at the same RT by 

MS/MS at 14 eV. Several fragments (m/z 163.039, 133.014, 119.050, 115.003, see 

Supplementary Material S10b) corresponded to the MS/MS fragmentation of D-malic acid p-

coumarate from FoodB (FDB020639, http://foodb.ca/) as well as matched with those from the 

in-house synthesized standards of D- or L-malic acid ester of p-coumarate under the same 

collision energy (see Figure 4). The hydrolyzation on spinach extract showed trans-cis 

isomerization under the acidic condition (Supplementary material S7.5). Therefore, the second 

putative BFI is D/L-malic acid ester of cis-p-coumarate, identified at level Ⅰ; however, the 

third candidate BFI eluted 0.04 min later, having the same m/z but a mass spectrum showing a 

higher abundance of the m/z 133.014. This third candidate BFI was the D/L-malic acid ester of 

trans-p-coumarate at level Ⅲ. These two candidate BFIs were not well separated on the 

http://foodb.ca/
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screening LC-MS system, and their excretion is therefore shown as the sum of both BFIs in the 

box plot (Figure 3b). 

Besides these intake markers, several clusters of “effect-like” markers changing in urinary 

excretion level between the baseline and the test day are shown and numbered in the heatmap, 

Figure 2, and tabulated in Supplementary Material S9. Details of the identity of metabolites 

changing from baseline in a manner unrelated to spinach are detailed in supplementary material 

S11. These “effect-like” markers behave similarly to metabolic effects by changing from a 

measurable baseline level to a higher or lower level after the intervention. In brief, markers in 

clusters 1a (n30, n28, n16) and 1c (n32, p23, n25, n27, n31) were identified as metabolites of 

benzoxazines and alkyl recorcinols. 5-methoxyresorcinal sulphate (n19) was slightly correlated 

with p23. Their identity and corresponding structure were shown in Figure 5. Clusters 1b 

(dihydroxy-C16:1, n44 and n45, and dihydroxy-C18:1, n46 and n47) consist of long-chain and 

1d (hydroxy-C10:1 isomers, n39 and n35, and hydroxy-C12:2, n8) of medium-chain hydroxy 

fatty acid glucuronides. Vanillic acid glucuronide (n29) belonged to cluster 2. Clusters 3 

(dihydroxy-C12:1, p18 and n36) and 6b (dihydroxy-C14:1, n40, and p19) consist of medium-

chain hydroxy fatty acids. In cluster 5 (n15, n20, n22, n18, p6, p8, n23), markers were related 

to heated foods; markers in cluster 6a (p5, n2, n1, p4, n3, p10, p2) were identified as S-

substituted cysteine derivatives related to onion intake except for the BFIs of spinach (n49, 

p24, n48); their identity and corresponding structures are shown in Figure 5. Cyclo(Pro-Val) 

(p12) is belonging to cluster 6b. Identification was unsuccessful for markers in cluster 4 or 

cluster 6c, both increasing with spinach, or for any of the remaining markers outside clusters. 

4. Discussion 

Some potential intake biomarkers of spinach were reported in the BFIRev search. However, 

only one biomarker previously identified at level Ⅲ as “4-guanidinobutanoic acid with an 
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isoprene modification”, [19] coincided with the first of the three metabolites in terms of m/z and 

spectral pattern, indicating that this candidate intake biomarker was reproducible across 

laboratories. In the previous observation, a small cross-sectional study was used to confirm the 

robustness of the marker. We observed the same fragment (m/z = 146.093) as in the previous 

paper matching with 4-guanidinobutanoic acid, an arginine without an amino group, as 

reported in KEGG (https://www.genome.jp/kegg/). Nevertheless, the structure was not 

confirmed by our spectra interpretation and the C5-chain was proposed to be an isoprene unit 

linked with the guanidino group. This is possible, but an ester linkage is equally likely. The 

two fragments m/z 146.093 and m/z 69.069 (supporting material S10b) are complementary and, 

together, they make up the parent ion, but it is uncertain where in the structure the latter 

fragment (C5H9) is bound. A synthesis of this putative ester was attempted, but was 

unsuccessful. Further investigation is therefore needed. The compound is not present in spinach 

extracts and is therefore potentially resulting from the human metabolism of an unknown 

precursor; the excretion seems unaffected by the bowel integrity. According to the published 

validation scheme [20], this marker is plausible, reproducible, robust, and kinetic properties, 

potentially allowing its quantitative determination in 24 hrs urine samples. However, its 

analytical performance, including storability is still unexplored. The structural elucidation and 

a larger study with variable intakes and diets are needed to finally validate it as BFI for spinach. 

Phase Ⅱ metabolites of spinach polyphenols, such as patulein and spinacetin, have been 

measured and tentatively quantified in human plasma after 13C labeled spinach intake in a 

single-dose intervention study [21]. In the current study, neither of these markers or any other 

plasma intake biomarkers were observed, possibly due to lack of sensitivity without an isotope 

label; these compounds may also have been degraded by the (residual) microbiota in patients 

and in controls and this would require further study. Carotenoids have been measured in plasma 

or serum after spinach intake, and their concentrations were found to be related to co-ingested 

https://www.genome.jp/kegg/
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fats and other factors. However, these carotenoids are present in a range of other vegetables as 

well, such as kale and carrots, and therefore cannot serve as BFIs for spinach intake. In 

conclusion, only few human studies have been conducted for discovering specific biomarkers 

after spinach intake and there is still much room to further explore this area. 

The current intervention trial provided three metabolites in urine associated uniquely with 

spinach intake in an analysis comparing before-and-after spinach intake. The first of these was 

an apparent biotransformation product of a specific spinach metabolite as discussed above, 

while the other two (both with m/z = 280.060) originated directly from spinach, as shown by 

the comparison of these metabolites and spinach extracts (Fig 4a, b). One of the compounds 

was identified as a malic acid ester of cis-p-coumarate; both D and L forms were synthesized 

but eluted with the same RT and mass spectrum as one of the compound in spinach extracts as 

well as that in urine (Fig 4a, b, c, a1, b1, c1). The major fragment ion (m/z 133.013) of the other 

compound was lower in the synthesized standards (Figure 4c1), indicating a weaker bond 

between coumaric acid and malic acid. The isomalic acid ester of p-coumaric acid was also 

synthesized but eluted much earlier; hydrolysis of spinach extract under acidic conditions 

transformed the second part of the twin peak into the first compound, making it challenging to 

produce separate hydrolysates. Exposing trans-p-coumaric acid to similar acidic conditions 

partially transformed it to a new isomer (see Supplementary Material S7.5).  Therefore, we 

speculate that the remaining isomer might be a D/L-malic acid ester of trans-p-coumarate 

because a) the cis-isomer is likely more favoured by hydrogen bonding after ester formation 

and b) others have demonstrated that trans- to cis-isomerization of cinnamic acids happens 

under acidic condition [22]. One paper [5] has reported several coumaric acid esters originating 

from spinach, but not this present metabolite. Future cross-sectional studies are needed in order 

to validate the robustness of this marker. 
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Several compounds were not zero at baseline but changed from 24 hrs before to 24 hrs after 

the spinach meal in urine. These metabolites were identified to evaluate whether they might 

represent a change in metabolism caused by spinach, i.e. as “effect-like” markers. Previous 

publications [23–26] reported that metabolites of the benzoxazines, 2-hydroxy-1,4-benzoxazin-

3-one (HBOA), 6-methoxy-1,3-benzoxazol-2-one (MBOA), and 2-hydroxy-4,7-dimethoxy-

(2H)-1,4-benzoxazin-3(4H)-one (HDMBOA), as well as several alkylresorcinols, are the most 

commonly occurring biomarkers of ingestion of whole grain rye and wheat products. Some of 

the markers observed to change (n30, n28, n16) derive from HBOA by hydrolysis and further 

sulfation (Figure 5), except for n31, which originates from the degradation of HDMBOA. Most 

of them differed between healthy subjects and patients with a compromised large bowel, who 

have an apparently reduced capacity to hydrolyze the heterocyclic rings in HBOA or 

HDMBOA. In contrast, marker n27 generated by hydrolysis and further sulfation of MBOA 

also decreased after treatment, but with no difference between healthy subjects and short-bowel 

patients; we speculate that the MBOA lactone ring, may be readily hydrolyzed by human 

paraoxonase [27]. DHPPA (n32) was formed from alkylresorcinols by the β-oxidation pathway 

[28] and either conjugated with glucuronic acid or sulphate in phase Ⅱ or further degraded to 

dihydroxybenzoic acid (n25) and methoxyresorcinol (unconjugated n19, correlated with 

DHPPA) and then conjugated. Thus, clusters 1a and 1c were associated with the intake of 

whole-grain rye and wheat products, which are prevalent foods in Denmark. The metabolites 

decreased after the intervention, probably as a result of decreased intake on the test day. Most 

of the putative effect biomarkers in clusters 1b and 1d were putatively identified as a medium- 

and long-chain hydroxy unsaturated fatty acids, likely metabolites from the β-oxidation 

pathway and probably resulting from the volunteers’ habitual intake of fats and spreads 

commonly used with rye bread.  In cluster 2, only n29 was identified as vanillic acid, likely 

originating from plant foods or coffee. Deconjugated n18, p6, and deconjugated n21 shared the 
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same monoisotopic theoretical precursor (m/z 126.032), so several potential analytical 

standards, including HMF, 1,2,3-trihydroxybenzene, 1,2,4-trihydroxybenzene, maltol, and 

their synthesized sulfate conjugates were analyzed to confirm the identities of n18, p6, n21. 

Metabolite n18 matched with 1,2,3-trihydroxybenzene sulphate in terms of RT, m/z, and 

fragmentation pattern. p6, n18, n23 were highly correlated with each other across cluster 5, 

indicating that this cluster was associated with a common source of heated food, probably 

coffee [29]. All markers in clusters 1, 2, and 5 decreased after spinach treatment, indicating a 

reduction in intake of the associated foods on the test day compared with habitual intakes.  

The markers in clusters 3, 4, and 6 increased after the spinach treatment. Some of them were 

identified as unsaturated hydroxy-fatty acids in clusters 3 and 6b, most likely resulting from 

the fat content in the spinach meal and standardized diet (Supplementary Material S3). In 

cluster 6b, p12 was identified as cyclo(Pro-Val) that has been detected in many fermented and 

heated foods as reported previously [30]. Heated foods were included in the standardized “Thai 

food” provided the evening before and during the test day. In cluster 6a, apart from the BFIs 

related to spinach intake, all of the putative effect biomarkers were S-substituted cysteine 

derivatives, in which S-(2-carboxypropyl)-cysteine was found in onion [31], and N-acetyl-S-(2-

carboxypropyl)cysteine, N-acetyl-S-(prop-1-enyl)cysteine, N-acetyl-S-(2-carboxypropyl) 

cysteine were metabolites of propiin, isoalliin, and S-(2-carboxypropyl)-cysteine, respectively. 

These biotransformation products are assumed to originate from Allium vegetables (e.g., garlic 

and onion) since marcapturates with propyl or allylic groups are common in humans after 

consumption of these foods [32,33]. BFIs related to these intakes are likely since the “Thai food” 

recipe contained 400 g fresh onion for lunch and 240 g fresh onion, 12 g garlic for dinner 

(Supplementary Material S3-1, S3-3). Interestingly, they were apparently highly associated 

with spinach intake, so factors present in spinach might upregulate metabolic pathways related 

to mercapturate formation; the strong positive correlation between spinach and onion cannot 
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be explained by co-administration as they were not even provided in the same meal. Based on 

the identity of the markers observed in clusters 3, 6a, and 6b, these markers were likely all 

associated with the provided lunch and dinner. Only cluster 6a was found to be highly related 

also to the spinach intervention. The rest of the markers differing between the baseline and test 

days shown in the heatmap (Figure 2) remained unidentified, however, none correlated strongly 

with the candidate spinach intake biomarkers and they are therefore unlikely to represent true 

markers of effects by spinach on endogenous metabolism. These findings indicate that intake 

of spinach is not the reason that the intensity of the “effect-like” markers was changing. These 

markers are related to the participants’ dietary habits or ingredients in the “Thai food” involved 

in the human trial and therefore represent classical confounders due to the study design. 

The current study has some limitations: first of all, the study was not primarily designed for 

searching spinach biomarkers by metabolomics but for assessing the influence of spinach 

processing on carotenoid bio-accessibility. The study, therefore, lacks a proper control group 

without spinach intake and has been analyzed here as a simple before-and-after design; due to 

the slow uptake of carotenoids, no serum samples were collected right after the meals, only as 

fasting samples, 8 d and 15 d later. Moreover, the urine was collected only at two time points, 

therefore providing no detailed information on excretion kinetics. The provided standardized 

meals included in the dietary intervention did not balance out all other foods, and some 

ingredients such as onion or vegetable oil affected the metabolites observed. Finally, the study 

was relatively small and may not cover common variations in metabolism that might affect 

intake markers and metabolic effects of spinach. However, the study also has some strengths, 

including the possibility of comparing differently processed spinach and the inclusion of 

subjects with and without a compromised gut to help evaluate the direct effects of microbiota 

on the metabolites. In addition, the study included an extensive analysis of metabolic changes 

over the meal study showing that no endogenous metabolites were found to be directly affected 
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by the spinach intake. In conclusion, we found three spinach intake biomarkers that were 

independent of large bowel metabolism. Further validation of the new spinach markers will be 

needed. All other metabolites observed, potentially reflecting effects, turned out to represent 

imbalanced intakes of other foods between baseline and the test day. The only potential effect 

of spinach was an increase in the formation of Allium-derived mercapturates, but this needs 

further investigation 
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Figure legends 

Figure 1. Overview of study design (a) in which the two interventions are separated by a two-

week wash-out period. The participants were provided with an average of 178g whole leaf 

spinach and 200g minced spinach at two separate occasions in a cross-over design. Urine and 

serum sampling is shown in (b) for each period by differently colored arrows. 

Figure 2. Heatmap with correlation coefficients between urinary compounds differing between 

baseline and test day combining both ionization modes. In total 6 major clusters, 1-6, 

subdivided by letters (e.g., 1a, 1b, 1c, etc.) are shown. Each compound was labeled as a 

combination of polarity (p,n) and a number for brevity; their retention times and m/z are listed 

in Table S9. The candidate BFIs (p_24, n_48, and n_49) related to spinach intake are marked 

by square brackets. Compound numbers labeled in grey color differ between healthy subjects 

and patients. 

Figure 3. Signal intensity in urine of the most significant mass spectral features associated with 

spinach intake in short-bowel patients and healthy subjects: a. des-amino arginine pentenol 

ester (exact structure uncertain), b. D/L-malic acid cis-p-coumaric acid ester, c. D/L-malic acid 

trans-p-coumaric acid ester. d. structures related to a, b, c from top to down. The features were 

selected by PLS-DA and also found to be significantly changed after spinach intake by paired 

Student’s t-test with FDR (***p<0.001). 

Figure 4. The comparisons of chromatographic separations and MSMS spectra for a urine 

sample (a, a1, a2), spinach extract (b, b1, b2), and the synthesized standard, malic acid ester of 
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p-coumarate (c, c1), illustrating that the two metabolites eluting at RT = 5.35 and RT = 5.39 

both originate from spinach and that the first one matched exactly with the malic acid ester of 

p-coumarate. 

Figure 5. Markers changing from baseline to the day after spinach. Their identity level and 

clusters they belong to are in the corresponding brackets; these markers are related to rye or 

wheat products, heated foods such as coffee, and onion or garlic intake. HBOA, 2-hydroxy-

1,4-benzoxazin-3-one; MBOA, 6-methoxy-1,3-benzoxazol-2-one; HDMBOA, 2-hydroxy-4,7-

dimethoxy-(2H)-1,4-benzoxazin-3(4H)-one; HPAA, N-(2-hydroxyphenyl) acetamide; AP, 

aminophenol; DHPPA, 3,5-dihydroxy phenyl propionic acid; HMF, 5-hydroxymethylfurfural; 

HMFG, 5-(hydroxymethyl-2-furoyl)glycine. The compounds labeled p4, p5, p6, p10, p23, n1, 

n2, n3, n15, n19, n20, n27, n28, n31 (see Figure. 2) have not been fully structurally elucidated 

and represent putative structures. 

 

Table 

Table 1. Urinary metabolites observed only after spinach intake 

No. Mode m/z RT MS/MS p-value a 

Molecular 

formula 

Annotation 

Suggested 

metaboliteb 

 

1 

POS 

 

214.155 5.05 146.093, 

87.044, 

86.060, 

69.069 

1.14E-13 

C10H19N3O2 [M+H]+ des-amino 

arginine 

pentenol ester II 
146.094 5.05 C5H11N3O2 [M-C5H8+H]+ 
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2 NEG 163.039 5.55 

119.049, 

115.003 

9.88E-17 C9H7O3 [M-C4H5O4-H]- 

D/L-malic acid 

ester of cis-p- 

coumarateⅠ 

3 

POS 

 

147.046 5.57 119.050, 

91.058 

5.25E-16 

C9H6O2 [M-C4H6O5+H]+ 

D/L-malic acid 

ester of trans-p-

coumarateⅢ  

119.050 5.57 C8H6O [M-C5H6O6+H]+ 

NEG 

 

279.051 5.57 163.039, 

133.014, 

119.050, 

115.003 

C13H12O7 [M-H]- 

163.040 5.57 C9H7O3 [M-C4H5O4-H]- 

133.011 5.57 C4H6O5 [M-C9H6O2-H]- 

a obtained from student’s t-test by comparing patients with healthy subjects or whole leaf with minced spinach 

were shown in the Supplementary Material S9 

b Identification level based on established criteria [18] 
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Figure 3 
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Figure 5 
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Graphical Abstract-Text 

Three biomarkers of spinach intake (BFIs) and 69 “effect-like” biomarkers were found after 

untargeted profiling urine before and after intake of spinach. The three BFIs are independent 

of 1) spinach pre-processing and 2) presence of a large intestine. The 69 “effect-like” 

biomarkers were found to be related to volunteers’ dietary habits (wholegrain rye, coffee) or 

to provided foods during the study (onion). 
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