
3125

J. Dairy Sci.  95 :3125–3130
http://dx.doi.org/  10.3168/jds.2011-4769  
© American Dairy Science Association®,  2012 .

  ABSTRACT 

  To improve monitoring of protein mobilization in 
dairy cows, we developed and evaluated a method to 
quantify 1-methylhistidine and 3-methylhistidine in 
plasma by HPLC-tandem mass spectrometry. The ana-
lytical method described is (1) sensitive: both histidine 
derivates can be detected in the picomole range; (2) 
accurate: intra- and interassay coefficients of variation 
were <5% for all standard solutions of 1-methylhisti-
dine and 3-methylhistidine measured (31 to 500 pmol); 
(3) specific: 1-methylhistidine is clearly separated from 
3-methyl-histidine in plasma samples from dairy cows; 
and (4) flexible: can be easily adapted to measure other 
amino acids or compounds containing a primary amine. 
1-Methylhistidine is present in plasma of dairy cows at 
concentrations of 5.0 ± 1.7 μM, similar to concentra-
tions of 3-methylhistidine (4.4 ± 2.4 μM). Analytical 
separation of both histidine metabolites is essential 
when plasma 3-methylhistidine is used as indicator for 
muscle breakdown in dairy cows. Specific quantifica-
tion of the concentration of 3-methylhistidine in bovine 
plasma samples by HPLC tandem mass spectrometry 
can improve monitoring of protein mobilization in dairy 
cows. 
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 HPLC-tandem mass spectrometry ,  protein mobilization 

Technical Note 

  Modern high-yielding dairy cows enter a state of neg-
ative energy balance around parturition when energy 
demand for maintenance and lactation cannot be met 
by DMI. To compensate for the high energy demand 
of lactation, the hormonal balance in cows is set to 
mobilize fatty acids from adipose tissue (lipolysis) and 

amino acids from muscle protein (proteolysis). Catabo-
lism of the skeletal muscle proteins actin and myosin 
leads to the release of 3-methylhistidine (3-MH). The 
plasma concentration of 3-MH, a product of the post-
translational methylation of histidine in both actin and 
myosin, is a good indicator for protein mobilization in 
cows, because 3-MH is not further metabolized in the 
body (Harris and Milne, 1981). 

  Although various techniques to measure 3-MH con-
centrations in plasma or urine have been described, 
including use of isotope dilution techniques (Thomp-
son et al., 1996; Lobley et al., 2000) and capillary 
electrophoresis (T ma et al., 2005), in most studies 
samples are derivatized (e.g., with fluorescamine or o-
phthalaldehyde) and subsequently quantified by HPLC 
in line with UV or fluorescence detection (Wassner et 
al., 1980; Qureshi et al., 1984). Using these analytical 
procedures, 3-MH levels in plasma of dairy cows are 
elevated around parturition and subsequently decline 
to basal values around 4 wk after calving (Zurek et al., 
1995; Doepel et al., 2002; Akamatsu et al., 2007). 

  Another methylated derivative of histidine, 1-methyl-
histidine (1-MH), exists. Anserine (β-alanyl-1-methyl-
l-histidine), a dipeptide present in muscle of many 
animals including cows, is the precursor of 1-MH (Butt 
and Fleshler, 1965; Dragsted, 2010). 1-Methylhistidine 
is considered a potential biomarker for meat intake in 
humans, as anserine is not present in human muscle 
and its degradation product, 1-MH, is easily detectable 
in urine (T ma et al., 2005). Hence, the human body 
cannot synthesize this methylation product of histidine, 
and 1-MH can only be produced upon consumption 
of anserine-containing meat. Interestingly, 1-MH was 
detected in plasma of steers (Prior and Smith, 1983). 
Whether anserine breakdown and thus 1-MH produc-
tion occur in dairy cows has not, to our knowledge, been 
studied. We hypothesize that breakdown of anserine 
occurs in cow muscle, resulting in fluctuations in 1-MH 
release from muscle tissue in cows around parturition. 
Therefore, the objective was to develop and evaluate 
a method for plasma analysis of 1-MH and 3-MH by 
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HPLC-tandem MS (HPLC-MS/MS) to improve moni-
toring of protein mobilization in dairy cows.

In addition to standard 1-MH and 3-MH solutions, 
plasma samples of 24 early lactation dairy cows were 
analyzed to determine whether cows have significant 
concentrations of 1-MH after calving and how these 
relate to 3-MH concentrations during the same period.

The nomenclature commonly used in the litera-
ture for methylated histidine molecules will be used 
throughout this paper, even though this is in conflict 
with International Union of Pure and Applied Chemis-
try recommendations. In the literature, the methylated 
metabolite released upon actin and myosin degrada-
tion is always called 3-MH or N-tau-methylhistidine, 
whereas the product of anserine breakdown is called 
1-MH.

Stock solutions of 10 mM 1-MH and 3-MH (both 
compounds were purchased from Sigma-Aldrich, Zwi-
jndrecht, the Netherlands) in 50 mM phosphate buffer 
(pH = 9.0) were prepared and stored at −80°C until 
use. For 1-MH and 3-MH calibration curves, solutions 
of 50, 25, 12.5, 6.25, and 3.125 μM were prepared, of 
which 50 μL was pipetted into conical glass tubes. Af-
ter derivatization and cleaning (see below), one-fifth of 
each sample was applied to HPLC-MS/MS for quan-
tification, corresponding to 500, 250, 125, 62.5, and 
31.25 pmol, respectively. In total, 1,450 μL of 50 mM 
phosphate buffer (pH = 9.0) was added to 50 μL of 
standard solution and the samples were derivatized by 
adding 500 μL of fluorescamine solution (3 mg/10 mL 
of acetone; Sigma-Aldrich). Samples were immediately 
vortexed, kept at 20°C for 5 to 10 min, and subsequently 
dried in a 40°C water bath under a stream of nitro-
gen. Dried, derivatized samples were then subjected 
to a cleaning procedure involving homemade columns, 
which enhanced the sensitivity of the detection by MS/
MS. Columns were prepared by filling the bottom of 
a 1-mL plastic syringe (without plunger) with a small 
glass-fiber plug (Boom B.V., Meppel, the Netherlands) 
and a bed of approximately 0.20 to 0.25 mL of Davisil 
633 18E column material (Grace Alltech, Breda, the 
Netherlands). Columns were activated by pipetting 0.8 
mL of acetone (liquid chromatography-MS grade, Bio-
solve, Valkenswaard, the Netherlands) into the syringe 
followed by centrifugation at 50 × g for 2 min. This 
centrifugation step was repeated every time a solution 
was applied to the column. Next, columns were equili-
brated by washing twice with approximately 0.8 mL 
of 50 mM phosphate buffer (pH = 9.0). Subsequently, 
the derivatized samples were dissolved in 0.8 mL of 50 
mM phosphate buffer (pH = 9.0) and applied to the 
equilibrated columns.

The columns were washed twice with 0.8 mL of 50 
mM phosphate buffer and transferred to 15-mL Falcon 

tubes (the column hangs in the Falcon tube giving a 
free elution space of 2.5 mL in the bottom of the tube); 
samples were collected by eluting the column twice 
with 0.8 mL of methanol (liquid chromatography-MS 
grade, Biosolve). After removing the columns, samples 
were evaporated in a water bath (40°C) under a stream 
of nitrogen. At this point, if necessary, samples could 
be stored overnight at 5°C without loss of signal. The 
dried, derivatized, cleaned samples were subsequently 
dissolved in 125 μL of 5 mM phosphate buffer (pH 
= 9.0) and vortexed for at least 30 s. Samples were 
transferred to 500-μL Eppendorf tubes and centrifuged 
for 10 min at maximum speed (18,600 × g). After cen-
trifugation, 100 μL of each sample was transferred into 
brown HPLC-MS vials with inserts (Grace Alltech). 
Vials were capped and placed in the auto sampler of 
the HPLC-MS/MS device.

Separation of derivatized 1-MH and 3-MH was 
achieved on a Synergi 4 mm Max-RP18A column 
(250 × 3 mm; Phenomenex, Torrance, CA). Elution 
was performed using an HPLC system consisting of 2 
HPLC pumps (PE200 series, PerkinElmer, Groningen, 
the Netherlands) and an auto sampler (PE200 series). 
The following gradient of water (solution A) and 
acetonitrile:methanol 1:1 (solution B) was used. From 
0 to 2 min, 80% A:20% B; from 2 to 12 min, a linear 
gradient from 80% A:20% B to 100% B; from 12 to 16 
min, 100% B; from 16 to 18 min, from 100% B to 80% 
A:20% B; and finally 6 min at 80% A:20% B to equili-
brate the column for the next injection. The flow rate 
was kept constant at 0.4 mL/min, and 1 μM serine (for 
sharper peaks) and 2.5 mM ammonium acetate (to op-
timize analyte ionization) were used in solutions A and 
B as additives. The methylhistidine derivatives were 
quantified using MS/MS. For quantification, 25-μL ali-
quots were injected into the HPLC-MS/MS, consisting 
of the above HPLC system coupled to an API-3000 
triple quadrupole mass spectrometer, equipped with an 
electrospray ionization interface. Nitrogen was used as 
nebulizer and curtain gas. All instruments were pur-
chased from Applied Biosystems (Nieuwerkerk aan den 
IJssel, the Netherlands). The electrospray ionization 
interface of the MS was operated at −4,000 V and a 
source temperature of 450°C. Various traits of the mass 
spectrometer were optimized using derivatized stan-
dards. The entrance, declustering, and focus potential 
were set at −10, −50, and −250 V, respectively. For 
quantification, samples were measured in the multiple 
reaction monitoring mode (also known as “selected 
reaction monitoring”). The collision energy (CE) was 
set for each compound separately. The following traces 
were monitored: 3-MH and 1-MH; m/z 446.2 → m/z 
224.0 (at CE −35 V), D4-ethanolamine; m/z 342.1 → 
m/z 176.0 (at CE −23 V), and alanine m/z 366.1 → 
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m/z 176.0 (at CE −27 V). The HPLC-MS/MS instru-
ment was controlled by the Analyst software package 
(version 1.4.2, Applied Biosystems).

Standard solutions at each concentration were pro-
cessed on 3 different days (triplicate), and each trip-
licate was subjected 3 times to MS analysis to assess 
intra- and interassay coefficients of variation (CV) for 
the analytical procedure, respectively. Heparinized 
plasma samples from 24 Holstein-Friesian cows of par-
ity 1 (n = 6), parity 2 (n = 6), or greater parity (n = 
12) between 5 and 60 DIM were selected for 1-MH and 
3-MH analysis. Selected cows originated from differ-
ent Dutch dairy farms and were sampled in October 
or November 2010 during a large field study on ketosis 
(unpublished data), which was evaluated and approved 
by the Ethical Committee on Animal Experiments from 
Utrecht University. On the day of sampling, actual milk 
production (mean ± SD) of cows was 33.4 ± 8.4 kg, 
and predicted 305-d milk yield (mean ± SD) was 8,797 
± 1,677 kg. Blood samples were drawn from a coc-
cygeal blood vessel into evacuated heparinized tubes, 
centrifuged at 2,800 × g for 10 min, and plasma was 
collected and frozen at −20°C until analysis.

Compared with the analytical procedure described 
for standard solutions, preparation of plasma samples 
for HPLC-MS/MS analysis involved 2 minor modifica-
tions. First, at the start of the procedure, an internal 
standard (D4-ethanolamine; Cambridge Isotope Labo-
ratories, Andover, MA) was added to the samples to 
correct for the recovery of the analytical procedure. 
Second, the samples were precleaned by protein precip-
itation in advance of derivatization with fluorescamine. 
For protein precipitation, 250 μL of heparin plasma 
and 50 μL of 0.1 mM D4-ethanolamine were pipetted 
into a 2-mL Eppendorf tube, and 1,200 μL of ice-cold 

Figure 1. Chromatogram (intensity measured in counts per sec-
ond, cps) of 1-methylhistidine (1-MH, m/z 446.2 → m/z 224.0) and 
3-methylhistidine (3-MH, m/z 446.2 → m/z 224.0) standard solution 
(A) and bovine plasma (B, C), both processed in the presence of the 
internal standard D4-ethanolamine (D4-EA, m/z 342.1 → m/z 176.0). 
Panel C shows the alanine (ALA, m/z 366.1 → m/z 176.0) signal in 
bovine plasma. 

Figure 2. Calibration curves for 1-methylhistidine (1-MH) and 
3-methylhistidine (3-MH) based on HPLC-tandem MS analysis of 
standard solutions. The area under the curve (AUC) is plotted on the 
y-axis.
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(−20°C) acetone (liquid chromatography-MS grade) 
was added. Tubes were vortexed, stored at −20°C for 
at least 60 min, and subsequently centrifuged for 10 
min at 18,600 × g at 4°C in a refrigerated Eppendorf 
centrifuge. After centrifugation, the supernatant was 
transferred into conical glass tubes and dried in a 40°C 
water bath under a stream of nitrogen. At this point, 
dried, precleaned samples were ready for fluorescamine 
derivatization, but could also be stored at −20°C for 
up to 2 wk. From here on, samples were handled as 
described for the standard solutions. Duplicates of 
each plasma sample, which were processed on different 
days, were processed 2 times through the HPLC-MS/
MS device to assess intra- and interassay CV for the 
analytical procedure. Every time plasma samples were 
measured, standards of 1-MH and 3-MH were prepared 
in parallel. Data analysis was performed with Analyst 
v1.4.1 software (MDS Sciex, Concord, ON, Canada). 
Intra- and interassay CV were calculated for the ana-
lytical procedures of standard solutions and bovine 
plasma samples.

Differences in plasma 3-MH and 1-MH concentra-
tions and the ratio of 3-MH to 1-MH between periods 
0 to 20 DIM, 20 to 40 DIM, and 40 to 60 DIM were 
analyzed using ANOVA. Additionally, linear regression 
analysis was used to investigate time trends in plasma 
3-MH and 1-MH concentrations between 0 to 20 DIM, 
the period of most severe protein mobilization in early 
lactation (Tamminga et al., 1997; Komaragiri et al., 
1998; Van Knegsel et al., 2007). The level of signifi-
cance was set at P < 0.05.

Figure 1 shows a typical mass spectrum (multiple re-
action monitoring mode) of a standard mixture (Figure 
1A) and of bovine plasma (Figure 1B). Peaks in bovine 
plasma samples were identified on basis of their mass, 
fragmentation, and retention time compared with those 
of known standards and by spiking the bovine plasma 
samples before derivatization with known amounts 
of 1-MH or 3-MH (results of spiking experiments not 
shown). The recovery for D4-ethanolamine, 1-MH, and 

3-MH added to samples was similar within the same 
HPLC-MS/MS run and was approximately 60%.

Figure 1B shows a plasma profile of 1-MH, 3-MH, 
and the internal standard D4-ethanolamine. Figure 1C 
shows that the method described can be easily adapted 
to quantify other amino acids or other compounds con-
taining a primary amine. As shown in the chromato-
gram of Figure 1C, alanine eluted next to 1-MH, 3-MH, 
and D4-ethanolamine. From Figure 1C, it is clear that 
other compounds present in plasma that contain a pri-
mary amine (e.g., amino acids such as alanine) elute 
from the HPLC-column at a similar retention time as 
the methylhistidines. A major advantage of this HPLC-
MS/MS method over HPLC with UV detection is that 
by using the mass spectrometer as detector, 1-MH 
and 3-MH, once separated by the column, can each be 
specifically quantified in the presence of other overlap-
ping or co-eluting peaks on the basis of their mass and 
fragmentation pattern (compare Figure 1B with 1C). 
Experiments were performed to see whether the pres-
ence of alanine influenced the 1-MH and 3-MH signal. 
When various amounts of alanine (up to 10 times the 
amount detected in cow plasma) were added to 1-MH 
and 3-MH standards, no difference in intensity (counts 
per second, cps) was seen between 1-MH and 3-MH 
standards without alanine or standards spiked with the 
highest amount of alanine tested (data not shown).

Calibration curves for 1-MH and 3-MH were produced 
based on HPLC-MS/MS analysis of standard solutions 
with increasing concentrations of both methylated 
histidine metabolites (Figure 2). Although calibra-
tion curves of column-cleaned standard solutions are 
shown, similar results were obtained with noncleaned 
standards. Intra- and interassay CV were <5% for all 
standard solutions of 1-MH and 3-MH (Table 1), which 
indicated that the precision of the analytical proce-
dure was satisfactory. Intraassay CV for HPLC-MS/
MS analysis of bovine plasma samples (Table 1) were 
slightly greater than those for standard solutions, but 
still <10% and thus considered satisfactory (Murray 

Table 1. Intra- and interassay coefficients of variation (%) for HPLC-tandem MS analysis of standard solutions 
of 1-methylhistidine and 3-methylhistidine and bovine plasma samples 

Sample

1-Methylhistidine 3-Methylhistidine

Intraassay Interassay Intraassay Interassay

Standard solution (pmol)
 31.25 3.11 4.58 3.88 2.58
 62.5 3.68 2.16 4.21 0.57
 125 2.30 3.12 1.60 1.67
 250 3.72 2.40 3.31 1.17
 500 3.21 2.47 1.86 1.68
Bovine plasma 6.96 3.62 8.08 2.85
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and Lawrence, 1993; Reynal and Broderick, 2009). In-
terassay CV for plasma analysis of 1-MH and 3-MH 
were <5% (Table 1).

The HPLC-MS/MS analysis of plasma samples 
showed that cows have substantial amounts of 1-MH 
in early lactation; that is, during protein mobilization 
(see Figures 1B and 3A). Concentrations of 1-MH and 
3-MH, as well as the total concentrations of both meth-
ylhistidine derivatives, in plasma of individual cows are 
shown in Figure 3.

In early lactation cows, the plasma concentration of 
1-MH ranged from 2.55 to 8.76 μM and that of 3-MH 
ranged from 1.90 to 12.04 μM. Plasma 3-MH concen-
trations were higher in cows sampled between 0 and 20 
DIM compared with cows sampled between 20 and 40 
DIM and between 40 and 60 DIM (P < 0.01), whereas 
plasma 1-MH concentrations did not differ between 
periods. The ratio of plasma 3-MH to 1-MH tended to 
be higher (P = 0.06) in cows between 0 and 20 DIM 
compared with cows sampled between 20 and 40 DIM. 
Plasma 3-MH concentrations linearly decreased between 
0 and 20 DIM (P < 0.05), whereas this time trend was 
not observed for plasma 1-MH concentrations.

Hydrolysis of the dipeptide anserine by the enzyme 
carnosinase in serum and tissue results in the formation 
of 1-MH in humans (Abe et al., 1993; Kubomura et 
al., 2009). The absence of anserine in human muscle 
makes it a good biomarker for meat intake by humans. 
Although substantial amounts of anserine are present 
in beef muscle (Zapp and Wilson, 1938) and 1-MH is 
present in steer plasma (Prior and Smith, 1983), it is 
unknown how hydrolysis of anserine and the subsequent 
appearance of 1-MH in blood and urine are regulated 
in cattle. Anserine cannot originate from an external 
source in cows, as animal by-products are not allowed 
and not present as ingredients in dairy cattle feeds 
(European Union 2000/766/EG). Using HPLC-MS/
MS, the amount of 1-MH was detected and quantified 
in plasma of dairy cows. From the current study, no 
conclusions can be drawn about the mechanism regu-
lating the appearance of 1-MH in blood of dairy cows. 
Previous studies that calculated protein balances in 
cows after calving (Tamminga et al., 1997; Komaragiri 
et al., 1998; van Knegsel et al., 2007) showed that pro-
tein balance in cows was most negative directly after 
calving and became positive around the fourth week of 
lactation, which is supported by the observed profile 
of plasma 3-MH concentrations in this study (Figure 
3B), but not by plasma 1-MH concentrations (Figure 
3A). Therefore, our study suggests that plasma 3-MH 
concentrations specifically, and not 1-MH or total 
methylhistidine concentrations, should be used as an 
indicator for muscle proteolysis in dairy cows. Figure 3 
shows that the concentrations of 1-MH and 3-MH were 
similar: 5.0 ± 1.7 and 4.4 ± 2.4 μM, respectively. The 
latter implies that, when the 3-MH concentrations in 

Figure 3. Concentrations of (A) 1-methylhistidine, (B) 3-methyl-
histidine, and (C) total methylhistidine (1-MH + 3-MH) in plasma of 
individual cows of parity 1 (squares, n = 6), parity 2 (circles, n = 6), 
and greater parities (closed triangles, n = 12) between 5 and 60 DIM.
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blood are used as a measure for protein mobilization 
in dairy cows, it becomes essential to separate these 
2 histidine metabolites. The analytical procedure de-
scribed here was able to differentiate between histidine 
metabolites and may be preferably applied for 3-MH 
analysis in future bovine studies.

In conclusion, the developed and validated HPLC-
MS/MS procedure accurately quantified concentrations 
of both 1-MH and 3-MH in bovine plasma samples. The 
achieved separation of the 2 histidine metabolites, and 
thus the specific quantification of 3-MH, will improve 
the monitoring of protein mobilization in dairy cows.
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