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Abstract

Previous studies have shown that curcumin, a bioactive dietary compound with a thiol-reactive 

α,β-unsaturated carbonyl moiety, can covalently modify protein thiols. However, most of the 

previous studies were performed in cultured cells or cell-free enzyme systems, it remains 

unknown whether curcumin could covalently modify proteins after oral administration in vivo. 

Using click chemistry-based fluorescence imaging, here we show that oral administration of 

dialkyne-curcumin (Di-Cur), a “click” probe mimicking curcumin, results in covalent 

modifications of cellular proteins in colon and liver tissues, but not in other tissues, in mice. This 

result suggests that oral administration of curcumin leads to formation of curcumin-protein 

complex in a tissue-specific manner, which could contribute to the biological effects and/or 

pharmacokinetics of curcumin. Further studies to elucidate the identities of curcumin-binding 

proteins could greatly help us to better understand molecular mechanisms of curcumin, and 

develop novel strategies for disease prevention.
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Introduction

The α,β-unsaturated carbonyl moiety (-C=C-C=O) is a common structural feature of many 

bioactive dietary compounds, such as curcumin and shagoal, and is widely regarded to 

contribute to the health-promoting effects of these dietary compounds 1-3. Indeed, previous 

studies have shown that once these compounds enter the cells, the α,β-unsaturated carbonyl 

moiety can rapidly react with protein thiols via a Michael reaction, leading to post-translational 

modifications of cellular proteins, some of which play critical roles in cell signaling, resulting in 

activation or attenuation of cell signaling pathways. The thiols of some cellular proteins, such as 

Keap1 or NF-κB proteins, play critical roles in regulating antioxidant and inflammatory 

responses 4, 5. These results support the critical roles of the α,β-unsaturated carbonyl moiety in 

the health-promoting effects of these dietary compounds, through covalent modification of 

protein thiols. In addition, the formation of intracellular protein-compound complex could 

result in reduced concentrations of free-form dietary compounds in tissues, and therefore 

could contribute to the metabolic stability and pharmacokinetics of these dietary compounds. 

However, most of the previous studies were performed in cell culture or cell-free systems, 

whether these compounds could covalently modify cellular proteins in vivo, and the detailed 

tissue distribution of the protein-compound complex, are largely unknown. Considering that 

these α,β-unsaturated carbonyl-bearing compounds could react with a large array of cellular 

proteins, it is challenge to analyze the presence and identities of the protein-compound 

complex, hampering our understanding of the molecular mechanisms of these compounds. 
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Alkyne and azide [3+2] cycloaddition “click” chemistry-based imaging is a powerful and 

innovative tool for analysis of the interactions of proteins with small compounds 6. This strategy 

involves several steps: (1) design and synthesize a “click” probe of the bioactive compound, by 

functionalizing it with an alkyne- or azide- moiety, (2) treat the cells or animals with the “click” 

probe, during this period, the protein targets of the bioactive compound are labelled with the 

alkyne- or azide- moiety, and (3) the labelled protein targets are further labelled with a 

fluorescence dye and/or biotin moiety via the click reaction, which allows fluorescence imaging 

to visualize the target proteins and LC-MS/MS analysis to elucidate the identities of the target 

proteins (Fig. 1) 7-11. In a previous study, we have designed and synthesized click probes of 

curcumin and found that 4 h after a single oral administration of the click probe, the presence 

of curcumin-protein complex was only observed in colon and liver, but not in other tissues 12. 

However, it remains unknown how a long-time treatment with the curcumin probe modifies 

tissue proteins. In this study, we further evaluated the effects of the click chemistry probe of 

curcumin to label cellular proteins in vitro and in vivo, and used the probe to investigate the 

detailed tissue distribution of protein-curcumin complex in mice. 

Material and Methods

Materials and Chemicals 

Curcumin (>98% purity) was purchased from Thermal Fisher Scientific (Waltham, MA), and its 

click-chemistry probe dialkyne-curcumin (Di-Cur) was chemically synthesized as described in 
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our previous report 12. The structure and purity of the synthesized Di-Cur were validated by 

HPLC, MS, and 1H NMR, as we described 12.

Cell Culture of MC38 colon cells

Murine colonic adenocarcinoma cell MC38 cells (a kind gift from Prof. Ajit Varki at the 

University of California San Diego) were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM, Lonza, Allendale, NJ) supplemented with 10% fetal bovine serum (FBS, Corning, NY) in 

a 37 °C incubator under an atmosphere with 5% CO2.

Treatment with the curcumin click-chemistry probe Di-Cur in MC38 cells

MC38 cells were treated with curcumin, Di-Cur, or DMSO vehicle in either serum-free medium 

or complete medium. At the end of the experiment, the medium was discarded, the cells were 

washed with PBS, centrifuged at 1,000 rpm at 4 °C for 5 min, extracted using RIPA lysis buffer 

with phosphatase/protease inhibitors (Boston BioProducts, Ashland, MA) on ice for 1 hour, and 

centrifuged at 12,000 rpm for 15 minutes at 4 °C. The supernatant was collected for subjected 

to click chemistry-based SDS-PAGE in-gel fluorescence imaging. 

Click Chemistry-based fluorescence imaging 

The supernatant from MC38 cells (containing 80-100 μg protein, as assessed by the BCA assay) 

was incubated with CuSO4 (50 μM, Thermo Fisher Scientific), ascorbic acid (50 μM, Thermo 

Fisher Scientific), Tris-benzyltriazolylmethylamine (THPTA) ligand (50 μM, Lumiprobe, Hunt 

Valley, MD), and CruzFluor sm™ 8 azide (50 μM, Santa cruz, Dallas, TX) for 1 h at room 
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temperature in dark. The reaction mixture was then 1:1 mixed with the SDS-PAGE loading 

buffer (Amresco Inc., Solon, OH) and heated at 95 °C for 10 min, and resolved using 12% SDS-

PAGE gel. The gel was scanned with wavelength at 800 nm using an Odyssey imaging system 

(LI-COR Biosciences, Lincoln, NE). The total protein levels in the gels were measured by 

Coomassie blue staining. 

Intraperitoneal injection of the curcumin click-chemistry probe Di-Cur in Mice

This study was performed in strict accordance with the NIH guidelines for the care and use of laboratory 

animals (NIH Publication No. 85-23 Rev. 1985). All animal experiments were conducted in 

accordance with protocols approved by the Institutional Animal Care and Use Committee 

(IACUC) of the University of Massachusetts-Amherst. C57BL/6 male mice (age = 6 weeks) were 

purchased from Charles River (Wilmington, MA), fed with standard chow, and maintained in a 

standard Specific-Pathogen Free (SPF) animal facility. After animal adaption, the mice were 

treated with curcumin or Di-Cur (dose = 100 mg/kg), or DMSO vehicle, via intraperitoneal 

injection. After 1-2 hours, the mice were sacrificed, and the liver tissues were collected, ground 

up using liquid nitrogen, and extracted with RIPA lysis buffer with phosphatase/protease 

inhibitors (Boston BioProducts) on ice for 1 hour. The obtained tissue lysates were subjected to 

click chemistry-based SDS-PAGE in-gel fluorescence imaging, as described above.

Oral gavage of the curcumin click-chemistry probe Di-Cur in mice

Swiss Webster male mice (age = 6 weeks) were purchased from Charles River, fed with standard 

chow, and maintained in a standard SPF animal facility of the University of Massachusetts-
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Amherst. After animal adaption, the mice were treated with curcumin or Di-Cur (dose = 70 

mg/kg/day), or polyethylene glycerol 400 (PEG 400, Thermal Fisher Scientific, Waltham, MA) as 

vehicle, once per day for 7 days, via oral gavage. At the end of the experiment, the mice were 

sacrificed, and tissues (including brain, heart, lung, spleen, stomach, kidney, liver, small 

intestine, and colon) were collected, extracted, and lysed as described above. The obtained 

tissue lysates were subjected to click chemistry-based SDS-PAGE in-gel fluorescence imaging as 

described above.

Results

Curcumin click probe Di-Cur labels cellular proteins in colon cells in vitro 

In our previous study, we used a click chemistry probe of curcumin, mono-curcumin (mono-

Cur), to study the curcumin-protein interactions in vitro and in vivo 12. To establish the broader 

range of validity of the observed curcumin-protein interactions, here we used a different probe, 

Di-Cur, that was designed and synthesized in our previous study 12. To test whether Di-Cur can 

covalently label cellular proteins, we treated MC38 colon cancer cells with Di-Cur, then 

performed click chemistry-based in-gel fluorescence imaging (see scheme of experiment in Fig. 

2A). We found that in both serum-free and complete medium, treatment with Di-Cur can 

efficiently label cellular proteins in MC38 cells, demonstrating the formation of curcumin-

protein complex in vitro (Fig. 2B-C). Di-Cur labelled cellular proteins in MC38 cells in a time- and 

dose-dependent manner (Fig. 2B-C). Together, these results further support that it is feasible to 

use the Di-Cur probe to study the formation of curcumin-protein complex.
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Intraperitoneal injection of curcumin click-chemistry probe Di-Cur labels liver proteins in vivo

After we found that Di-Cur can label the cellular protein in vitro, we further tested its effect on 

protein labelling in vivo. We treated the mice with vehicle control (DMSO), curcumin, or Di-Cur 

via intraperitoneal injection, then performed click chemistry-based in-gel fluorescence imaging 

in the liver tissue (see scheme of experiment in Fig. 3A). We found that after 2-hour treatment, 

Di-Cur efficiently labelled proteins in the liver tissue, suggesting that the probe can reach the 

liver tissue via systemic circulation and form covalent complex with the liver proteins. Such 

effect was not observed after 1-hour treatment, demonstrating a time-dependent effect. And 

as expected, treatment with vehicle control or curcumin showed little fluorescence signal (Fig. 

3B). Together, these results further support that it is feasible to use the Di-Cur probe to study 

the formation of curcumin-protein complex.

Oral administration of curcumin click-chemistry probe Di-Cur selectively labels tissue proteins 

in vivo

We next use the curcumin click chemistry probe Di-Cur to study tissue distribution of curcumin-

protein complex in mice. To this end, we treated mice with vehicle control, curcumin, or Di-Cur 

via oral gavage, once per day for 7 days, then collected tissues for click chemistry-based 

imaging (see scheme of experiment in Fig. 4A). We found that after 1-week treatment, Di-Cur 

efficiently labelled cellular proteins in the colon and liver tissues of the treated mice, suggesting 

the presence of curcumin-protein complex in these two tissues (Fig. 4B). Notably, the colon 

tissue showed stronger fluorescence signals compared with the liver tissue, supporting a higher 
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concentration of curcumin-protein complex in the colon tissue (Fig. 4B). In contrast, in other 

tissues such as lung (Fig. 4B), brain, heart, stomach, spleen, small intestine, and whole blood 

(Fig. S1), Di-Cur treatment resulted in weak or little fluorescence signal, suggesting the absence 

of curcumin-protein complex in these tissues. And as expected, treatment with vehicle control 

or curcumin showed little fluorescence signal (Fig. 3B and Fig. S1).

Discussion

Previous studies have shown that curcumin could covalently modify protein thiols, which could 

contribute to its health-promoting effects 13, 14. In addition, the formation of intracellular 

curcumin-protein complex could also contribute to the poor pharmacokinetics of curcumin. 

However, most of the previous studies were performed in cultured cells or cell-free enzyme 

systems, it remains unknown whether curcumin could covalently modify proteins after oral 

administration in vivo. Here we used click chemistry-based SDS-PAGE in-gel fluorescence 

imaging to visualize the presence of covalently-linked curcumin-protein complex. Our central 

finding is that after repeated oral administration of the curcumin probe Di-Cur, it can covalently 

modify cellular proteins in the colon and liver tissues of the treated mice. These results support 

that oral administration of curcumin could form curcumin-protein complex in the colon and 

liver tissues in vivo, which could contribute to the biological effects and/or pharmacokinetics of 

curcumin. Besides curcumin, other α,β-unsaturated carbonyl-bearing dietary compounds could 

also be capable of modifying cellular proteins in vivo, and a better understanding of the 

Page 9 of 18 Food & Function



protein-compound interactions could help us to better understand their health-promoting 

mechanisms and design effective and safe strategies for disease prevention.

We found that the curcumin-protein complex was only observed in the liver and colon, but not 

in other tissues (including lung, brain, heart, stomach, spleen, small intestine, and whole blood) 

of the treated mice. This result is in agreement with our previous studies, which showed that a 

single-time oral administration of monoalkyne-curcumin (Mono-Cur), another curcumin probe, 

also only labelled cellular proteins in the liver and colon tissues in mice 12. Our previous study 

showed that mono-Cur is a better probe compared with Di-Cur 12. Here we used Di-Cur, mainly 

because of the difficulties to chemically synthesize mono-Cur. Furthermore, our data here 

showed that Di-Cur is an effective probe to study curcumin-protein interactions. Using two 

different curcumin probes, we got the same result that the formation of protein-curcumin 

complex was only observed in liver and colon tissues. This could be, at least in part, because the 

colon and liver tissues are the major organs involved in absorption and/or metabolism of 

curcumin 15, 16. Notably, after oral intake of food (e.g. curcumin), the food stays in colon for 10 

hours to several days 17, suggesting that there is substantial time for the ingested curcumin to 

interact with colon tissues for the Michael reaction to occur. Substantial studies have shown 

that after oral administration of curcumin, the circulating and tissue concentrations of curcumin 

are very low 18, which could contribute to the absence of curcumin-protein complex in other 

tissues such as lung and heart. Together, these results support that oral administration of 

curcumin could result in covalent modification of cellular proteins in a tissue-specific manner; 

and biological significance of the observed effects remains to be determined. 
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A limitation of our study is that we only performed SDS-PAGE in-gel imaging to show the 

presence of curcumin-protein complex in tissues, while the identities of the curcumin-binding 

proteins are unknown. Previous studies have shown that the click chemistry-based proteomics 

approach is a powerful method for identification of target proteins. Indeed, after treatment 

with the click probe of the bioactive compound (e.g. curcumin) in cells or in animals, the target 

proteins are labelled with alkyne- or azide- moiety, which can be enriched by click chemistry 

and affinity purification, and the identities of the enriched protein targets can be elucidated by 

LC-MS analysis 7-11. Using this strategy, our previous study has shown it is feasible to use this 

method to identify curcumin-binding proteins in MC38 colon cancer cells 12. It is important to 

use this approach to elucidate the identities of curcumin-binding proteins in animal models, 

and determine the biological significance of the identified proteins in the health-promoting 

effects of curcumin. This could greatly help our understanding for the molecular mechanism of 

curcumin. In addition, the identified protein(s) could serve as novel cellular targets for disease 

prevention. 

In summary, here our results support that oral administration of curcumin could result in 

formation of protein-curcumin complex in a tissue-specific manner, which could contribute to 

the biological effects and/or pharmacokinetics of curcumin. Further studies using click 

chemistry-based proteomics to elucidate the identities of curcumin-binding proteins could 

greatly help us to better understand molecular mechanisms of curcumin.

Page 11 of 18 Food & Function



ACKNOWLEDGEMENT

This work was supported by USDA NIFA grants 2016-67017-24423 and 2019-67017-29248, and 

USDA/Hatch grant MAS00492 (to G.Z.).

  

 

Page 12 of 18Food & Function



References

1. Arshad, L.; Jantan, I.; Bukhari, S. N.; Haque, M. A., Immunosuppressive Effects of Natural 
alpha,beta-Unsaturated Carbonyl-Based Compounds, and Their Analogs and Derivatives, on 
Immune Cells: A Review. Front Pharmacol 2017, 8, 22.
2. Dugasani, S.; Pichika, M. R.; Nadarajah, V. D.; Balijepalli, M. K.; Tandra, S.; Korlakunta, J. 
N., Comparative antioxidant and anti-inflammatory effects of [6]-gingerol, [8]-gingerol, [10]-
gingerol and [6]-shogaol. J Ethnopharmacol 2010, 127, 515-20.
3. Jackson, J. K.; Higo, T.; Hunter, W. L.; Burt, H. M., The antioxidants curcumin and 
quercetin inhibit inflammatory processes associated with arthritis. Inflamm Res 2006, 55, 168-
75.
4. Kansanen, E.; Kuosmanen, S. M.; Leinonen, H.; Levonen, A. L., The Keap1-Nrf2 pathway: 
Mechanisms of activation and dysregulation in cancer. Redox Biol 2013, 1, 45-9.
5. Garcia-Pineres, A. J.; Castro, V.; Mora, G.; Schmidt, T. J.; Strunck, E.; Pahl, H. L.; Merfort, 
I., Cysteine 38 in p65/NF-kappaB plays a crucial role in DNA binding inhibition by sesquiterpene 
lactones. J Biol Chem 2001, 276, 39713-20.
6. Wang, Q.; Chan, T. R.; Hilgraf, R.; Fokin, V. V.; Sharpless, K. B.; Finn, M. G., 
Bioconjugation by copper(I)-catalyzed azide-alkyne [3 + 2] cycloaddition. Journal of the 
American Chemical Society 2003, 125, 3192-3.
7. Yang, J.; Tallman, K. A.; Porter, N. A.; Liebler, D. C., Quantitative chemoproteomics for 
site-specific analysis of protein alkylation by 4-hydroxy-2-nonenal in cells. Analytical chemistry 
2015, 87, 2535-41.
8. Chen, Y.; Liu, Y.; Lan, T.; Qin, W.; Zhu, Y.; Qin, K.; Gao, J.; Wang, H.; Hou, X.; Chen, N.; 
Friedmann Angeli, J. P.; Conrad, M.; Wang, C., Quantitative Profiling of Protein Carbonylations 
in Ferroptosis by an Aniline-Derived Probe. Journal of the American Chemical Society 2018, 140, 
4712-4720.
9. Codreanu, S. G.; Ullery, J. C.; Zhu, J.; Tallman, K. A.; Beavers, W. N.; Porter, N. A.; 
Marnett, L. J.; Zhang, B.; Liebler, D. C., Alkylation damage by lipid electrophiles targets 
functional protein systems. Molecular & cellular proteomics : MCP 2014, 13, 849-59.
10. Beavers, W. N.; Serwa, R.; Shimozu, Y.; Tallman, K. A.; Vaught, M.; Dalvie, E. D.; Marnett, 
L. J.; Porter, N. A., omega-Alkynyl lipid surrogates for polyunsaturated fatty acids: free radical 
and enzymatic oxidations. Journal of the American Chemical Society 2014, 136, 11529-39.
11. Galligan, J. J.; Rose, K. L.; Beavers, W. N.; Hill, S.; Tallman, K. A.; Tansey, W. P.; Marnett, 
L. J., Stable histone adduction by 4-oxo-2-nonenal: a potential link between oxidative stress and 
epigenetics. Journal of the American Chemical Society 2014, 136, 11864-6.
12. Yang, H.; Sukamtoh, E.; Du, Z.; Wang, W.; Ando, M.; Kwakwa, Y. N.; Zhang, J.; Zhang, G., 
Click chemistry approach to characterize curcumin-protein interactions in vitro and in vivo. The 
Journal of nutritional biochemistry 2019, 68, 1-6.
13. Fang, J.; Lu, J.; Holmgren, A., Thioredoxin reductase is irreversibly modified by curcumin: 
a novel molecular mechanism for its anticancer activity. J Biol Chem 2005, 280, 25284-90.
14. Hahn, Y. I.; Kim, S. J.; Choi, B. Y.; Cho, K. C.; Bandu, R.; Kim, K. P.; Kim, D. H.; Kim, W.; 
Park, J. S.; Han, B. W.; Lee, J.; Na, H. K.; Cha, Y. N.; Surh, Y. J., Curcumin interacts directly with 

Page 13 of 18 Food & Function



the Cysteine 259 residue of STAT3 and induces apoptosis in H-Ras transformed human 
mammary epithelial cells. Sci Rep 2018, 8, 6409.
15. Ireson, C. R.; Jones, D. J.; Orr, S.; Coughtrie, M. W.; Boocock, D. J.; Williams, M. L.; 
Farmer, P. B.; Steward, W. P.; Gescher, A. J., Metabolism of the cancer chemopreventive agent 
curcumin in human and rat intestine. Cancer Epidemiol Biomarkers Prev 2002, 11, 105-11.
16. Prasad, S.; Tyagi, A. K.; Aggarwal, B. B., Recent developments in delivery, bioavailability, 
absorption and metabolism of curcumin: the golden pigment from golden spice. Cancer Res 
Treat 2014, 46, 2-18.
17. Camilleri, M.; Colemont, L. J.; Phillips, S. F.; Brown, M. L.; Thomforde, G. M.; Chapman, 
N.; Zinsmeister, A. R., Human gastric emptying and colonic filling of solids characterized by a 
new method. Am J Physiol 1989, 257, G284-90.
18. Anand, P.; Kunnumakkara, A. B.; Newman, R. A.; Aggarwal, B. B., Bioavailability of 
curcumin: problems and promises. Mol Pharm 2007, 4, 807-18.

Page 14 of 18Food & Function



 

 

Figure 1. Click chemistry-based fluorescence imaging to detect formation of curcumin-protein complex in vitro 
and in vivo.  
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Figure 2. Effect of Di-Cur probe on protein labelling in vitro. (A) Scheme of experiment. MC38 cells were 
treated with curcumin, Di-Cur, or DMSO vehicle control in either serum-free or complete medium. After 
incubation, the cells were lysed and subjected to click chemistry-based SDS-PAGE in-gel fluorescence. (B) Di-
Cur labelled cellular proteins in MC38 cells in a time-dependent manner (concentration of curcumin or Di-Cur 
= 30 µM). (C) Di-Cur labelled cellular proteins in MC38 cells in a dose-dependent manner (treatment time: 2 
hours). 
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Figure 3. Intraperitoneal injection of curcumin click-chemistry probe Di-Cur labels liver proteins in vivo.  
(A) Scheme of experiment. (B) Effects of Di-Cur on labelling cellular proteins in the liver tissue.  Left panel: 
SDS-PAGE in-gel fluorescence. Right panel: Coomassie blue staining.  
 

 

 

Intraperitoneal injection with 
DMSO, curcumin, or Di-Cur 

(100 mg/kg)

1-2 h

Harvest liver 
tissues

Click 
chemistry Fluorescence 

SDS-PAGE

B

A

SDS-PAGE in-gel 
Fluorescence Imaging Coomassie Blue Staining

72 KDa
55 KDa

36 KDa

Page 17 of 18 Food & Function

Weicang
線條

Weicang
線條

Weicang
線條

Weicang
線條

Weicang
線條



 

 

Figure 4. Oral administration of curcumin click-chemistry probe Di-Cur labels cellular proteins in a 
tissue-specific manner in vivo.  (A) Scheme of experiment. (B) Effects of Di-Cur on labelling cellular proteins 
in tissues.  Left panel: SDS-PAGE in-gel fluorescence. Right panel: Coomassie blue staining.  
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