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Sensitive determination of
malondialdehyde in rat prostate
by high performance liquid
chromatography with fluorescence
detection

Xiuli Dong, Jiayuan Tang & Xiangming Chen*

An excellent pre-column fluorescent derivatization reagent N-acetylhydrazine acridone for the
quantitative determination of malondialdehyde was synthesized. Malondialdehyde was derivatized at
80°C for 30 minin the presence of trichloroacetic acid. The separation of the derivative was performed
on an Agilent ZORBAX SB-C18 column in conjunction with gradient elution. The excitation and emission
wavelengths were 370 nm and 420 nm, respectively. The developed method demonstrated good linear
relationship in the range of 0.02 pmol to 2.5 pmol (r=0.9998). The calculated limit of detection and
limit of quantification were 2.5 fmol and 8.3 fmol, respectively. The analytical precisions of the method
were in the range of 1.36-2.27% (intra-day) and 2.36-3.92% (inter-day) respectively. The method was
sensitive, specific and simple. It was successfully implemented to analysis the malondialdehyde in rat
prostate.

Reactive oxygen species (ROS) can cause oxidative stress that is related to cell aging and plays an essential role
in the pathogenesis of a variety of illnesses. During oxidative stress, the double bonds of polyunsaturated fatty
acids are peroxided by ROS to yield lipid hydroperoxides, which are readily decomposed into some secondary
products by several sequential reactions. One of the major secondary products is malondialdehyde (MDA)"%
MDA is reactive toward proteins and nucleic acids. It has been inferred to have mutagenic and cytotoxic effects by
generating DNA-protein cross-links. MDA was found elevated in various diseases including cancers’, diabetes®,
cardiovascular diseases’ and liver diseases®, making it an indirect indicator of these diseases. Therefore, it is of
great significance to determine its content accurately. However, the accurate determination is extremely difficult
because of the lower concentration and many interfering factors existing in biological samples'. Therefore, a sen-
sitive and selective method for the determination of MDA is needed.

Many methods have been developed for the determination of MDA, mainly including spectrometry”®, gas
chromatography-mass spectrometry (GC-MS)?, high performance liquid chromatography (HPLC)! and liquid
chromatography with mass spectrometry (LC-MS)'"!2. MDA shows weak absorption in the UV-visible region,
so it is very difficult for direct determination of biological sample by spectrometric techniques. To overcome this
difficulty, derivatization has been adopted by most methods developed in recent years. The most commonly used
derivatization reagent is 2-thiobarbituric acid (TBA) that can react with MDA at 100 °C with acid as catalyst, and
the reaction product has strong ultraviolet-visible absorption at 533 nm?®. However, TBA can also react with
many other carbonyl compounds existing in biological samples, which would result in considerable overesti-
mation for MDA, Furthermore, the sensitivity of this method is not high enough for accurate determination
of trace MDA in biological samples's. HPLC with strong separation capability could improve the selectivity'®.
Due to the weak ultraviolet absorption of MDA, it should be labeled by derivatization reagent. The derivatization
reagent used for HPLC-UYV is usually 2,4-dinitrophenylhydrazine (DNPH) that can react with MDA at low pH
to produce MDA-DNPH derivative!”!%. The benefit of these methods is that the reaction of DNPH with MDA
was conducted at a mild temperature of room temperature!” or 37 °C'8, but the process is slower than the TBA
method, and the sensitivity is not high enough to determine the lower concentration MDA in some biological
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Figure 1. Synthesis route of AHAD.

samples. MDA can also be derivatized by diaminonaphthalene (DAN) in an acidic medium at 37 °C**?, and
the reaction affords a product (MDA-DAN) with a high UV response at 311 nm. However, the derivatization
reaction requires a long derivatization time of 180 min and low pH of 0.8 and the sensitivity of the method is
still not high enough for biological samples with MDA at trace level. Because HPLC with fluorescence detec-
tion has higher sensitivity than UV detection, which was widely adopted to overcome the disadvantage of low
sensitivity. MDA without fluorescence must be labeled by fluorescent reagents. These reagents include TBA and
FMOC-hydrazone'>. FMOC-hydrazone can react with MDA in an acidic medium at 50 °C, but derivatization
would consume 4h to get highest yield, and the mixture should be neutralized with 5.0 mol/L NaOH before
injected. The procedure is prolixity and tedious. TBA usually used in the spectrophotometric determination of
MDA also has been used in HPLC method with fluorescence detection?'~?*. Some reports have compared the two
methods for the determination of MDA'*?4, The HPLC method with great separation ability can eliminate the
interference of compounds present in biological samples, so the selectivity of the HPLC method was better than
traditional spectrophotometric method. However, various shortcomings limited the application of these HPLC
methods. As a result, a new analysis method for MDA determination is still needed to improve the selectivity,
sensitivity and analysis process.

In this study, an excellent fluorescent derivatization reagent N-acetylhydrazine acridone (AHAD) was syn-
thesized. MDA was derivatized by AHAD in acidic medium. The derivation conditions including acid kind, acid
concentration, temperature, time and AHAD concentration were optimized to ensure complete reaction of MDA
with AHAD. A more sensitive and efficient HPLC method for the determination of MDA based on the derivatiza-
tion was developed. The proposed method has been applied to determine MDA in rat prostate.

Experimental

Chemicals and reagents. 1,1,3,3-Tetraethoxypropane was obtained from Shanghai Aladdin Bio-Chem
Technology Co. Ltd. (Shanghai, China) with a purity of 97%. N-acetylhydrazine acridone (AHAD) was syn-
thesized in the authors’ laboratory (Fig. 1). Acetonitrile and methanol were of HPLC grade and purchased from
Anaqua Chemical Supply (Wilmington, USA). Phosphoric acid, hydrochloric acid, sodium hydroxide, dimethyl-
formamide, potassium carbonate, acetic acid, sulfuric acid and trichloroacetic acid were all of analytical grade
and purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Acridone was purchased from
Maya-reagent (Jiaxing, Zhejiang). Pure water was prepared by Milli-Q super pure water system.

Equipment and chromatographic conditions. The separation and analysis of MDA were conducted on
an Agilent 1260 series HPLC system (Agilent Technologies, USA) equipped with a G1311B quaternary pump, a
G1329B autosampler, a G1316A thermostated column compartment, a G1321B fluorescence detector (FLD) and
an Agilent ZORBAX SB-C18 column (250 mm X 4.6 mm, 5 pm).

Eluent A and B were water and acetonitrile, respectively. The separation of MDA was accomplished with gra-
dient elution: 0-10 min, 20% B to 45% B; 10-15 min, 45% B to 100% B. The flow rate was constant at 1.0 mL/min.
The fluorescent detection wavelengths were set at 370 nm for excitation and 420 nm for emission. The column
temperature was kept at 30 °C.

Synthesis of AHAD. AHAD was synthesized according to the previous method?® with a minor revision.
2.53 g of 2-(9-acridone)-acetic acid (10 mmol) and 100 mL of methanol were added to a 250 mL three-neck flask,
then, 5mL concentrated sulfuric acid was added. The mixture was stirred at reflux for 4h. After the reaction was
ended, the solution was poured into ice water. The precipitation was filtered and dried in a vacuum desiccator to
obtained 2.38 g of yellow solid (89.1% yield).

1.4 g of 2-(9-acridone)-ethyl acetate (5 mmol) was added to a 100 mL flask, then 30 mL of ethyl alcohol and
10 mL of hydrazine hydrate (85%) were added. The mixture was stirred at reflux for 6h. After cooled to room tem-
perature, the mixture was poured into ice water with shaking for 5min. The precipitation was filtered and dried
in a vacuum desiccator. The crude product was recrystallized from methanol and dimethylformamide (v/v 1:3) to
obtain yellow crystal (0.91 g, 68.2% yield).

Preparation of solutions. A 0.01 mol/L of AHAD stock solution was prepared by dissolving 26.8 mg the
chemical with acetonitrile up to 10 mL. The low concentration solution (0.5 mmol/L) was prepared by diluting
the stock solution with acetonitrile. MDA was obtained by the hydrolysis of 1,1,3,3-tetraethoxypropane in dilute
acid solution. 292 pL of 1,1,3,3-tetraethoxypropane was dissolved in 100 mL of 1% sulfuric acid solution to get
standard MDA stock solution (0.012mol/L). The standard MDA solutions for derivatization and HPLC analysis
were prepared by diluting the stock solution with water. All solutions were stored at 4 °C until analysis.

Samples. Experiments were performed on six healthy male rats. The study was reviewed and approved by
Ethics Committee of Animal Care and Experimentation of Binzhou Medical University and was performed in
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Figure 2. Effect of catalyst (a), temperature (b), time (c) and amount of AHAD (d) on derivatization reaction.

accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
All rats were decapitated, abdominal dissected, and the prostate gland of each rat was carefully separated and
extracted (removal of incidental prostate connective tissue). Prostate gland homogenate was prepared by mixing
one portion of 100 mg of prostate gland with 0.9 mL normal saline and homogenized in a mechanically driven

Teflon glass homogenizer. The homogenate was centrifuged at 10000 rpm in an automatic high-speed cold cen-

trifuge for 10 min at 4 °C. The supernatant was collected as prostate gland extract and kept in —80 °C refrigerator

until analyzed.

Derivatization procedure.

injected into the HPLC system for analysis.

MDA in a sample was derivatized by AHAD after acidic hydrolysis in a one-step reaction. 100 uL of prostate
gland extract, 100 pL of trichloroacetic acid and 250 L of AHAD were mixed. The ampoule was incubated for
30 min at 80 °C. After cooled to room temperature, the solution was diluted to 1.0 mL by water. Then, the solution
was transferred to a 2.0 mL Eppendorf tube, and centrifuged at 10000 rpm for 5min, and 10 pL of supernatant was

injected into the HPLC system for analysis.

Results and Discussion
Optimization of derivatization conditions.

To a 2 mL ampoule, 250 pL of AHAD solution, 100 pL of standard MDA solu-
tion and 100 pL of trichloroacetic acid (1.0 mol/L) were added in succession. After sealed, the ampoule was
bathed in 80 °C water for 30 min. After the reaction was completed, the mixture was cooled to room temperature.
An appropriate volume of water was added to dilute the solution to 1.0 mL, and 10 pL of the final solution was

To get the highest derivatization response, different acids
include acetic acid, formic acid, oxalic acid, citric acid, phosphoric acid and trichloroacetic acid were tested to
evaluate the effect of a catalyst on the derivatization. The study of these catalysts is based on previous reports for

the determination of fatty aldehydes labeled by 1,2-benzo-3,4-dihydrocarbazole-9-ethoxy-carbonylhydrazine?.

The maximum peak area was achieved when trichloroacetic acid (1.0 mol/L) was used. So trichloroacetic acid was
selected for subsequent experiments. Subsequently, the amount of trichloroacetic acid was investigated over the

range of 20-200 pL. The maximum peak area was found when 100 uL of trichloroacetic acid was added (Fig. 2a).

The effect of reaction temperature was investigated in the range of 40-100 °C. The results showed that the
peak area of MDA increased with the rise of the temperature, and when it was 80 °C, the peak area was the largest
(Fig. 2b). There was an obvious change for the peak area over 80 °C, which may be due to the decomposition of
derivative at high temperature. As a result, 80 °C was selected as the derivatization temperature. The effect of the
reaction time on the derivative yield was also examined. Based on the results (Fig. 2c), 30 min was selected for the

derivatization because the peak area is the largest.
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Figure 3. Chromatogram of standard MDA (a) and MDA in rat prostate sample (b).

The effect of AHAD concentration was also investigated to ensure MDA completely reacted with derivati-
zation reagent. Different volume of AHAD solutions was tested. The results (Fig. 2d) showed that the peak area
was the largest when 250 pL of AHAD was added, and excessive AHAD had no significant effect on peak area.
Furthermore, more AHAD would not generate more by-products and interfere with the separation of MDA
derivative. Therefore, 250 pL of AHAD was selected, and the derivatization reaction was completed at 80 °C in
30 min.

HPLC separation. To obtain better chromatographic separation with a shorten retention time for MDA
derivative, several different chromatographic columns were tested and evaluated for the optimal separation. These
columns included Eclipse XDB C18 (250 mm x 4.6 mm, 5 pm), ZORBAX SB-C18 (250 mm x 4.6 mm, 5 pm),
and Eclipse Plus C18 (250 mm X 4.6 mm, 5 pm). The results indicated that the ZORBAX SB-C18 column gave
the best resolution (R =1.9) for both standard solutions and sample solutions with the column temperature at
30°C, however, the resolutions for other two columns were 1.4 and 1.3 respectively. The chromatograms of three
columns were shown in Supplement Fig. 1. Therefore, the ZORBAX SB-C18 column was selected for all sequent
experiments. Water and acetonitrile were used as eluent A and B respectively, to provide an efficient separation
in conjunction with the gradient elution mentioned in the experimental section. The retention time of MDA
derivative was 12.52 min (Fig. 3a).

Stability of AHAD and MDA derivative. The stability of AHAD has been studied in previous work®. It
was stable enough when stored at 4 °C, and no obvious change for the derivatization efficiency was observed in a
week. The stability of MDA derivative was determined by reanalysis of the same derivative solution. The solution
was stored at a 4 °C refrigerator when not analyzed. The percent change of peak area was less than 2.7% in 48 h,
which indicated the derivative of MDA with AHAD is very stable over 2 days.

Selectivity of the method. To evaluate the selectivity of the developed method, some aldehydes possibly
found in rat prostate was investigated. These aldehydes included formaldehyde, glyoxal, acrolein and heptanal.
A standard MDA solution spiked with these aldehydes (100 nmol/mL) was prepared and analyzed according to
the procedure described above. The peak area of MDA had no obvious change compared with the standard MDA
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Figure 4. The calibration curve of MDA.

MDA insample | Added Detected Recovery RSD
(ng/g) (ng/e) (ng/e) (%) (%)
2.52 2.00 4.45 97.2 3.6
2.52 2.50 5.01 99.6 4.6
2.52 3.00 5.55 101.2 43

Table 1. Recovery data of MDA in rat prostate.

solution not spiked these aldehydes, which mean the existence of other aldehydes would not disturb the separa-
tion and quantization of MDA in rat prostate. The developed method showed good selectivity.

Linearity, correlation coefficients, detection limits and quantification limits. The linearity was
established by the analysis of MDA standards derivatized with AHAD following the procedure described above.
MDA derivative gave an excellent linear response over the range of 0.02 to 2.5 pmol with correlation coeffi-
cient of 0.9998. The calibration curve of MDA was shown in Fig. 4. The linear regression equation for MDA was
Y =53.71 x —0.30 (X: injected amount/pmol, Y: peak area). The calculated limit of detection (LOD) (S/N=3)
was 2.5 fmol (0.25 nmol/L), and limit of quantification (LOQ) (S/N = 10) was 8.3 fmol (0.83 nmol/L). AHAD pro-
vides higher sensitivity than other UV or fluorescence derivatizing reagents, such as DNPH'”'® and TBA®!31>22,

Precision and recovery. Instrumental precision was investigated by analyzing standard MDA solution at
three concentrations (1.0, 5.0, and 25 nmol/mL), and five determinations were performed for each concentra-
tion. The RSD (%) of peak area were in the range of 0.69-1.06%, which indicated that the instrument has good
precision. The analytical precision (intra-day and inter-day) of the method was calculated from a real sample
spiked with three concentrations of MDA (1.0, 5.0, and 25 nmol/mL. The intra-day precisions were in the range
of 1.36-2.27% and the inter-day precisions were in the range of 2.36-3.92%. The results demonstrated that the
method was precise enough for the determination of the MDA in real samples.

The recovery experiments were performed with real samples by spiking three concentrations standard MDA
into samples, and three times parallel determination were carried out for each concentration. The preparation and
derivatization for the spiked samples were the same as described above. The recoveries were calculated accord-
ing to the formula of (x; — x,)/c x 100%, in which x, was the concentration of MDA in the matrix, x, was the
measured concentration of MDA obtained from the samples spiked with standard MDA and ¢ was the known
concentration of MDA added to the samples. Good recoveries were obtained in the range of 97-102% with the
RSD <4.7% (Table 1).

Advantages of the method. There were several labeling reagents used for the derivatization of MDA in
previous reports mentioned above. Compared with the existing method using other derivatization reagents,
the developed method with AHAD as pre-column derivatization reagent showed higher sensitivity (Table 2).
The LOD in this study is 0.25 nmol/L that is lower than all other methods. Although TAB®!3!42? is the most
commonly used labeling reagent for MDA, it requires high derivatization temperatures (90-100°C), long deri-
vatization times (60 min). The harsh conditions may cause an artifactual peroxidation of sample constituent.
FMOC-hydrazine can react with MDA at a relatively mild reaction temperature (50 °C), but it needs 4 h for the
completed reaction’®. Compared with TBA and FMOC-hydrazine, AHAD has the advantages of relatively mild
reaction temperature (80 °C), a fast reaction speed (completed within 30 min). Considering these properties, the
HPLC method coupled with AHAD derivatization in this study showed much superiority in simplicity, more
sensitivity, relatively mild reaction temperature and shorter derivatization time.
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Reaction Linear range | LOD
Method Reagent conditions (nmol/L) (nmol/L) Recovery (%) | Ref
UV-vis spectrophotometry TBA 100°C,60min | 1000-5000 80 66-71 13
Fluorescence spectrophotometry TBA 90°C, 60 min 14-1400 451 95.5-96.8 8
HPLC-UV TBA 100°C, 15min 86-9100 34 90-94 1
Room
HPLC-UV DNPH temperature, 200-20000 200 96.3-99.8 7
30 min
HPLC-UV DAN 37°C, 180 min 76-608 <50 93-108 19
HPLC-FLD FMOC- hydrazine 50°C, 4h 500-10000 4 90.2-100.4 15
HPLC-FLD TBA 100°C, 60 min 150-2430 15 100.4 2
HPLC-FLD AHAD 80°C, 30 min 2-2500 0.25 95.7-101.2 This work

Table 2. Critical comparison of the proposed method with reported methods for determination of MDA.

Sample numbers

MDA (ng/g)

1 2.5740.14
1.974+0.087
1.85+0.097
2.72£0.12
2.54+0.16
1.75+0.11

Q| W

Table 3. The content of MDA in rat prostate samples.

Application. The proposed method was applied to analyze the MDA in rat prostate samples. The obtained
chromatogram is shown in Fig. 3b. MDA content data from the extracted rat prostate are shown in Table 3. The
established method is suitable for the determination of the component from the rat prostate sample with satisfac-
tory results. To the best of our knowledge, this is the first report concerning the HPLC analysis of MDA in the rat
prostate. The proposed method can also be used to determinate the MDA in other samples.

Conclusions

A fluorescent labeling reagent AHAD was synthesized in this study. AHAD is an excellent derivatization reagent
for MDA with acridone as fluorophore and hydrazine as recognition group. A highly sensitive HPLC method for
the determination of MDA was developed using AHAD as pre-column derivatization reagent. The optimum deri-
vatization conditions of MDA with the derivatization reagent was at 80 °C for 30 min. The method shows good
correlation, precision and accuracy. Compared with the existing methods using other derivatization reagents,
the advantages of this method included mild derivatization conditions, simplified sample preparation and higher
sensitivity. The proposed method was successfully utilized to determinate MDA in rat prostate. The method also
has powerful potential in the determination of MDA in other samples including biological samples, food samples,
and so on.

Received: 1 March 2019; Accepted: 19 February 2020;
Published online: 04 March 2020

References

1. Rio, D. D,, Stewart, A. J. & Pellegrini, N. A review of recent studies on malondialdehyde as toxic molecule and biological marker of
oxidative stress. Nutr. Metab. Cardiovasc. Dis. 15(4), 316-328, https://doi.org/10.1016/j.numecd.2005.05.003 (2005).

2. Rezaei, Z., Jamshidzadeh, A. & Sanati, E. A rapid and sensitive method for the determination of malondialdehyde as its hydralazine
derivative in human plasma using high performance liquid chromatography. Anal. Methods 12(5), 2995-2999, https://doi.
org/10.1039/C3AY26525K (2013).

3. Kolanjiappan, K., Manoharan, S. & Kayalvizhi, M. Measurement of erythrocyte lipids, lipid peroxidation, antioxidants and osmotic
fragility in cervical cancer patients. Clin. Chim. Acta. 326(1-2), 143-149, https://doi.org/10.1016/S0009-8981(02)00300-5 (2002).

4. Serviddio, G., Bellanti, F. & Vendemiale, G. Free radical biology for medicine: learning from nonalcoholic fatty liver disease. Free
Radical Bio. Med. 65, 952-968, https://doi.org/10.1016/j.freeradbiomed.2013.08.174 (2013).

5. Polidori, M. C. et al. Plasma lipophilic antioxidants and malondialdehyde in congestive heart failure patients relationship to disease
severity. Free Radical Bio. Med. 32(2), 148-152, https://doi.org/10.1016/S0891-5849(01)00782-1 (2002).

6. Loguercio, C. & Federico, A. Oxidative stress in viral and alcoholic hepatitis. Free Radical Bio. Med. 34(1), 1-10, https://doi.
org/10.1016/S0891-5849(02)01167-X (2003).

7. Suryati, T., Astawan, M., Lioe, H. N., Wresdiyati, T. & Usmiati, S. Nitrite residue and malonaldehyde reduction in dendeng-
indonesian dried meat-influenced by spices, curing methods and precooking preparation. Meat Sci. 96(3), 1403-1408, https://doi.
org/10.1016/j.meatsci.2013.11.023 (2014).

8. Yahyavi, H., Kaykhaii, M. & Hashemi, M. A rapid spectrofluorimetric method for the determination of malondialdehyde in human
plasma after its derivatization with thiobarbituric acid and vortex assisted liquid-liquid microextraction. RSC Adv. 6, 2361-2367,
https://doi.org/10.1039/C5RA22079C (2016).

9. Shin, H. S. & Jung, D. G. Sensitive analysis of malondialdehyde in human urine by derivatization with pentafluorophenylhydrazine
then headspace GC-MS. Chromatographia 70(5-6), 899-903, https://doi.org/10.1365/s10337-009-1235-4 (2009).

SCIENTIFIC REPORTS |

(2020) 10:3990 | https://doi.org/10.1038/s41598-020-61074-3


https://doi.org/10.1038/s41598-020-61074-3
https://doi.org/10.1016/j.numecd.2005.05.003
https://doi.org/10.1039/C3AY26525K
https://doi.org/10.1039/C3AY26525K
https://doi.org/10.1016/S0009-8981(02)00300-5
https://doi.org/10.1016/j.freeradbiomed.2013.08.174
https://doi.org/10.1016/S0891-5849(01)00782-1
https://doi.org/10.1016/S0891-5849(02)01167-X
https://doi.org/10.1016/S0891-5849(02)01167-X
https://doi.org/10.1016/j.meatsci.2013.11.023
https://doi.org/10.1016/j.meatsci.2013.11.023
https://doi.org/10.1039/C5RA22079C
https://doi.org/10.1365/s10337-009-1235-4

www.nature.com/scientificreports/

10. Wei, Z., Li, X., Thushara, D. & Liu, Y. Determination and removal of malondialdehyde and other 2-thiobarbituric acid reactive
substances in waste cooking oil. J. Food Eng. 107(3-4), 379-384, https://doi.org/10.1016/j.jfoodeng.2011.06.032 (2011).

11. Lord, H. L., Rosenfeld, J., Volovich, V., Kumbhare, D. & Parkinson, B. Determination of malondialdehyde in human plasma by fully
automated solid phase analytical derivatization. . Chromatogr. B 877(13), 1292-1298, https://doi.org/10.1016/j.jchromb.2008.12.035
(2009).

12. Chen, J. L., Huang, Y.J,, Pan, C. H., Hu, C. W. & Chao, M. R. Determination of urinary malondialdehyde by isotope dilution LC-MS/
MS with automated solid-phase extraction: A cautionary note on derivatization optimization. Free Radical Bio. Med. 51(9),
1823-1829, https://doi.org/10.1016/j.freeradbiomed.2011.08.012 (2011).

13. Mendes, R., Cardoso, C. & Pestana, C. Measurement of malondialdehyde in fish: a comparison study between HPLC methods and
the traditional spectrophotometric test. Food Chem. 112(4), 1038-1045, https://doi.org/10.1016/j.foodchem.2008.06.052 (2009).

14. Yonny, M. E., Reineri, P. S., Palma, G. A. & Nazareno, M. A. Development of an analytical method to determine malondialdehyde as
an oxidative marker in cryopreserved bovine semen. Anal. Methods. 15(7), 6331-6338, https://doi.org/10.1039/c5ay00950b (2015).

15. Mao, J. et al. New method for HPLC separation and fluorescence detection of malonaldehyde in normal human plasma. J.
Chromatogr. B 832(1), 103108, https://doi.org/10.1016/j.jchromb.2005.12.041 (2006).

16. Giera, M., Lingeman, H. & Niessen, W. M. A. Recent advancements in the LC- and GC-based analysis of malondialdehyde (MDA):
A Brief Overview. Chromatographia 75(9-10), 433-440, https://doi.org/10.1007/s10337-012-2237-1 (2012).

17. Mateos, R., Lecumberri, E., Ramos, S., Goya, L. & Bravo, L. Determination of malondialdehyde (MDA) by high-performance liquid
chromatography in serum and liver as a biomarker for oxidative stress: Application to a rat model for hypercholesterolemia and of
the effect of diets rich in phenolic antioxidant from fruits. J. Chromatogr. B 827(1), 76-82, https://doi.org/10.1016/j.
jchromb.2005.06.035 (2005).

18. Korchazhkina, O., Exley, C. & Spencer, S. A. Measurement by reversed-phase high-performance liquid chromatography of
malondialdehyde in normal human urine following derivatisation with 2,4-dinitrophenylhydrazine. J. Chromatogr. B 794(2),
353-362, https://doi.org/10.1016/S1570-0232(03)00495-1 (2003).

19. Steghens, J. P., Kappel, A. L. V,, Denis, I. & Collombel, C. Diaminonaphtalene, a new highly specific reagent for HPLC-UV
measurement of total and free malondialdehyde in human plasma or serum. Free Radical Bio. Med. 31(2), 242-249, https://doi.
org/10.1016/S0891-5849(01)00578-0 (2001).

20. Panseri, S. et al. Improved determination of malonaldehyde by high-performance liquid chromatography with UV detection as
2,3-diaminonaphthalene derivative. J. Chromatogr. B976-977, 91-95, https://doi.org/10.1016/j.jchromb.2014.11.017 (2015).

21. Candan, N. & Tuzmen, N. Very rapid quantification of malondialdehyde (MDA) in rat brain exposed to lead, aluminium and
phenolic antioxidants by high-performance liquid chromatography-fluorescence detection. Neurotoxicology 29(4), 708-713, https://
doi.org/10.1016/j.neuro.2008.04.012 (2008).

22. Cheng, G. W,, Wu, H. L. & Huang, Y. L. Simultaneous determination of malondialdehyde and ofloxacin in plasma using an isocratic
high-performance liquid chromatography/fluorescence detection system. Anal. Chim. Acta. 616(2), 230-234, https://doi.
org/10.1016/j.aca.2008.04.012 (2008).

23. Wada, M. et al. Suitability of TBA method for the evaluation of the oxidative effect of non-water-soluble and water-soluble rosemary
extracts. J. Oleo Sci. 60(11), 579-584, https://doi.org/10.5650/j0s.60.579 (2011).

24. Heras, A. D. S., Schoch, A., Gibis, M. & Fischer, A. Comparison of methods for determining malondialdehyde in dry sausage by
HPLC and the classic TBA test. Eur. Food Res. Technol. 217(2), 180-184, https://doi.org/10.1007/s00217-003-0728-x (2003).

25. Dong, X., Tang, J., Ren, Y. & Chen, X. Development of a HPLC-FL method to determine benzaldehyde after derivatization with
Nacetylhydrazine acridone and its application for determination of semicarbazide-sensitive amine oxidase activity in human serum.
RSC Adv. 9, 6717-6723, https://doi.org/10.1039/c8ra01875h (2019).

26. You, J., Zhang, H., Shi, Y., Zhao, X. & Chen, X. Development of a sensitive fluorescent derivatization reagent, 2-benzo-3,4-
dihydrocarbazole-9-ethoxy-carbonylhydrazine and its application for determination of aldehydes from alcoholic beverage using
high-performance liquid chromatography with fluorescence detection and enhance mass spectrometric identification. Talanta
66(4), 982-992, https://doi.org/10.1016/j.talanta.2005.09.019 (2005).

Author contributions
X.D. and J.T. performed experiment and analyzed data; X.C. designed research and wrote the paper. All authors
reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-61074-3.

Correspondence and requests for materials should be addressed to X.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:3990 | https://doi.org/10.1038/s41598-020-61074-3


https://doi.org/10.1038/s41598-020-61074-3
https://doi.org/10.1016/j.jfoodeng.2011.06.032
https://doi.org/10.1016/j.jchromb.2008.12.035
https://doi.org/10.1016/j.freeradbiomed.2011.08.012
https://doi.org/10.1016/j.foodchem.2008.06.052
https://doi.org/10.1039/c5ay00950b
https://doi.org/10.1016/j.jchromb.2005.12.041
https://doi.org/10.1007/s10337-012-2237-1
https://doi.org/10.1016/j.jchromb.2005.06.035
https://doi.org/10.1016/j.jchromb.2005.06.035
https://doi.org/10.1016/S1570-0232(03)00495-1
https://doi.org/10.1016/S0891-5849(01)00578-0
https://doi.org/10.1016/S0891-5849(01)00578-0
https://doi.org/10.1016/j.jchromb.2014.11.017
https://doi.org/10.1016/j.neuro.2008.04.012
https://doi.org/10.1016/j.neuro.2008.04.012
https://doi.org/10.1016/j.aca.2008.04.012
https://doi.org/10.1016/j.aca.2008.04.012
https://doi.org/10.5650/jos.60.579
https://doi.org/10.1007/s00217-003-0728-x
https://doi.org/10.1039/c8ra01875h
https://doi.org/10.1016/j.talanta.2005.09.019
https://doi.org/10.1038/s41598-020-61074-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sensitive determination of malondialdehyde in rat prostate by high performance liquid chromatography with fluorescence dete ...
	Experimental

	Chemicals and reagents. 
	Equipment and chromatographic conditions. 
	Synthesis of AHAD. 
	Preparation of solutions. 
	Samples. 
	Derivatization procedure. 

	Results and Discussion

	Optimization of derivatization conditions. 
	HPLC separation. 
	Stability of AHAD and MDA derivative. 
	Selectivity of the method. 
	Linearity, correlation coefficients, detection limits and quantification limits. 
	Precision and recovery. 
	Advantages of the method. 
	Application. 

	Conclusions

	Figure 1 Synthesis route of AHAD.
	Figure 2 Effect of catalyst (a), temperature (b), time (c) and amount of AHAD (d) on derivatization reaction.
	Figure 3 Chromatogram of standard MDA (a) and MDA in rat prostate sample (b).
	Figure 4 The calibration curve of MDA.
	Table 1 Recovery data of MDA in rat prostate.
	Table 2 Critical comparison of the proposed method with reported methods for determination of MDA.
	Table 3 The content of MDA in rat prostate samples.




