
Abstract. Previous studies have demonstrated that berberine
decreases N-acetyltransferase (NAT) activity in human leukemia
HL-60 cells, however, NAT gene expression has not been
investigated. In this study, berberine was selected for testing the
inhibition of N-acetylation of 2-aminofluorene (AF) and NAT
gene expression in human HL-60 cells. The N-acetylation of AF
was determined and quantitated by high performance liquid
chromatography (HPLC). The data showed that a 24-hour
berberine treatment decreased the amount of N-acetylation of
AF in HL-60 cells. The NAT enzymes were stained and
examined by Western blotting and flow cytometry. The results
indicated that berberine decreased the levels of NAT protein in
HL-60 cells. The expression of NAT gene (mRNAT NAT1) was
determined by polymerase chain reaction (PCR), and it was
found that berberine had inhibited the expression of mRNA
NAT1 in human HL-60 cells.

Berberine, a yellow benzylisoquinoline alkaloid, has a wide

range of pharmacological effects, including anti-

inflammation (1), antidiarrhetic, antimalaria (2) and liver

tonic (3). Berberine displays antimicrobial activity to both

Gram-positive and Gram-negative bacteria as well as to

other micro-organisms (4, 5). Berberine has, subsequently,

been examined for anticancer activity following evidence of

antineoplastic properties (6-9). Berberine exhibits the ability

to induce apoptosis in promyelocytic leukemia HL-60 cells,

which formed berberine complexes with DNA (10).

N-acetyltransferase (NAT) activities have been

demonstrated in some human gastrointestinal cells (11).

Many arylamine chemicals require N-acetylation before

leading to carcinogenesis in target organs or tissues. 

N-acetylation is a first step for arylamine metabolism, and

is catalyzed by cytosolic NAT with acetyl coenzyme A as an

acetyl group donor (12). NAT activities can be divided into

slow and rapid acetylator phenotypes, which are associated

with the risks of individuals after exposure to arylamine

carcinogens (13, 14). In our previous studies, we showed

that berberine affects NAT activity in human cancer cell

lines such as bladder T24 (15), colon Colo-205 (16), blood

leukemia HL-60 (17), malignant astrocytoma (G9T/VGH)

and brain glioblastoma multiforme (GBM 8401) (18).

However, there are no reports concerning the effects of

berberine on the NAT enzyme or its gene expression in

human leukemia HL-60 cells. Thus, the present study was

focused on the effects of berberine on N-acetylation of 

2-aminofluorene (AF). NAT gene expression of human

leukemia HL-60 cells was examined by Western blotting,

PCR and flow cytometry.

Materials and Methods

Chemicals and reagents. Berberine, 2-aminofluorene (AF), Tris-

HCl, dimethyl sulfoxide (DMSO), N-acetyl-2-aminofluorene

(AAF), ethylenediaminetetraacetic acid (EDTA), dithiothreitol

(DTT), phenylmethylsulfonylfluoride (PMSF), acetylcarnitine,

leupeptin, bovine serum albumin (BSA), acetyl-coenzyme A and

carnitine acetyltransferase were obtained from Sigma Chemical

Co. (St. Louis, MO, USA). RPMI 1640, fetal bovine serum,

penicillin-streptomycin and L-glutamine were obtained from

Gibco BRL (Grand Island, NY, USA). All of the chemicals used

were reagent grade.

Human blood leukemia HL-60 cell line. HL-60 cells (human

promyelocytic leukemia cell line) were obtained from the Food

Industry Research and Development Institute (Hsinchu,

Taiwan). About 1x105 cells/ml in RPMI 1640 medium
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supplemented with 10% fetal bovine serum, penicillin-

streptomycin (10,000 U/ml penicillin and 10 mg/ml

streptomycin) and 1% L-glutamine were placed into 75-cm3

tissue culture flasks and grown at 37ÆC under a humidified 5%

CO2 and 95% air atmosphere.

Effects of various concentrations of berberine on N-acetylation of
AF in HL-60 intact cells. 5x105 HL-60 cells/well of medium were

incubated with 6.75 ÌM AF solution in individual wells of 24-well

cell culture plate with or without berberine (0, 5, 15, 30 and 

60 ÌM). After incubation for 24 h, the cells and media were

removed and centrifuged. The supernatant was immediately

extracted with ethyl acetate/ methanol (95:5). After the solvent

had evaporated, the residue was redissolved in methanol and

assayed for N-acetylation of AF (AAF) by HPLC, as described

previously (17, 19-21).

Development of NAT antibody. A) Preparation of recombinant
proteins for immunization: The preparation of recombinant protein

for immunization was performed as previously described (22).

B) Preparation of polyclonal antibody: The preparation of

polyclonal antibody was performed as previously described (22).

Effects of various concentrations of berberine on NAT protein of
HL-60 cells examined and quantitated by flow cytometry. HL-60

cells (2x105/ml) were treated with 0, 5, 15, 30 and 60 ÌM of

berberine for 24 h. The cells were harvested, stained by NAT-

antibody and assayed by flow cytometry (Becton Dickinson FACS

Calibur) using the prepared polyclonal antibody mentioned

above. The intracellular NAT was determined as previously

described (23, 24).

Effects of various concentrations of berberine on NAT protein of 
HL-60 cells examined and quantitated by Western blotting.
Approximately 5x106 HL-60 cells were placed in each well of a 

6-well plate with 0, 5, 15, 30 and 60 ÌM of berberine for 24 h. The

cells were then harvested, lysed, and Western blotting was

preformed as described previously (24, 25).

Reverse transcriptase polymerase chain reaction (RT-PCR) for
examining the effect of 30 ÌM berberine on NAT gene expression in
HL-60 cells. The total RNA was extracted from HL-60 cells after

exposure to 30 ÌM of berberine for 24 h, by using Qiagen RNeasy

Mini Kit. The entire protocol has been described previously (25,

26). The sequence of primers was as follows: B-MDIEA-NAT1, 5'-

CACCCGGATCCGGGATCATGGACATTGAAGC-3', nt 435-

454, GenBank accession number X17059; VPKHGD-X-NAT1, 5'-

GGTCCTCGAGTCAATCACCATGTTTGGGCAC-3', nt 1295-

1278, GENBANK accession number X17059; FP1-NAT2, 5'-

CTAGTTCCTGGTTGCTGGCC-3', nt 79-98, GenBank accession

number NM-000015; RP1-NAT2, 5'-TAACGTGAGGGTAGAGA

GGA-3', nt 1073-1054, GenBank accession number NM-000015;

Act b1, 5'-GCTCGTCGTCGACAACGGCTC-3', nt 94-114,

GenBank accession number NM-001101; Act2 b2, 5'-CAAACAT

GATCTGGGTCATCTTCTC-3', nt 446-422, GenBank accession

number NM-001101 (23, 24).

Statistical treatment of data. Statistical analysis of the data was

performed with an unpaired Student's t-test and ANOVA

analysis (25, 26).

Results

Inhibition of AF N-acetylation by berberine in intact human
leukemia HL-60 cells. The representative profiles of AF and

AF N-acetylation (AAF) from HPLC are presented in

Figure 1, and the mean±SD values of AF and AAF in 

HL-60 intact cells treated with or without various

concentrations of berberine are shown in Figure 2. In the

presence of increasing berberine concentrations, AAF

production was found to decrease.

Effects of berberine on the levels of NAT protein in human
leukemia HL-60 cells. The percentage of NAT-antibody

complex from HL-60 cells after treatment with or without

various concentrations of berberine for 24 h was measured

and quantitated by flow cytometry (Figure 3 and Table I)

and Western blotting (Figure 4). NAT levels decreased in

response to increasing berberine concentrations in both

examined methods (Figure 4).

Effects of berberine on NAT1 mRNA expression in intact
HL-60 cells as examined by polymerase chain reaction
(PCR). The results presented in Figure 5 indicated that

NAT1 mRNA levels decreased at 30 ÌM berberine and

were significantly different from those in the control. The

mRNA levels of NAT1 and ‚-actin on gel-electrophoresis

were quantified by densitometric analysis of gel-

photographs and expressed as NAT1/‚-actin. The result do

not indicate NAT2 expression.

Discussion

Many studies have demonstrated that AF N-acetylation can

be induced by NAT in HL-60 cells. Our previous studies also

showed that berberine affected the levels of N-acetylated AF

(NAT activities) and increased incubation times, leading to an

increase in AAF production, as determined by high

performance liquid chromatography (HPLC) (19). However,

there is no information addressing the effect of berberine on

NAT gene expression in HL-60 cells. Therefore, in the present

study, we first examined the effects of berberine on AF 

N-acetylation in intact HL-60 cells and then we examined

whether the gene expression of NAT was affected by

berberine. Berberine treatment attenuated the amounts of AF

N-acetylation (AAF production) in HL-60 (Figures 1 and 2).

So far, the role of decreased NAT activity in cancer or

leukemia development and/or prevention is still unclear. Based

on the following three observations, it could be concluded that

decreased NAT activity leads to decreased tumor production:

(i) NAT enzyme has been shown to be involved in the process

of chemical carcinogenesis (27, 28); (ii) the decrease of AF 

N-acetylation is significant in decreasing tumor development,

as seen by the attenuation of liver NAT activity associated with
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breast and bladder cancer processes (29, 30); and (iii)

increased NAT activity is associated with increased sensitivity

to the mutagenic effects of many arylamines (31). Other factors

may be associated with the susceptibility to carcinogenic effects

within the human population, such as: (i) the levels of AF 

N-acetylation and N-hydroxylation in the liver, (ii) the route of

excretion of AF metabolites from the organs, and (iii) the rates

of glucuronide hydrolysis and NAT- mediated activation in the

target organs (32).

Other studies have already pointed out that AF was 

N-acetylated to form AAF, which was further metabolized

by means of a mechanism involving the cytochrome P450

enzyme. The cytochrome P450-dependent formation of 

N-hydroxyl-AAF is considered as the initial rate-limiting

step in the metabolism of AAF to mutagenic and potentially

carcinogenic products (33). Other investigators have also

reported that cytochrome P4501A1 is particularly efficient

in catalyzing the conversion of AAF to 7-OH-AAF (34).

Two cytochrome P450 cDNAs in Coptis japonica cells

involved in the biosynthesis of berberine have been reported

(35). Liver microsomal cytochrome P450 is well known to

exist in multiple forms and to be involved in the

detoxification of xenobiotics (36). The effect of berebrine

on cytochome P450 should be further investigated in future.

ANTICANCER RESEARCH 25: 4149-4156 (2005)

4152

Figure 1. Effect of berberine on the profiles of N-acetylation of AF in HL-60 cells. Approximately 2x105 cells/ml were incubated, as described in "Materials
and Methods", with AF 6.75 ÌM, treated with or without, 0, 5, 15, 30 and 60 ÌM berberine. The supernatant was collected by centrifugation, and AF and
AAF profiles were measured and determined by HPLC assay. 

Figure 1 continued



The results from this study also indicate that berberine

decreases the amounts of AF N-acetylated in intact HL-60

cells in a dose-dependent manner. The results from PCR,

Western blotting and flow cytometry also show that

berberine affects NAT1 mRNA gene expression and

decreases the amounts of the NAT1 enzyme. The product

of NAT2 mRNA was not affected in the PCR experiments

in HL-60 cells, since it is known that NAT2 is not present

in these cells. The mechanism of the berberine-mediated

decrease of N-acetylation of AF (AAF production) in 

HL-60 cells may involve inhibition of NAT1 gene expression

leading to decrease amounts of NAT.
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Table π. Flow cytometric analysis of NAT1 expression in human leukemia
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Berberine (ÌM) Percentage of cells 
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60 22.4±3.2*

Values are mean±S.D. n=3. HL-60 cells (1x106 cells/ml) were treated

with various concentrations of berberine. The zero concentration was

defined as control. The percentage of cells that were stained by anti-

NAT antibody, and the stained cells were determined by flow

cytometry, as described in the Materials and Methods section.

*differs between berberine and control. p<0.05.

Figure 4. Representative Western blot showing changes in NAT in human
leukemia HL-60 cells in response to berberine. Approximately 5x106/ml cells
were treated with various concentrations of berberine for 24 h, followed by
evaluation of NAT expression. NAT expression was examined and
quantitated by Western blotting, as described in Materials and Methods.

Figure 5. The effect of berberine on NAT1 mRNA expression in human
leukemia HL-60 cells. Approximately 5x106/ml cells were incubated with
30 ÌM berberine for 24 h. The cells were collected and RNA was extracted.
The extracted RNA was subjected to RT-PCR analysis using specific
primers for NAT1 and ‚-actin, and then PCR-amplified cDNA derived
from mRNA were applied to agarose gel-electrophoresis. The mRNA
NAT1 and the ratio of NAT1/‚-actin are provided.



14 Cartwright RA, Glasham RW, Rogers HJ, Ahmed RA,

Barham-Hall D, Higgens E and Kahn MA: Role of N-

acetyltransferase phenotype in bladder carcinogenesis: a

pharmacogenetic epidemiological approach to bladder cancer.

Lancet 2: 842-846, 1982.

15 Chung JG, Wu LT, Chu CB, Jan JY, Ho CC, Tsou MF, Lu HF,

Chen GW, Lin JG and Wang TF: Effects of berberine on

arylamine N-acetyltransferase activity in human bladder tumour

cells. Food Chem Toxicol 37: 319-326, 1999.

16 Lin JG, Chung JG, Wu LT, Chen GW, Chang HL and Wang

TF: Effects of berberine on arylamine N-acetyltransferase

activity in human colon tumor cells. Am J Chin Med 27: 265-

275, 1999.

17 Chung JG, Chen GW, Hung CF, Lee JH, Ho CC, Ho HC,

Chang HL, Lin WC and Lin JG: Effects of berberine on

arylamine N-acetyltransferase activity and 2-aminofluorene-

DNA adduct formation in human leukemia cells. Am J Chin

Med 28: 227-238, 2000.

18 Wang DY, Yeh CC, Lee JH, Hung CF and Chung JG: Berberine

inhibited arylamine N-acetyltransferase activity and gene

expression and DNA adduct formation in human malignant

astrocytoma (G9T/VGH) and brain glioblastoma multiforme

(GBM 8401) cells. Neurochem Res 27: 883-889, 2002.

19 Tan TW, Tsai HY, Chen YF and Chung JG.: Induction of

apoptosis in human promyelocytic leukemia HL-60 cells by

Ampelopsis cantoniensis crude extract. In Vivo 18: 457-462,2004.

20 Yang CC, Yang JH, Lu HF, Chen SY, Lin SY and Chung JG:

N-acetyltransferase activity is involved in paclitaxel-induced N-

acetylation of 2-aminofluorene in human bladder cancer cells

(T24). Anticancer Res 24: 1501-1506, 2004.

21 Li YC, Tyan YS, Kuo HM, Chang WC, Hsia TC and Chung JG:

Baicalein induced in vitro apoptosis undergo caspases activity in

human promyelocytic leukemia HL-60 cells. Food Chem

Toxicol 42: 37-43, 2004.

22 Chung JG, Yeh KT, Wu SL, Hsu NY, Chen GW, Yeh YW and

Ho HC: Novel transmembrane GTPase of non-small cell lung

cancer identified by mRNA differential display. Cancer Res 61:

8873-8879, 2001.

23 Chung JG, Li YC, Lee YM, Lin JP, Cheng KC and Chang WC:

Aloe-emodin inhibited N-acetylation and DNA adduct of 2-

aminofluorene and arylamine N-acetyltransferase gene

expression in mouse leukemia L 1210 cells. Leukemia Res 27:

831-840, 2003

24 Yu CS, Yu FS, Chuang YC, Lu HF, Lin SY, Chiu TH and

Chung JG: Wogonin inhibits N-acetyltransferase activity and

gene expression in human leukemia HL-60 cells. Anticancer

Res 25: 127-132, 2005.

25 Chung JG, Lu HF, Yeh CC, Cheng KC, Lin SS and Lee JH:

Inhibition of N-acetyltransferase activity and gene expression in

human colon cancer cell lines by diallyl sulfide. Food Chem

Toxicol 42: 195-202, 2003.

26 Lu KH, Wang DY, Lue KH, Hsiao YM, Chou MC, Chen YS

and Chung JG: PCR and flow cytometric analysis of paclitaxel-

inhibited arylamine N-acetyltransferase activity and gene

expression in human osteogenic sarcoma cells (U-2 OS).

Anticancer Res 24: 83-90, 2004.

27 Grant DM, Blum M, Beer M and Meyer UA: Monomorphic

and polymorphic human arylamine N-acetyltransferase: a

comparison of liver isozymes and expressed products of two

cloned genes. Mol Pharmacol 39: 184-191, 1991.

28 Minchin RF, Reeves PT, Teitel CH, McManus ME, Mojarrabi

T, Ilett KF and Kadlubar FF: N-and O-acetylation of aromatic

and heterocyclic amine carcinogens by human monomorphic

and polymorphic acetyltransferase expressed in COS-1 cells.

Biochem Biophys Res Commun 185: 839-844, 1992.

29 Weber WW: The Acetylator Genes and Drug Response, Oxford

University Press, New York, pp. 21-55, 1987.

30 Weber WW and Hein DW: N-acetylation pharmacogenetics.

Pharmacol Rev 37: 25-99, 1985.

31 Einisto P, Watanabe M, Ishidate M and Nohmi T: Mutagenicity

of 30 chemicals in S. typhimurium possessing different

nitroreductase or O-acetyltransferase activities. Mutation Res

259: 95-102, 1991.

32 Smith G, Stanley LA, Sim E, Strange RC and Wolf CR:

Metabolic polymorphisms and cancer susceptibility. Cancer

Surv 25: 27-65, 1995.

33 Thorgeirsson SS, Glowinski IB and McManus ME: Metabolism,

mutagenicity carcinogenicity of aromatic amines. In: Hodgson

J, Bend J and Philpot RM (eds.), Reviews in Biochemical

Toxicity, Vol. 6, Elsevier/North Holland Biomedical Press, New

York, pp. 349-386, 1983.

34 Hayes MA, Roberts E, Safe SH, Farber E and Cameron RG:

Influences of different polychlorinated biphenyls on cytocidal

mitoinhibitory and nodule-selecting activities of N-2-

fluorenylacetamide in rat liver. JNCI 76: 683-690, 1986.

35 Ikezawa N, Tanaka M, Nagayoshi M, Shinkyo R, Sakaki T,

Inouye K and Sato F: Molecular cloning and characterization

of CYP719: a methylenedioxy bridge-forming enzyme that

belongs to a novel P450 family, from cultured Coptis japonica
cells. J Biol Chem 278: 38557-38565, 2003.

36 Sono M, Roach MP, Coulter ED and Dawson JH: Heme-

containing oxygenases. Chem Rev 96: 2841-2842, 1996.

Received March 30, 2005
Revised August 11, 2005

Accepted September 1, 2005

Lin et al: Berberine Affects NAT Gene Expression in HL-60 Cells

4155


