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Abstract

Statins are HMG-CoA reductase inhibitors. They are used as the first-hand medications for treatment of hypercholesterolemia. Statins have also anti-
inflammatory and antimicrobial effects. According to literature, during the years 1999-2017 the research on atorvastatin with liquid chromatography has 
increased to 481 papers. However, atorvastatin studies with gas chromatography and capillary electrophoresis has both been reported in 15 papers during 
2006-2017. The present paper compiles the most recent studies of these studies on atorvastatin made with chromatographic and electro aided techniques.

ABBREVIATIONS
API-MS/MS: Atmospheric Pressure Ionization Tandem Mass 

Spectrometry; ATOR: Atorvastatin; Pfbbr Penta Fluoro Benzyl 
Bromide; BSTFA: N,O-Bis(Trimethylsilyl)Trifluoroacetamide; 
Ce: Capillary Electrophoresis; EI: Electron Ionization; ESI-
MS/MS: Electrospray Tandem Mass Spectrometry; Flu: 
Fluvastatin; GC: Gas Chromatography; HDL: High Density 
Lipoprotein; HMG-Coa: 3-Hydroxy-3-Methylglutarylcoenzyme 
A; HPLC: High Performance Liquid Chromatography; LDL: 
Low Density Lipoprotein; LDLR: Ldl Receptors; LC: Liquid 
Chromatography; LLE: Liquid-Liquid Extraction; LOQ: The 
Lowest Limit of Quantification; LOV: Lovastatin; MRM: 
Multiple Reaction Monitoring; MS: Mass Spectrometry; MS/
MS: Tandem Mass Spectrometry; MSTFA: N-Methyl-N-
(Trimethylsilyl)Trifluoroacetamide; NCI: Negative Chemical 
Ionization;  PKBS: Polyketide Biosynthesis; PRA: Pravastatin; 
QTOF-MS: Quadrupole-time-of-flight Mass Spectrometry; ROS: 
Rosuvastatin; SIM: Simvastatin; SPE: Solid-Phase Extraction; 
TMCS: Trimethylchlorosilane; TMS: Trimethylsilyl; UPLC: Ultra-
Performance Liquid Chromatography; UV: Ultraviolet. MEV, IDL, 
VLDL, Lp(a), LOV, PRA.

INTRODUCTION

Diseases and statins

Statins, 3-hydroxy-3-methyl glutaryl-co-enzyme A (HMG-
CoA) reductase inhibitors [1,2], are widely used compounds for 

decreasing blood cholesterol. They reduce effectively the level of 
LDL (Low Density Lipoproteins) by preventing the production 
of cholesterol in liver and by increasing the formation of LDL 
receptors LDLR [3,4]. In addition, they decrease triglyceride level 
and increase the amount of HLD (High Density Lipoprotein). 
Because of good chemical stability, statins are used as effective 
compounds in medicines for cholesterol disease [5,6]. According 
to many studies, statins have also anti-inflammatory and 
antimicrobial effects [7-9]. Clinical studies have evidenced 
that statins significantly reduce the risk of heart attack and 
death in patients suffering coronary artery disease. They can 
also reduce cardiac events in patients with high cholesterol 
levels [7-14]. Cholesterol lowering statins include atorvastatin, 
fluvastatin, lovastatin, pitavastatin, pravastatin, rosuvastatin, 
and simvastatin (Figure 1). The most used of them in medicinal 
purposes are atorvastatin (ATOR), fluvastatin (FLU), lovastatin 
(LOV), pravastatin (PRA), and simvastatin (SIM). The small 
differences in their structure influence their solubility in solvents 
and evaporation in high temperatures, and their performance 
in analytical methods. The structure of the synthetic statin 
ATOR differs totally from that of the natural statins, which are 
formed by fermentation processes. ATOR is easy to identify 
with aid of the nitrogen and fluorine atoms in the molecule. This 
review paper deals with atorvastatin [15,16] that is (βR, R)-2-
(4-fluorophenyl)-β, -dihydroxy-5-(1-methyl ethyl)-3-phenyl-
4((phenylamino) carbonyl)-1H-pyrrole-1-hepatonoic acid. ATOR 
is a synthetic statin formulated in the pharmacological active 
open ring possessing a heptanoic acid side chain and two hydroxyl 
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groups at the and δ positions. The hydroxyl groups are recognized 
by HMG-CoA reductase (Figure 1) [17-21]. When statins decrease 
the LDL level, i.e. LDL-C, they inhibit the rate-limiting step in 
hepatic cholesterol synthesis and upregulate the LDL receptors 
(LDLR). However, statins also upregulate PCSK9 (proprotein 
convertase subtilisin kexin-like 9) expression [21]. PCSK9 is a 
protease, which binds to hepatic LDLR. It directs LDLR to the 
lysosomes for degradation and prevents recycling of LDLR to the 
cell surface. Therefore, PCSK9 levels correlate LDL-C in plasma 
[23-25]. Loss-of-function mutations in PCSK9 have shown to be 
in correlation with low LDLR degradation and low LDL-C level 
[24,26], whereas gain-of-function mutations (i.e. mutations that 
result in a new functional ability for a protein and are detectable 
at the phenotypic level) cause elevated LDL-C concentration with 
a higher cardiovascular risk [25]. LDL, IDL (Intermediate Density 
Lipoproteins), and VLDL (Very Low-Density Lipoproteins) are 
the major carriers of triglycerides and cholesterol in human 
[26]. They contain cholesteryl esters, triglycerides, fatty acids, 
and fat-soluble vitamins. The hydrophilic surface is made of 
apolipoproteins, phospholipids, and un-esterified cholesterol 
[27]. ApoB-100 is the major apolipoprotein in LDL, IDL and VLDL, 
and in Lp (a). ApoB-100 controls the structural integrity of the 
lipoproteins, as well as their receptor-mediated removal from 
the circulation and other cellular interactions [27]. Due to their 
complex nature, lipoproteins have different sizes, masses, and 
compositions [26-28]. Statins are deactivating apolipoproteins.

Natural and synthetic statins

Statins are divided into two groups based on the generation: 
natural and synthetic products. They are also categorized as 
natural (lovastatin), semi-synthetic (simvastatin and pravastatin), 
and synthetic compounds (fluvastatin, atorvastatin, cerivastatin, 

rosuvastatin, and pintavstatin) [29,30]. In nature, statins are 
fungal metabolites. They are produced by fermentation of the 
fungus to compounds with methyl groups at different positions 
in ring structure of the molecule and compounds with chemical 
differences in their side chains [31-35]. The mechanism of 
biosynthesis of statins was discovered in 1973, when mevastatin 
(MEV) wasisolated from Penicillium citrinum. It was shown to 
exhibit cholesterol-lowering effects [36,37]. Soon after that, MEV 
molecule was noticed to be similar as 3-hydroxy-3-methylglutaryl 
coenzyme A (Figure 1), which was earlier invented and 
characterized to be a good target for cholesterol. The research 
showed that MEV decreased efficiently cholesterol. However, 
then it was not released to the markets [16]. Lovastatin (LOV) has 
observed to origin from Aspergillus terreus mold [16,34-41] and 
Pleurotus ostreatus [42]. After nearly one decade lasting animal 
tests and clinical trials LOV became the first commercial statin 
in 1987 [8]. Within a few years, semi-synthetically processed 
PRA and SIM were commercialized. The first totally synthetically 
produced statin FLU was accepted to the USA markets in 1993, 
after which the statin drugs are merely synthetically produced 
[16,43]. One of them is cerivastatin, but it was withdrawn from 
the markets in 2001 because of the risk of rhabdomyolysis. Shortly 
after MEV, LOV was also identified from nature, because it was 
produced by Aspergillus terreus mould fermentation [16,44,45]. 
MEV and LOV are formed in specific biofermentation processes. 
They are the secondary metabolites of fungus, which are formed 
via polyketide biosynthesis (PKBS). The PKBS is original to some 
bacteria, fungi, and plants. It exists because of fatty acid synthesis, 
which produces a group of compounds in a catalytic reaction by 
polyketidase enzyme. The PKBS demands genes that are clusters. 
According to investigations on natural statins, 18 genes affect the 
biosynthesis of LOV in cultivation solutions that are modified by 

Figure 1 Cholesterol	lowering statins and the structure of HMG-CoA (Chemical formula C27H44N7O20P3S and molar mass 911.661 g/mol). The 
boiling points of statins are 559.2 oC-722.2 oC.
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minerals and pH [31-33]. LOV, PRA, and SIM are commercially 
available, but they have also been isolated from micromycetes 
(Aspergillus, Penicillium, and Monascus) [46,47]. Commercially 
available ATOR is produced by chemical synthesis. Usually, then 
multi-step chemical processes in its production (Figure 2) are 
preferred for allowing environmental friendly and energy efficient 
preparation. Because of the new requirements in pharmaceutical 
industry on its stereo chemical purity, new analytical methods are 
needed for measuring the product´s purity and content. In statin 
production, the use of biocatalysts has grown, because many of 
the fermenters enable to engineer statins by simple synthesis 
to directly stereo structures [49-51]. Especially, the synthesis 
to substitute -hydroxyl acid of HMG-CoA reductase is done with 
biocatalysts [44,49]. The key statins, ATOR, SIM, and ROS can 

also be produced by biocatalytic methods [45]. ATOR (Figure 
1) has a (3R,5S)-dihydroxyhexanoate side chain containing two 
chiral centres in its structure. It can be synthesized from chiral 
precursors by using metal catalysts. In addition, protein enzymes 
that result in either asymmetric molecules or a racemic mixture 
can process the structure. As an example, biocatalytic synthesis 
methods of production of chiral ATOR intermediates have been 
made in presence of alcohol dehydrogenase, 2-deoxy-d-ribose 
5-phosphate aldolase, nitrilase, lipase, ketoreductase and 
halohydrin dehalogenase [50,51].

Pharmacology of statins
When statin inhibits the activity of HMG-CoA reductase, 

formation of mevalonate (mevalonic acid) decreases, which 

Figure 2 Synthesis of trans-6-[2-(3- or 4-carboxamido-substd. pyrrol-1-yl)alkyl]-4-hydroxypyran-2- one inhibitors of cholesterol [48].
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Table 1: Selection of the latest papers and conditions in ATOR sample analyses with HPLC. More studies discussed in the text.
Analytea Sample Experimental data Analysis method Reference

ATOR-Ca pharmaceuticals
Kromasil 100 column C18,(250 mm x4.6mm); Mobile 

phase:10 mM potassium dihydrogen phosphate – 
acetonitrile (41:59, v/v)

HPLC-UV [80]

ATOR and other statins

waters from 
wastewater 
treatment 

systems, hospital 
effluent

Luna C18 column (150 x 4.6 mm, 5 mm particle size) with 
a C18 precolumn (4 x 3.0 mm);Mobile phase: 20 mM 

ammonium acetate (pH 3.5) - 
acetonitrile (25:75, v/v)

HPLC-DAD [79]

ATOR and other statins
deionized water, 

wastewater, 
urine, plasma

The stationary-phase column 
was an octadecyl silane 

column (5-μm particle size, 
250 mm × 4.6-mm inner 
diameter); Mobile phase: 

acetonitrile - 0.05M phosphate 
(pH 3) (59:41, v/v)

HPLC-UV [78]

ATOR and nine 
cardiovascular drugs

dried blood spot (DBS) 
samples

Zorbax Eclipse Plus C18 rapid resolution HD column 
(100 mm × 2.1 mm i.d., 1.8 µm particle pore size); Mobile 

phase: 0.1% (v/v) formic acid TOF mass spectrometer: 
Mass range: 100–1000 m/z; 
recording rate: 1 Hz. HRMS 
reference masses: 121.0508 

m/z and 922.00979 m/z. 
 

(eluent A) and acetonitrile 
cont. 0.1% (v/v) formic acid 

(eluent B)

HPLC- [126]

ATOR and related 
compounds

degradation products 
from active ingredients

Column: XDB C18 150×4.6 
mm, 5μm particle size column; 

Mobile phase: phosphate 
(pH3.3) - acetonitrile (30:70, 

v/v). 
umn: XDB C18 150×4.6  mm, 5μm particle size column;

HPLC-UV [19]

ATOR and metabolites biological samples

HPLC fractions were directlyelectrosprayed (+ESI) 
to produce IR/mass spectra. Column: 150 × 3 mm 

Uptisphere Strategy C18-2(Interchim, Montluçon,France) 
packed with 2.2 μm particles; Mobile phase:A (0.1% 

formic acid in water) - 5% solvent B (acetonitrile- 
methanol 80/20, v/v)

HPLC- FTMS- MS/
MS  

ATOR tablets

Column: ZORBAX SB-C18 
(150 × 4.6 mm, 3.5 µm); 

Mobile phase: acetonitrile- 
distilled water (85:15, v/v) at 

pH 4.5 (adjusted with 
phosphoric acid).

HPLC-UV [127]

ATOR and 
metabolites human plasma

acetonitrile (25 : 75, v/v) 
ESI: metabolites ortho- 

hydroxy atorvastatin, para- 
hydroxy atorvastatin, 

atorvastatin lactone, ortho- 
hydroxy atorvastatin lactone, 

and para-hydroxy atorvastatin 
lactone were optimized at the 

m/z 559.4 / 440.1, m/z 575.4 / 
466.2, m/z 575.5 / 440.5, m/z 

541.3 / 448.3, m/z 557.3 / 
448.3, and m/z 557.3 / 448.3 

transitions, respectively. 
Column: Acquity UPLC HSS 

T3 column (3.0 mm, 100 mm, 
1.8 mm); Mobile phase: 0.05% 

(v/v) formic acid in water-

UPLC- [128]

    0.01% formic acid    
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ATOR and 
ortho-hydroxy- 

ATOR
human plasma

Lichro CRART 55-2, 
Purospher STAR RP-18e 
ACQUITY UPLC system 
Mobile phase: water- 

acetonitrile (45:55 v/v) both 
containing 5% methanol and 

0.01% formic acid

LC-MS/MS [129]

ATOR human plasma

Agilent Eclipse-plus C18, 100 × 4.6 mm, 3.5 µm; Mobile 
phase: 0.2% formic acid in water–acetonitrile(30:70, v/v) 

MS: MRM transitions 
measured at positive mode at 
m/z 559.0 → 440.0 for ATOR 
Column: Luna C18, (100 mm

HPLC-UV [130]

ATOR, p-OH-   × 4.60 mm, 5 μm);    
ATOR, o-OH-   Mobile phase: acetonitrile-    

ATOR   0.20% formic acid (65:35% v/v)    
ATOR   Columns: LC-APCI- [131]

  drug-free plasma, post-
spiked drug-free plasma

(50 mm×4.6 mm, 5-µm and 50 MS/MS mm×2.1 mm, 
5-µm); MS/MS  

   

Mobile phase: 0.1% (v/v)aqueous formic acid with 1.0 
mM ammonium formate) - (0.1% (v/v) formic acid 
with1.0 mM ammonium formate in acetonitrile MS: 

atorvastatin 559.6 →440.3

   

ATOR metabolites ATOR and spiked 
samples

Column: C18 reverse-phase fused-core®; Mobile phase: 
0.005% formic acid in wateracetonitrile-methanol 

(35:25:40, v/v/v)

LC-ESI 
(neg)-  

MS/MS 
[107]

   
human plasma Column: Alltima HP C18; Mobile phase 

acetonitrile - 10  mM ammonium acetate (pH 3.0) (60:40, 
v/v)  

LC-MS/MS [132]

ATOR and glimepiride human sample

Column: ACE5C18 (50 × 4.6 
mm); Mobile phase: 

0.1% formic acid: acetonitrile 
(30:70, v/v) MS: m/z 559.4 precursor ion to them/z 

440.1 product ion m/z

LC-MS/MS [133]

ATOR, related impurities grapefruit juice, serum 
samples

445.1 product ion for ATV-ISColumn: Symmetry C18 
(150mm,4.6 mm, particle size 3.5 µm); Mobile phase: 
10 mM formate (adjusted to pH 4 with formic acid) - 
acetonitrile (60:40, v/v) MS: range m/z 100–800 Da; 

collision energy at 27% 
HPLC-MS/MS:Column: 4MC J-sphere H80 S-4 2.0 15 µm; 

Mobile phase: acetonitrile - 0.1% formic acid (70 : 30, 
v/v) m/z 559 Da (parent ion for atorvastatin), m/z 564 

Da (parent ion fordeuterated atorvastatin).

LC-tandem-(99) 
MS 

MS2; MS3
 

causes decrease in cholesterol production [28]. Since statins 
effect in the beginning of cholesterol synthesis, they stop the 
cholesterol synthesis before the second step (Figure 3) to 
processed sterol compounds. Then the unused HMG-CoA is 
decomposed to smaller compounds in body [34,52,53]. The 
fermented statins (MEV, LOV, SIM) have a common hydroxyl 
substituted naphthalene structure with various kinds of 
independent substituents, whereas synthetic statins have no 
structural similarities. However, the mutual factor of the statins 
is the -hydroxylactone side chain, which is similar as the HMG-
CoA structure (Figure 1) causing HMG-CoA reductase inhibition 
[31,34] and decreasing cholesterol synthesis. When the side 
chain is lactone, it can be further formulated to nonpolar cyclic 
ester. On the contrary, when the statin is an acid, the structure 
is open and has polar carboxylic acid and hydroxyl groups. 
Usually, the pharmacologically active LOV and SIM are used as 
their lactone forms, which can be opened to active hydroxyl acid 
forms [54-56]. Statins combine with HMG-CoA reductase more 

intensively than with their natural substrates. When the binding 
coefficient Km of HMG-CoA, i.e. Michaelis Menten coefficient [57], 
is 4 M, inhibition coefficients Kin for statins are between 0.1-2.3 
nM. The -hydroxyl acid in the side chain of the statin is activated 
to interactions with HMG-CoA. However, that polar function has 
only a partial role in the interactions, since the strong binding 
properties are mainly due to the hydrophobic functionality of the 
whole statin structure [1].

Effect of statins

The mode of the statins behaviour on microbes is observed to 
vary [58]. Although SIM has noticed to decrease remarkably the 
growth of MSSA (Methicillin-Sensitive Staphylococcus aureus) and 
in some extent in vitro the growth of MRSA (Methicillin-Resistant 
S. aureus), the effect of FLU is known to be small [9]. On the 
contrary, FLU decreases the concentration of HCV RNA (Hepatitis 
C. virus, Ribonucleic acid) in chronic hepatitis C inflammation 
[43], but LOV decreases in vitro the growth of Coxiella burneti 
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Figure 3 Cholesterol synthesis [64].

bacterium. PRA has not the similar effect [59]. Statins have shown 
effectiveness toward human immunodeficiency virus (HIV) in 
patients, but their way of acting and targeting molecules are not 
well known. However, the literature studies show that ATOR has 
a specific impact in phospholipids of the HI infected patients [60]. 
The unique study showed that e.g. ATOR has higher declines in 
total cholesterol, LDL-C, and non-HDL-C with similarly lower 
toxicity as PRA. Calza et al. showed that statins decreased total 
cholesterol level by 11-25% and triglyceride levels even up to 
40% in HIV patients [61]. For the medication, the commercial 
calcium salt of ATOR (ATR-Ca) containing calcium at the ratio of 
2:1 (mol/mol) is used [62]. The calcium salt is dosed at 10 mg - 80 
mg per day [62,63].

Atorvastatin (molecular weight 558.2530 g/mol, pKa 4.5; 
log KOW 6.36 [65], exists also as the ring-structural lactone and 
the open-structured hydroxyl acid (Figure 4). It has shown to 
degrade in both low acidic and high alkaline conditions. The first 
order kinetic degradation occurs in acidic conditions and the zero 
order kinetic degradation in alkaline medium. Under the latter 
conditions, ATOR tends to be less stable than in acidic solutions. 
The rate constants of the reaction (k) support that since they 
were calculated to be 1.88 × 10−2 s−1 and 2.35 × 10−4 mol L−1 s−1 
for degradation in low pH and high pH media, respectively [66].

NOVELTY VALUED PROGRESS IN ATORVASTATIN 
RESEARCH WITH ANALYTICAL METHODS

In statin research and in studies of its biological activity, 
analyses with biochemical methods are made to measure HMG-

CoA reductase activity, cell growth, and antifungal activity. But, 
in the analytical point of view, that kind of research on statins 
does not give enough information about the drugs, metabolism, 
and their excretion from human body. Therefore, separation 
techniques are needed in drug research and purity analyses of the 
products. Thus, it is important to improve analytical separation 
methods to detect concentration variations, identification of the 
structure changes, and identification in complex formation, and 
targeting molecules [20]. There are not available any validated 
methodologies for patient samples assays done with all possible 
bioassays like protein electrophoresis, PCR, and Western blot 
analysis [35], comparable with analytical separation methods. 
The reason may be that chromatographic methods are used as 
direct methods targeting the behavior of statin drug in body 
and biochemical methods are focused to monitor indirectly the 
effects of the abused statins via biochemical interactions.

Advantages in sample preparation and chromatogra-
phy

Various analytical methods for the determination of ATOR 
have been dominated in the published papers [29,30,42,57,61-
98]. During 1999-2017, research of ATOR has been described in 
481 and in 15 papers made with liquid and gas chromatography, 
respectively. On the contrary, capillary electrophoresis analyses 
have been used only in 15 papers during the years 2006-2017 
[57,61,62,90]. In HPLC research, mostly either UV detection 
(41%) or mass spectrometries (9%) have been used. This review 
compiles the recent studies focused to ATOR, its metabolites, 
and related compounds in pharmaceuticals, body fluids, and 
environmental water samples. Commonly, ATOR and its hydroxyl 
metabolites (2-hydroxy, 4-hydroxy) have been analysed with 
HPLC and CE. However GC has only used for analyses of the 
parent compounds. Because of the low concentrations of ATOR 
it has been detected with a triple-quadrupole electrospray MS 

Figure 4 Chemical structures and metabolic pathways of ATOR and 
its metabolites [67].
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detector. Then mostly, the selective mass fragment [M+H]- has 
been 559 Da and in MS/MS 466 Da and 440Da were used [97]. 
In another study, either multiple reaction monitoring (MRM) or 
selective mass fragment-monitoring (SMFM) modes were used 
for its quantification. Studying ATOR metabolism in biological 
and clinical samples with LC the internal standard for qualifying 
accuracy has been another statin such as rovastatin (ROS), a 
deuterated (D5) analogue of ATOR, or another drug compound 
such as carbamazepine [98], -naphthoflavone [99], or diltiazem 
[100]. Other internal standards are informed in the chapters 
describing the analytics with GC and CE.

Applications

Liquid chromatography of atorvastatin (HPLC, LC-MS): 
LC-MS has been preferred over traditional HPLC [76], due to the 
simplicity to handle samples for recognition of the compounds. 
There are several stability indicating methods for determination 
of atorvastatin using different techniques and detectors. A RP-
HPTLC method using aluminium sheets precoated with silica 
gel 60 RP-18F (254) as the mobile phase consisted of methanol-
water was used for determination of atorvastatin in bulk drug 
and pharmaceutical formulation [101]. Quantification was 
conducted densitometrically at 246 nm. Under acidic conditions 
drug underwent significant hydrolysis, while it was stable under 
alkali, oxidation, and dry heat and photodegradation conditions.
HPLC method using fluorescence detector (282 nm excitation, 
400 nm emissions) was introduced for analysis of atorvastatin 
and its degradation products in bulk drug and tablet form [102]. 
HPLC method with UV detection at 247 nm was developed for 
determination of atorvastatin and its degradation products in 
bulk drug, marketed tablet and in-house prepared nanoemulsion 
formulation [103].

The LC-MS analysis needs to be fast and efficient for 
handling a large number of samples, such as plasma samples 
in pharmacokinetic studies at therapeutic dose levels of ATOR. 
Today, with tandem MS (MSn) techniques seem to fulfil the 
demands (Figure 5, Table 1) [75,96]. Two LC-MS methods have 

also been published on determination of the ATOR structure 
and identification of its degradation products. The LC was on-
line coupled with an MS with atmospheric pressure chemical 
ionization (APCI) source. It was applied in positive mode with 
TOF mass spectrometer for acquiring accurate bmasses. An ion 
trap analyzer for completing the fragmentation pattern was 
needed for accurate mass identification [96,104,105].

The chromatographic separation on Waters symmetry® 
C18 column (5.0 µm, 100 × 4.6 mm i.d.) at 30°C. The isocratic 
mobile phase composition was a mixture of 0.03% formic acid–
acetonitrile (30:70, v/v), which was pumped at a flow-rate of 1.0 
mL/min with a split ratio of 10:90. In the mass spectrometry, an 
electrospray interface in positive ionization mode was used [96].

Atorvastatin in biological samples and drugs: Quite often 
sample preparation is made by liquid–liquid extraction (LLE) to 
isolate ATOR and its active ortho and para hydroxyl metabolites 
from plasma samples [96]. Actually, some studies show that ATOR 
can also be detected from blood serum, but its quantities in plasma 
and serum has not been compared. In plasma, the quantitative 
sensitivity (LOQ) of ATOR and its ortho- and para-hydroxyl 
metabolites has observed to be 100 pg/mL with LC-MS. Then, 
very good repeatability was achieved with overall CV less 8.0% 
[96]. Partani et al., have calculated [107], even lower LOQ values, 
which were 50 pg/mL for all the ATOR compounds. Negative 
ESI –MS and deuterated atorvastatin standards enhanced their 
selective detection (Figure 6). The initial sample volumes of 
plasma in refs. 96 and 107, were 1 mL and 200µL, respectively. 
The low LOQ value was achieved by the systematically controlled 
sample preparation that prevented degradation. It has been 
examined that especially temperature and pH have effects on the 
degradation of ATOR [108]. In addition, oxidative and photolytic 
degradation can have an influence on their structures. Therefore, 
the whole sample preparation described in ref. 107 was carried 
out in ice-cold water bath (excluding the procedures of intensive 
mixing, SPE, and drying) and under low-lightness conditions to 
avoid the effect of temperature and UV-induced degradation. In 
addition, the pH of the plasma sample was adjusted to 4.1 for 

Figure 5 Mass spectra from LC-MS analyses. Full scan positive ions spray ionization. Product ion mass spectra and the proposed patterns of 
fragmentation of (A) atorvastatin and (B) ortho-hydroxy atorvastatin.
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Figure 6 LC-ESI-MS spectra of ATOR compounds with negative electrospray ionization mode. The product ion spectra of (A) ATOR, (B) ATOR-D5, 
(C) orto-(OH-ATOR, (D) orto-OH-ATOR-D5, (E) para-OH-ATOR, and (F) para-OH-ATOR-D5 [107].

Figure 7 Mass fragmentation spectra of ATOR and its deuterated analogue. Positive electrospray ionization mode. Electrospray product ion mass 
spectra of the precursor ions of (A) ATOR ([M+H]+ m/z of 559.2 Da and (B) of [D5]-ATOR ([M+H]+ m/z of 564.1 Da [109].
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preventing degradation of ATOR in the initial sample but also 
that during pre-treatment.

Positive electrospray ionization (ESI) mode was used to 
produce electrospray product mass spectrof the precursor ions 
of parent ATOR and its deuterated analogue. The mass fragment 
[M+H]+ is 559.2 Da correlating the molar mass of ATOR, and 564.1 
Da for the deuterated (D5) reference compound [109,110]. The 
other most significant fragment ions of the parent ATOR are 
466.1 Da and 440.2 Da (Figure 7). The fragments m/z 466.2 Da 
and m/z 440.2 Da are origin from the loss of aniline (C6H5NH2) 
and phenyl isocyanate (C6H5-N=C=O), respectively. In addition, 
the fragments, which may be detected are 448 Da (m/z 446 Da 
after cleavage of H2O), 422 Da (m/z 440 Da after cleavage of 
H2O), and m/z 250 Da, 292 Da, and 380 Da fragments from m/z 

440 Da [109]. The ESI-MS spectra of hydroxyl metabolites of 
ATOR are shown in Figure 8.

In LC-ESI-MS the deuterated ATOR drug (5 hydrogens 
replaced with deuterium, D5, Figures 7 and 8) has been used 
in the identification of ATOR and its human based ortho- and 
para metabolites in plasma samples. Deuterium isotopes are 
used in analyses to measure molecules in complicated matrices, 
when resolution in HPLC is not adequate for separation, or 
the metabolites cannot be identified due to their similar mass 
fragmentation [107]. In cases when the analyte concentration 
is very low and exact identification is needed, multiple reaction 
monitoring (MRM) mode in MS is used to gain higher sensitivity 
and selectivity. In ref 92 (Figure 8) selectivity was enhanced 
with mass transitions of m/z 557.4→278.1 Da for ATOR, m/z 

Figure 8 Mass fragmentation spectra of ATOR metabolites and the deuterated analogue of ortho- hydroxyl metabolite. Electrospray product ion 
mass spectra of ortho-hydroxyl ATOR ([M+H]+ 575.3Da) (A), and para-hydroxyl ATOR ([M+H]+ 575.3 Da) (B), and [D5]-ortho-hydroxyl ATOR 
([M+H]+ 580.3 Da) (C) [109].
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562.4→283.2 Da for ATOR-D5, m/z 573.5→278.1 Da for orto-OH-
ATOR, m/z 578.5→283.1 Da for orto-ATOR-D5, m/z 573.4→278. 
Da for para-OH-ATOR and m/z 578.5→283.2 Da for para-OH-
ATOR-D5.

Recently, ATOR has been studied in human body samples 
[68,72,78,86,111]. Furthermore, the trend has been to validate 
methodologies for detecting only one statin at a time instead of 
simultaneous determination of statin metabolites and statins 
in mixtures, since only one statin is used at time for medication 
[112,113]. However, statins are at low concentration. Therefore, 
in many studies the samples were spiked with the studied analyte 
to increase its sensitivity in detection. Most often concentration 
enhancement was used, when the sample preparation was not 
efficient enough for improving the UV detection signal. This 
shows that the experimental conditions put restrictions for their 
determination of ATOR in real samples. Lately, mass spectrometry 
detection has gained a growing interest as tandem MS method. 
Then, the detection limits and the justified concentrations could 
be decreased even to 0.05 pg/mL. In the case of laser induced 
fluorescence detection the reached 	 level was ng/mL [114,115].

LC-MS/MS in the monitoring of ATOR and its metabolites 
in human plasma samples was published about studying the 
samples of 48 healthy volunteers [115]. It was noticed that plasma 
concentration of atorvastatin after oral administration were 
highly variable among individuals. The concentration range was 
1.98-28.8 ng/mL (mean 8.50 ng/mL). Ultra-performance liquid 
chromatography (UPLC) was used in a project on determination 
of 12 statins [ATOR, cerivastatin (CER), FLU, LOV, lovastatin acid 
(LOV-A), MEV, mevastatin acid (MEV-A), pitavastatin (PIT), PRA, 
rosuvastatin (ROS), SIM, and simvastatin acid (SIM-A)] in dietary 
supplements. They were isolated by ultrasonication into 50% 
(v/v) methanol. Then, the clean-up was performed using water-
wettable polymer sorbents containing mixture of strong anion- 
exchange and reversed-phase materials. Elution was made with 
methanol and methanol containing phosphoric acid 0.2% (v/v). 
UPLC separation was performed in a reversed phase C18 column 
with phosphoric acid-acetonitrile gradient. The method was 
validated for dietary supplements spiked with the statins. The 

methodology was good achieving the recoveries between 89% 
and 101% [116].

Stability of statins /Sample pretreatment: Statin lactones 
become to hydroxyl acids in methanol - water solutions. Therefore, 
the conditions in sample preparation to isolate them separately 
from blood, water, or other matrices are important. The by-
products of statins in synthesis and structural conversion are 
methyl esters of the hydroxyl acids. Especially, their production 
is high in presence of methanol. To prevent the unwanted 
products, usually the synthesis is done in alkaline acetonitrile 
[54]. To achieve repeatability in sample preparation and in 
analysis, changes in lactone ring can be prevented by stabilizing 
the pH of the sample [16,54,55], and by using adequate solvents. 
It has also been shown [54], that statins are stable in methanol, 
ethyl acetate, and acetonitrile-water (70:10, v/v) at ambient 
temperature. The above- mentioned solvents are also commonly 
preferred as eluents in SPE and in LC-MS. Based on the results, 
then the statin hydroxyl acids were also very stable. However, 
the lactones were more labile, since at acetonitrile – water 
solution (70:10, v/v) the ring structure could not be prevented 
for unfolding to hydroxyl configuration. However, the problem 
was solved by using 0.5% acetic acid.

Liquid-liquid extraction (LLE) or solid-phase extraction 
(SPE) on reversed phase sorbents C8 and C18 are used to handle 
ATOR samples for analyses. Usually, in LLE the sample solutions 
have been adjusted to acidic. The solvents in LLE extraction 
have been acetonitrile, dichloromethane, diethylene ether, and 
acetyl acetate [34, 48,50,104,117]. Often, after LLE the extracts 
were evaporated and the analytes concentrated to the final 
volume before LC-MS measurements. Polymer based nonpolar 
functionalities in SPE have enhanced the extraction recovery of 
ATOR from plasma, when the pre-treatment has been made with 
acidified water [108]. SPE has also been used for purification of 
the native statins to organic extracts. Then, those as hydroxyl 
acids could be separated from lactones before the actual analysis 
[20,42,54,75,76,95,96,107,109]. Atorvastatin and its hydroxyl 
metabolites have successively been extracted from human serum 
[107]. LC-tandem-MS has been less used for identification of 

Figure 9 Chemical structures of ATOR, diastereomer-ATOR, desF-ATOR, diamino-ATOR, ATOR methyl ester, and ATOR lactone [118].
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Table 2: Selection of the published data and experimental conditions and ATOR samples analysed with GC or with GC and HPLC.
Analyte Sample Experimental data Analysis method Reference

ATOR medicinal 
product

GC: HP1 column: 30 m, 0.25 mm x 0.25 μm; detector 
temperatures: 320 oC;injection chamber temperature: 300 

oC; column temperature: programme initial temp.240 oC for 
1 min; increment of 10 oC/min to the final temp. of 295 oC 
staying for 2 min; gas flow: 3.9 mL/min; injection volume: 

1.0 μL; split: 10 : 1.HPLC : Column: Symmetry C18 (250 x 4.6 
mm, 5 μm);Mobile phase: acetonitrile-water (70 : 30, v/v), 

adjusted to pH 2.5 with 85% orthophosphoric acid

GC-FID 
 

HPLC-UV
[137]

ATOR and 
other statins

artificial samples and 
patient samples: urine, 

plasma 

GC: Column HP-5 fused silica capillary column (30 m, 0.32 
mm id, 0.25 µm) HPLC: Column Eclipse XDB-C18 (250mm, 

4.6 mm, 5 µm); Mobile phase: 30% MeOH - 30 mM phosphate 
buffer (pH 6.5)

GC-FID 
 

HPLC-UV
[138]

ATOR and 
fatty acids

rat liver 
plasma

GC column: HP5-MS (30 m, 0.25 mm,0.25 µm), MS: m/z 40 Da 
to 500 Da at a rate of 2 s in full scan mode GC-MS [139]

ATOR and other 
statins

standards, wood 
samples

Column: HP-5 capillary column (30 m × 0.250 mm 
× 0.25 μm) Derivatization was made with N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) modified with 
trimethylchlorosilane (TMCS, 5%, v/v).

GC-MRM-MS/MS [42]

ATOR, LOV tablets 
capsules Column: CP-SIL 5 CB (or HP-1) (length 25 m × 0.25 mm) GC-FID [140]

ATOR and 
diazepam 

(IS)
plasma

GC: Column DB5-MS  column (length 10 m × 0.18 mm i.d., 0.18 
µm bonding) Silylation with MSTFA MS: SCAN m/z 50–680 at 
a rate of 30 spectra/s. LC−ESI-MS/MS : SRM precursor ions to 
product ions: 559.2 → 440.4 (m/z) for atorvastatin and 285.2 

→ 154.2 (m/z) for the IS (diazepam)

GC-TOF-(115) MS  
LC-MS/MS  

Table 3: Selection of electrolyte compositions and ATOR samples analysed with CE (CZE, MEKC). More studies discussed in paper.
Analyte Sample Experimental data Analysis method Reference

ATOR pharmaceutical tablets 25 mM sodium tetraborate-25 mM SDS (pH 9.5)  
25 mM tetraborate (pH 9.5)

MEKC: UV 240 nm 
CZE:UV 240 nm 

selective max 
ATOR 237 nm

[73]

ATOR-Ca a commercial lipitor tablet 25 mM phosphate (pH 6.5)-methanol, (80:20,v/v) CZE-UV [151]
ATOR tablets plasma 25 mM phosphate (pH 6.5) CZE-UV [94]

ATOR tablets

HPLC: Mobile phase (isocratic): acetonitrile-
methanol-phosphate buffer (pH 3.0) (45:30:25, 

v/v/v), pH was adjusted to 2.5 ± 0.1 with 
orthophosphoric acid CZE: phosphate and borate 

buffers (pH  8.0)

HPLC-UV, CZE-UV [152]

ATOR and related 
substances

bulk drug and formulated 
products purity evaluation 

of bulk drug and formulated 
products pharmaceutical

10 mM sodium tetraborate buffer pH 9.5, 50 
mM sodium dodecyl sulphate and 20% (v/v) 

methanol
MEKC-UV [125]

ATOR-Ca tablets 6 mM potassium hydrogen phthalate - 1.2 mM 
CTAB (pH 6.5) MEKC-UV [153]

ATOR pharmaceutical tablets, 
plasma 25 mM phosphate (pH  6.5) CZE-UV [94]

ATOR standards

30 mM ammonium acetate (pH 6), 10 mM CTAB  
- 20 mM NH4HCO3 (pH 9.5), 50 mM NH4HCO3 
- 50% MeOH (pH 9.7); 50 mM NH4HCO3 - 25% 

MeOH, (pH 9.5)

CZE [154]

ATOR standards 50 mM NH4HCO3 and 50% methanol CZE [155]
ATOR drug formulations 25 mM phosphate (pH 6.5)-methanol, (80:20, v/v)   [151]

ATOR, impurities 
(diastereomer-ATOR 
and desfluoro-ATOR

lipitor tablets 25 mM sodium acetate (pH 6) CZE [71]

ATOR   2.5 mM phosphate buffer (pH 6.7)- methanol  
(70:30, v/v) CZE [156]

ATOR in mixtures commercial preparations, 
plasma samples

rinsing electrolyte differs from the separation 
electrolyte: 50mMTris buffer with 41% MeOH 

and 0.1% PEO (pH 3); 
MEKC [149]

    electrolyte in separation: 25 mM Tris buffer with 
60 Mm SDS (pH 3)    
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ATOR and various kinds of ATOR-substituents (Figure 9).

Much more information than in LC-ESI-MS (Figure 10), can be 
obtained with MS2 and MS3 ionization techniques, since 5, 10, or 
9 m/z fragments based on the parent fragment (Figure 10), were 
observed, respectively. The results obtained using positive ion 
mode showed some diagnostic fragments that are useful for the 
identification of atorvastatin related impurities in real samples. 
Quantitative analysis of drug impurities was performed in the 
multiple reaction monitoring mode. Quantification limits for 
impurities were in the ranges 21.5–70.8 ng/mL [118].

The analysis of the ESI-MS3 spectra of the fragment ions 
at m/z 466 Da and m/z 440 Da yielded good information on 
the origin of generated ions indicating the same fragmentation 
pattern as found for ATOR in the literature [105,119]. Reliability 
to identification of ATOR has shown to be achieved using both 
the positive and negative ionization modes, when deuterated 
compounds are not available (Figure 11).

Monitoring of atorvastatin in water samples: The research 
on pharmaceutically active compounds in the environment 
conditions has grown a lot during the last years. Especially, 
effluents of wastewater treatment plants have been studied a lot, 
since they are observed to contain many kinds of pharmaceuticals 
and drugs. Due to the high persistence and widespread occurrence 
of lipid-regulating agents in aquatic environments, their presence 
in drinking water has also been observed. Only a few papers have 
dealt with statin class (cholesterol-reducing agents) drugs in 
environmental waters [120-123]. Selected methods have been 
validated for the determination of statin drugs, especially ATOR, 
among other pharmaceuticals in environmental water systems 
(97,121-124). ATOR has been found in wastewaters and in 
hospital effluents [121]. Its concentration in the samples has been 
notable or even high in nearly all paper, since it varied from ng/L 
to µg/L. Concentrations of 18.8 g/L to 35.3 g/L were measured 
in Brazil, South America [79]. As the other statins, ATOR has 
also been analysed from surface water. Then the analytes 

Figure 10 ESI-MS2 spectra of ATOR ion at m/z 559 Da from MS, MS3 of the ion at m/z 466 Da and 440 Da from MS2 [118].
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Figure 11 Mass spectra of atorvastatin. (a) [M+H]+ and (b) [M-H]-.The ion species subjected to CI is indicated with a vertical arrow. The applied 
laboratory collision energies were (a) 24 and (b) 26 Ev [119].

Figure 12 Overview of analytical protocol used to determine target ECs in crude wastewater, final effluent, river water and digested sludge [125].
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were concentrated with SPE treatment before LC-MS or LC-UV 
measurements [107,125]. In one recent paper, water samples 
were sampled from groundwater and surface waters of four 
rivers in Serbia. Then, ATOR was LLE treated (recovery~30%) 
at pH 7.5 into methanol-dichloromethane mixture (1:1, v/v). The 
LOD and LOQ values of ATOR in groundwater and in wastewater 
were more than 1000 times lower than in the Ref. [79], namely 
0.76 ng/L and 2.53ng/L, respectively [97,117]. It has also been 
observed that the influent water of a wastewater pre-treatment 
plant contained ATOR at 36 ng/L, but the effluents were clean 
showing that the purification process could remove the drugs 
completely in the process. Unfortunately, the groundwater 
samples needed fortifying the samples by ATOR standard with 10 
ng/L concentration. In that study the recovery of ATOR was 26%. 
Consistently, the recovery from wastewater was also low (45% 
with addition of100 ng/L ATOR into the solution) [121,122]. 
Recently, a new multi-residue analytical method was introduced 
and applied to determine the concentration of ECs in crude 
wastewater and final effluent from a trickling filter (WwTWs) 
opulation equivalent ∼105000) in South-West England [124]. 
Several compounds which have not been previously studied in the 
UK were poorly removed. The extraction procedure developed is 
documented in Figure 12.

Among the 90 contaminants ATOR was analysed with UPLC-
ESI -MS/MS [125]. In validation, the method detection limit 
(MDL) and method quantification limit (MQL) values in crude 
waste water, final effluent, river water, and digested sludge its 
concentration was 0.17, 0.85,0.17, 0.84, 0.14, and 0.70 ng/L, 
respectively. ATOR in crude waste water, final effluent, and 
riverwater was 188 12.5 ng/L, 60.5 ± 3.5 g/L, and 7.0 ± 1.1 ng/L, 
respectively. In digested sludge it was not detected. The removal 
was 68 %.

Gas chromatography of atorvastatin (GC, GC-MS)

Gas chromatography-mass spectrometry (GC-MS) is used 
widely in metabolomics research [134]. At the moment, ATOR 
has the highest boiling point of the statin drugs. Therefore its 
pretreatment has been tried to optimize in many ways, for 
example by handling standards and calibrators (the studied 
chemicals) with acid before the main pretreatment, by adding 
pyridine in derivatization, by freeze-drying the samples, and by 
increasing the reaction time. GC-MS is considered as one of the 
most effective tools for urine analysis, because most metabolites 
in urine have polar groups that facilitate trimethylsilylation and 
subsequent GC-MS analysis. Therefore it is odd that only few 
GC-MS studies about statins have been reported. Most probably, 
the reason for that is the multi-step sample preparation and 
derivatization, which are needed to volatilize the high-boiling 
ATOR (512o C [135].

Overall, in GC the sample preparation plays even a more 
important role in quantitative analyses than in LC when it is 
used. Figure 13 shows an example of a procedure when sample 
preparation was used to process statins in the presence of 
wood materials to extracts, to isolate statins with microbe 
fermentation, and to finish them for analysis with GC-MS. The 
requisite sensitivity and selectivity in determination of ATOR 
and its hydroxyl metabolites in plasma and serum samples has 
been achieved at therapeutic levels by using pentafluorobenzyl 

bromide (PFBBr) for derivatizing of polyfunctional thiols and 
preparation of pentafluorobenzyl esters from organic acids. In 
addition, as commonly known silylation with BSTFA (N,O-bis 
(trimethylsilyl) trifluoroacetamide (Figure 14), and N-methyl-
N-(trimethylsilyl)trifluoroacetamide (MSTFA) [42,51,54], also 
fulfil the requirements. In spite of that, sample purification is 
needed to minimize the matrix effects in electron impact (EI) and 
negative chemical ionization (NCI) methods. Internal standards, 
like other statins, isotopically labelled statins and different kind 
of pharmaceuticals and phenols have been used in the analyses 
[48,52,54]. 

Recently, only one GC-MS/MS study has been reported 
(42-oikein). It described about statin analyses of pine wood 
samples and about quantification of statins in fluids processed 
with oyster mushrooms (P. ostreatus) in aqueous wood pulps 
during fermentation (Figure 13). The ATOR analysis was used 
for validation of the method, since only natural statins were 
studied. Then MRM detection of the silylated LOV, PRA, SIM, 
FLU, and ATOR was needed due to the low concentrations in the 
complicated matrices. The developed method was suggested to 
consider as a universal method, because it could be utilized for 
various statins from very diverse matrices like bark, phloem, 
and hardwood [42]. Aforementioned study was a special case, 
since nearly without exception, the statins have been isolated 
from water containing samples with either LLE or SPE into non-
polar and medium polar organic solvents and from solid samples 
by combination of hydrolysis and solid-liquid extraction (SLE) 
treatments into water. In SPE the sorbents have been silica or 
polymer based materials which have been deactivated with 
octyl (C8) or octadecyl (C18) functional groups [136]. Before 
extraction, the samples have been modified with mineral acids 
by total conversion of hydroxyl acids to lactone (Figure 1). In 
addition, multistep extraction processes have been used to 
enhance the purification as in the case to receive wood sample 
extracts [42]. The samples are usually dried and concentrated, 
or they are purified further with SPE that instead of LLE has 
advantages such as to separate statin hydroxyl acids from 
lactones [19,20,48]. Therefore, in many cases SPE is preferred to 
prevent the modification of lactone ring. Then, the pH stability 
has been cared, before the different structural forms could be 
isolated, as informed also in the HPLC section. In GC analyses 
the suitable pH to keep the stability is also pH 4-5, but pHs 7-9 
correlating the physiological pH have accepted [42,137,138].

Anyhow, in GC-MS the LOQ of ATOR has shown to be twice 
as high as the concentrations of the other statins [42]. Yang et al. 
[54], have noticed that the stability of ATOR in methanol, ethyl 
acetate and acetonitrile - water mixture (70%, v/v) opened partly 
the lactones to hydroxyl acid, exept in the presence of acetic acid 
stabilizer. In GC, the determination limits of derivatized statins in 
the methods have been noticed to be ng/mL [121]. Table 2 lists 
the selected publications on this field.

There are not many fragments in EI ionization pattern of 
ATOR in MS (Figure 15). Anyhow, the sensitivity improvement 
with MRM allows identification of the analyte, although in MS 
mode it is not selective enough for quantification. The precursor 
ions chosen for ATOR in EI-MS mode have been m/z 398, 306, and 
262 Da. The primary product ions have been 306.2 Da (qualifier 
ion), 264 Da (quantifier ion), and 232.8 Da (qualifier) [141].
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Figure 13 Scheme of the experimental procedures used to study statins from wood hydrolysis with fungi microbes. Separation (incl. ATOR) analysis 
made with GC-MRM-MS/MS after silylation of statins [42].

Figure 14 Scheme of silylation of atorvastatin with N,O-Bis (trimethylsilyl) trifluoroacetamide (BSTFA) for GC analysis.

Capillary electrophoresis of atorvastatin (CE, CZE, 
MEKC )

Capillary electrophoresis (CE) is a useful separation technique 
in pharmaceutical analyses, since high resolution and selectivity 
can be obtained by paying attention to analyte´s stucture and 
ionization. It is designed to separate compounds, species, and 

ions based on their sizes, charges, or their ratios under an electric 
field modified inside a capillary filled with conducting electrolyte 
solution. Driving forces in CE are electrophoresis, electrolysis and 
electro-osmosis. One of the CE methods is micellar electrokinetic 
capillary chromatography (MEKC) that has been applied to 
determination of ATOR in multicomponent samples containing 
also the other statins and some pharmaceuticals [20,95,142-144].



Central
Bringing Excellence in Open Access





Sirén (2017)
Email: 

J Pharmacol Clin Toxicol 5(6): 1092 (2017) 16/22

Figure 15 ATOR-TMS (EI Scan 28.298-28.278 min, 11 scans). Silylated ATOR–A has m/z 631.3 Da (exact mass 558.2530 Da,  trimethyl silyl group 73 
Da). The fragmentation could not be detected at higher abundance than 10%. Therefore, the m/z below 450 Da were used [141].

Another method used is capillary zone electrophoresis 
(CZE), which has been applied for example in uantitation of 
parent ATOR in pharmaceutical tablets. That method was also 
further optimized to the microchip platform for electrophoresis 
separation of multicomponent drug mixtures [145], and 
simultaneous determination of ATOR and amlodipine from dose 
formulations [146].

Sample preparation is needed before CE as in LC and GC for 
real samples to concentrate the analytes to the quantitative limits 
and ranges of the CE method. For impurity profiling, MEKC is the 
most appropriate electrophoretic technique, since neutral and 
charged compounds are allowed to differentiate with micelle 
interactions during the separation process [147]. Nigović et al., 
have made a fundamental work in validating one simple MEKC 
method for achieving simultaneous quantitation of ATOR, desF-
ATOR, diastereomer-ATOR, atorvastatin methyl ester (ATOR 
methyl ester) and atorvastatin lactone (ATOR lactone) (Figure 
16,Table 3) [95]. The MEKC analysis allowed simultaneous 
separation and quantification, but also purity measurement of 
ATOR and its related substances in 10 mM sodium tetraborate 

buffer (pH 9.5) containing 50 mM sodium dodecyl sulphate 
(SDS) and 20% (v/v) methanol. The method was successfully 
applied for purity evaluation of ATOR in native samples and in 
commercial tablet formulations. Very low concentrations of 
diastereomer-ATOR and desfluoro-ATOR at <1.0 % and 0.2 %, 
respectively, were found. The other ATOR compounds, methyl 
ester and lactone form could not be detected. In spite of all, the 
negative feature of the developed MEKC method was that the 
concentrations of ATOR needed to be 100 -1000 times higher in 
order to determine the related substances [95]. When the total 
amount of statins was interesting, alkaline hydrolysis was used 
to open lactone ring in lactone drugs, in order to transform these 
compounds to the corresponding acids before analysis. In CE, 
this approach offers shorter analysis time due to a decrease of 
the migration times of anionic statins in comparison to neutral 
lactone forms. Linear calibration ranges were established over 
the concentration range 100-1200µg/mL for AT and 1.0-12.5 µg/
mL for related substances. As a comparison with HPLC-ESI-MS 
method the quantification limits for those impurities were in the 
range of 21.5-70.8 ng/mL [95].
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Figure 16 Optimized MEKC separation of atorvastatin and drug-
related substances. Peaks: ISpravastatin; 1 desfluoro atorvastatin, 
ATOR = atorvastatin, 2 = diastereomer of atorvastatin, 3 =atorvastatin 
methyl ester and 4 = atorvastatin lactone. Separation conditions: 10 
mM borate buffer, pH 9.5, 50 mM SDS, 20% (v/v) methanol, voltage 
30 kV, 25 oC, detection wavelength 214 nm, hydrodynamic injection 
50 mbar, 4 seconds [95].

Figure 17 Electropherograms of the separation of drugs in biological 
samples. (A) plasma blank; (B) plasma spiked 100 ng/mL for AM and 
DO, 200 ng/mL for ATOR, IR, and RO with 200 ng/mL IS; (C) plasma 
sample from a patient receiving 5 mg of AM (Norvasc R) orally, 5 mg 
of DO (Aricept R), and 150 mg of IR (Aprovel R); (D) plasma from a 
patient receiving 40 mg of ATOR (Lipitor R) orally at steady state; 
(E) oral administration of 20 mg RO (Crestor R) with single dosing 
after healthy volunteer plasma. Peaks: 1, amiloride; 2, irbesartan; 3, 
donepezil; 4, IS diclofenac; 5, atorvastatin; 6, rosuvastatin [149].

CZE was used for analysis of ATOR in authentic human plasma 
samples that were spiked with 5.0mg/L of amiodipine besylate 
(AML) and with the studied compound ATOR. The electrolyte 
solution was phospate buffer at pH 6.5. The LOD was 0.05 µg/mL, 
while the LOQ was 0.10 µg/mL for both drugs [94]. In another 
CZE study, pravastatin (PRA) was used as the IS (Figure 16) in 
measuring ATOR in a lipitor tablet. Then the electrolyte was 
sodium acetate at pH 6. Even though the detection wavelength 
was 214 nm and extended optical path length was needed, the 
LOD was very high (1µg/mL).The LOD values of ATOR, desfluoro-
ATOR, diastereomer-ATOR, ATOR-lactone, and ATOR methyl 
ester were 18.35, 0.48, 0.26, 0.32, and 0.59 µg/mL, respectively. 
ATOR could be calibrated till 1.2 mg/mL concentration; although 
the other ATOR compounds gave linearity only to 10 µg/
mL. The authors did not comment why ATOR concentration 
needed to be as high, although the Figure 17 informs that lower 
concentrations are possible. When the sensitivities are not 
high enough for detection in CE there are on-line concentration 
methods available in electro aided techniques, like stacking and 
sweeping. Stacking is based on the analyte velocity in capillary, 
and it can be optimized by modifying chemically sample and 
electrolyte solutions. Simply, in stacking the analyte has higher 
velocity in the sample zone than in the BGE zone meaning that the 
analyte concentrates at the boundary of the electrolyte solutions 
before the analytes are moved into the electrolyte. In sweeping, 
the situation is contrary. The analyte has a slower velocity in 
the sample than in the electrolyte, which contains surfactant for 
micelle formation.

Sweeping is the most effective technique for hydrophobic and 
cationic compounds [148]. Wei et al., used sample stacking by 
field-amplified sample injection and sweeping for simultaneous 
analysis of ATOR and other anionic and basic drugs in biologi-
cal samples and tablets [149]. The method was suitable for the 
analysis of studied drugs in plasma that were collected during 
pharmacokinetic investigations from patients after oral admin-
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istration	of the commercial preparations. Examples on results 
are shown in Figure 17, which shows that the spiked analytes 
separated from the plasma matrix compounds (A-E). ATOR from 
plasma of a patient, who received orally 40 mg of ATOR separat-
ed quantitatively from two compounds of the matrix. The quan-
titative results in plasma were 49.62 ng/mL and 12.01 ng/mL, 
when 40 mg and 10 mg tablets were used for medication. When 
compared the concentrations in normal and sample stacking by 
field-amplified injections, one thousandth lower values could be 
measured even though 50 mM Tris buffer with 41% MeOH and 
0.1% PEO (pH 3) and micellar stacking solution made of 25 mM 
Tris buffer with 60 mM SDS (pH 3) were used. Micelle to solvent 
stacking (MSS) is a new on-line sample concentration technique 
for charged analytes in capillary zone electrophoresis (CZE). A 
10-fold peak height enhancement factor or a magnitude improve-
ment in concentration detection sensitivity compared to typical 
injection was achieved with acceptable reproducibility and lin-
earity [150].

CONCLUSIONS
The hyphenated technique that incorporates the efficient 

separation using liquid chromatography and sensitive detection 
by mass spectrometry has become an indispensable tool for 
quantification of statins in biological fluids and pharmacokinetic 
studies. Development of the analytical methods for� identification, 
purity evaluation and quantification of statin drugs has received 
a great deal of attention in the field of pharmaceutical analysis 
in recent years. Methods describing simultaneous analysis of 
different statins as well as drugs in combined pharmaceutical 
products and other co-administered drugs in therapy of 
cardiovascular disease are also described. The application of 
capillary electrophoresis as alternative separation technique for 
statins is considered. Even CZE with UV detection has shown to 
be able to determination of ATOR and simultaneously separate 
the parent compound from degradation products and related 
organic impurities present in the formulations. The future trends 
are to overcome the sensitivity problem of atorvastatin. It has 
been met in all chromatographic techniques and especially with	
capillary	 electrophoresis.	 In most	 cases concentration is the 
solution, but in capillary electrophoresis various kind of on-line 
methods and focusing processes, like the FASI sweeping MEKC 
method and trancient isotachopheresis with acetate as leading 
and hydroxide as the terminating ions, have improved the 
sensitivity of statins.
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60.	Ertürk S, Aktaş ES, Ersoy L, Fıçıcıoğlu S. An HPLC Method for the 
Determination of Atorvastatin and its Impurities in Bulk Drug and 
Tablets. J Pharm Biomed Anal. 2003; 33: 1017-1023.

61.	Goldstein JL, Brown MS. Regulation of the mevalonate pathway. 
Nature. 1990; 345: 425-430.

https://www.ncbi.nlm.nih.gov/pubmed/16554528
https://www.ncbi.nlm.nih.gov/pubmed/16554528
https://www.ncbi.nlm.nih.gov/pubmed/12730697
https://www.ncbi.nlm.nih.gov/pubmed/12730697
https://www.ncbi.nlm.nih.gov/pubmed/12730697
https://www.ncbi.nlm.nih.gov/pubmed/6261329
https://www.ncbi.nlm.nih.gov/pubmed/6261329
http://www.sciencedirect.com/science/article/pii/S1388198100001232
http://www.sciencedirect.com/science/article/pii/S1388198100001232
http://www.sciencedirect.com/science/article/pii/S1388198100001232
http://www.sciencedirect.com/science/article/pii/S1388198100001232
http://www.sciencedirect.com/science/article/pii/S1388198100001232
http://www.sciencedirect.com/science/article/pii/S0003269716303608
http://www.sciencedirect.com/science/article/pii/S0003269716303608
http://www.sciencedirect.com/science/article/pii/S0003269716303608
http://www.sciencedirect.com/science/article/pii/S0003269716303608
http://pubs.rsc.org/en/Content/ArticleLanding/2015/AY/c4ay02980a#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2015/AY/c4ay02980a#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2015/AY/c4ay02980a#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2015/AY/c4ay02980a#!divAbstract
https://www.ncbi.nlm.nih.gov/pubmed/19820926
https://www.ncbi.nlm.nih.gov/pubmed/19820926
https://www.ncbi.nlm.nih.gov/pubmed/19820926
https://www.ncbi.nlm.nih.gov/pubmed/11548049
https://www.ncbi.nlm.nih.gov/pubmed/11548049
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC99020/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC99020/
https://link.springer.com/article/10.1007/s00253-002-0932-9
https://link.springer.com/article/10.1007/s00253-002-0932-9
https://link.springer.com/article/10.1007/s00253-002-0932-9
http://www.sciencedirect.com/science/article/pii/S0141022905001195
http://www.sciencedirect.com/science/article/pii/S0141022905001195
http://www.sciencedirect.com/science/article/pii/S0141022905001195
https://www.ncbi.nlm.nih.gov/pubmed/12622228
https://www.ncbi.nlm.nih.gov/pubmed/12622228
https://www.ncbi.nlm.nih.gov/pubmed/12622228
https://www.ncbi.nlm.nih.gov/pubmed/10555301
https://www.ncbi.nlm.nih.gov/pubmed/10555301
https://www.ncbi.nlm.nih.gov/pubmed/10555301
https://www.ncbi.nlm.nih.gov/pubmed/8810086
https://www.ncbi.nlm.nih.gov/pubmed/8810086
https://www.ncbi.nlm.nih.gov/pubmed/8810086
https://www.ncbi.nlm.nih.gov/pubmed/8810086
https://www.ncbi.nlm.nih.gov/pubmed/11956739
https://www.ncbi.nlm.nih.gov/pubmed/11956739
https://www.ncbi.nlm.nih.gov/pubmed/11956739
https://www.ncbi.nlm.nih.gov/pubmed/24607418
https://www.ncbi.nlm.nih.gov/pubmed/24607418
https://www.ncbi.nlm.nih.gov/pubmed/24607418
https://www.ncbi.nlm.nih.gov/pubmed/24607418
http://www.eurekaselect.com/84947/article
http://www.eurekaselect.com/84947/article
http://pubs.acs.org/doi/abs/10.1021/op060191b
http://pubs.acs.org/doi/abs/10.1021/op060191b
https://www.hindawi.com/journals/bmri/2012/196264/
https://www.hindawi.com/journals/bmri/2012/196264/
https://www.hindawi.com/journals/bmri/2012/196264/
https://www.hindawi.com/journals/bmri/2012/196264/
http://www.mdpi.com/2309-608X/2/2/13
http://www.mdpi.com/2309-608X/2/2/13
https://www.ncbi.nlm.nih.gov/pubmed/24148373
https://www.ncbi.nlm.nih.gov/pubmed/24148373
https://www.ncbi.nlm.nih.gov/pubmed/24148373
https://www.ncbi.nlm.nih.gov/pubmed/24148373
https://www.ncbi.nlm.nih.gov/pubmed/24148373
https://newdrugapprovals.org/2013/08/23/atorvastatin-
http://www.sciencedirect.com/science/article/pii/S1381117709001763
http://www.sciencedirect.com/science/article/pii/S1381117709001763
https://www.ncbi.nlm.nih.gov/pubmed/17184862
https://www.ncbi.nlm.nih.gov/pubmed/17184862
http://adc.bmj.com/content/78/2/185.info
http://adc.bmj.com/content/78/2/185.info
https://www.ncbi.nlm.nih.gov/pubmed/16388814
https://www.ncbi.nlm.nih.gov/pubmed/16388814
https://www.ncbi.nlm.nih.gov/pubmed/16388814
https://www.ncbi.nlm.nih.gov/pubmed/16388814
http://www.sciencedirect.com/science/article/pii/S0165993608000113
http://www.sciencedirect.com/science/article/pii/S0165993608000113
http://www.sciencedirect.com/science/article/pii/S0165993608000113
https://www.ncbi.nlm.nih.gov/pubmed/10503952
https://www.ncbi.nlm.nih.gov/pubmed/10503952
https://www.ncbi.nlm.nih.gov/pubmed/10503952
https://www.ncbi.nlm.nih.gov/pubmed/25534003
https://www.ncbi.nlm.nih.gov/pubmed/25534003
https://www.ncbi.nlm.nih.gov/pubmed/25534003
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkn282
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkn282
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkn282
https://www.ncbi.nlm.nih.gov/pubmed/21189273
https://www.ncbi.nlm.nih.gov/pubmed/21189273
https://www.ncbi.nlm.nih.gov/pubmed/21189273
https://www.ncbi.nlm.nih.gov/pubmed/18991624
https://www.ncbi.nlm.nih.gov/pubmed/18991624
https://www.ncbi.nlm.nih.gov/pubmed/18991624
https://www.ncbi.nlm.nih.gov/pubmed/18991624
http://en.ahau.findplus.cn/?h=articles&db=edselc&an=edselc.2-52.0-85023753803
http://en.ahau.findplus.cn/?h=articles&db=edselc&an=edselc.2-52.0-85023753803
http://en.ahau.findplus.cn/?h=articles&db=edselc&an=edselc.2-52.0-85023753803
http://en.ahau.findplus.cn/?h=articles&db=edselc&an=edselc.2-52.0-85023753803
http://www.sciencedirect.com/science/article/pii/S0731708503004084
http://www.sciencedirect.com/science/article/pii/S0731708503004084
http://www.sciencedirect.com/science/article/pii/S0731708503004084
https://www.ncbi.nlm.nih.gov/pubmed/1967820
https://www.ncbi.nlm.nih.gov/pubmed/1967820


Central
Bringing Excellence in Open Access





Sirén (2017)
Email: 

J Pharmacol Clin Toxicol 5(6): 1092 (2017) 20/22

62.	Toxicology Data Network. TOXNET. 2017.

63.	Oliveira MA, Yoshida MI, Belinelo VJ, Valotto RS. Degradation kinetics 
of atorvastatin under stress conditions and chemical analysis by 
HPLC. Molecules. 2013; 18: 1447-1456.

64.	Ertürk S, Önal A, Çetin SM. Analytical methods for the quantitative 
determination of 3-hydroxy-3-methylglutaryl coenzyme A reductase 
inhibitors in biological samples. J Chromatogr B. 2003; 793:193-206.

65.	Nirogi R, Mudigonda K, Kandikere V. Chromatography-mass 
spectrometry methods for the quantitation of statins in biological 
samples. J Pharma Biomed Anal. 2007; 44: 370-387.

66.	Boix C, Ibáñez M, Sancho JV, Rambla J, Aranda JL, Ballester S, et al. Fast 
determination of 40 drugs in water using large volume direct injection 
liquid chromatography–tandem mass spectrometry. Talanta. 2015; 
131: 719-727.

67.	López-Serna R, Petrović M, Barceló D. Direct analysis of 
pharmaceuticals, their metabolites and transformation products in 
environmental waters using on-line TirboFlowTM chromatography-
liquid chromatography-tandem mass spectrometry. J  Chromatogr A. 
2012; 1252: 115-129.

68.	Guihen E, Sisk GD, Scully NM, Glennon JD. Rapid analysis of 
atorvastatin calcium using capillary electrophoresis and microchip 
electrophoresis. Electrophoresis. 2006; 27: 2338-2347.

69.	Quirino JP. Base-induced transient isotachophoretic stacking of acidic 
drugs in capillary zone electrophoresis. J Sep Sci. 2011; 34: 1020-
1026.

70.	Mircia E, Hancu G, Rusu A, Cazacu A, Balaci T, Soare R. Determination 
of HMG-CoA reductase inhibitors by micellar electrokinetic 
chromatography. Acta Medica Marisiensis. 2016; 62:187-191.

71.	Wang M, Wang Y, Zhao M, Wang F, Zhao C. Metabolic profiling analysis 
of fatty acids from hyperlipidemic rats treated with Gynostemma 
pentaphyllum and atorvastatin based on GC/MS. Anal Methods. 2014; 
6: 8660-8667.

72.	Dhiman R, Kumar D, Kumar B, Pandey BL. Quantitative Determination 
of Atorvastatin, Ortho-Hydroxy Atorvastatin, Para-Hydroxy 
Atorvastatin in Human Plasma Using Rosuvastatin As Internal 
Standard By LC-MS/MS. Int J Pharm Chem Sci. 2015; 4: 487-500.

73.	Martens J, Koppen V, Berden G, Cuyckens F, Oomens J. Combined 
Liquid Chromatography-Infrared Ion Spectroscopy for Identification 
of Regioisomeric Drug Metabolites. Anal Chem. 2017; 89: 4359-4362.

74.	Bernieh D, Lawson G, Tanna S. Quantitative LC-HRMS determination 
of selected cardiovascular drugs, in dried blood spots, as an indicator 
of adherence to medication. J Pharm Biomed Anal. 2017; 142: 232-
243.

75.	Arghavani-Beydokhti S, Rajabi M, Asghari A. Combination of magnetic 
dispersive micro solid-phase extraction and supramolecular 
solvent-based microextraction followed by high-performance liquid 
chromatography for determination of trace amounts of cholesterol-
lowering drugs in complicated matrices. Anal Bioanal Chem. 2017; 
409: 4395-4407.

76.	Martins AF, Frank CS, Altissimo J, de Oliveira JA, da Silva DS, Reichert 
JF, et al. Determination of statin drugs in hospital effluent with 
dispersive liquid–liquid microextraction and quantification by liquid 
Chromatography. J Environ Sci Health A. 2017; 1-7.

77.	Rudwan EH, Mohammed ABWE, Saeed AEM. A New RP-HPLC 
Method for Quantitative Analysis of Atorvastatin Calcium in Bulk 
and Pharmaceutical Dosage form by Using Design of Experiment 
Technique Optimization. Int Res J Pure Applied Chemistry. 2016; 134: 
1-10.

78.	Kublin E, Malanowicz E, Kaczmarska-Graczyk B, Czerwi-Ska K, 
Wyszomirska E, Mazurek AP. Development of chromatographic 
method for determination of drugs reducing cholesterol level - statins 
and ezetimibe. Acta Poloniae Pharmaceutica - Drug Research. 2015; 
72: 429-437.

79.	Clarke AT, Johnson PC, Hall GC, Ford I, Mills PR. High Dose Atorvastatin 
Associated with Increased Risk of Significant Hepatotoxicity in 
Comparison to Simvastatin in UK GPRD Cohort. PLoS One. 2016; 16: 
11.

80.	He X, Yang J, Li L, Tan H, Wu Y, Ran P, et al. Atorvastatin protects against 
contrast- induced nephropathy via anti-apoptosis by the upregulation 
of Hsp27 in vivo and in vitro. Mol Med Rep. 2017; 1963-1972.

81.	Pocathikorn AI, Taylor RR, Mamotte CD. Atorvastatin increases 
expression of low-density lipoprotein receptor mRNA in human 
circulating mononuclear cells. Clin Exp Pharmacol Physiol. 2010; 37: 
471-476.

82.	Mabuchi H, Nohara A. Therapy: PCSK9 inhibitors for treating familial 
hypercholesterolaemia. Nature Reviews Endocrinol. 2015; 11: 8-9.

83.	Ortega SN , Santos-Neto AJ, Lancas FM. Development and optimization 
of a fast method for the determination of statins in human plasma 
using microexaction by packed sorbent (MEPS) followed by ultra-
high-performance liquid chromatography-tandem mass spectrometry 
(UHPLC-MS/MS). Anal Meth. 2017; 9: 3039-3048.

84.	Yamashita S, Hasegawa T, Tachihara M, Minami K, Higashino H, 
Togashi K, et al. Quantitative analysis of the transporter-mediated 
drug-drug interaction between atorvastatin and rifampicin using a 
stable Isotope-IV method. J Pharm Sci. 2017; 1-7.

85.	Antal I, Koneracka M, Zavisova V, Kubovcikova M, Kormosh Z, 
Kopcansky P. Statins Determination:A Review of Electrochemical 
Techniques. Crit Rev Anal Chem. 2017; 1-16.

86.	Jalali F, Ardeshiri M. Application of Carbon Nanotubes-ionic Liquid 
Hybrid in a Sensitive Atorvastatin Ion-Selective Electrode. Mater Sci 
Eng C. 2016; 69: 276-282.

87.	Kamalzadeh Z, Shahrokhian S. Electrochemical Determination of 
Atorvastatin on Nano-Scaled Polypyrrole Film. Bioelectrochemistry. 
2014; 98: 1-10.

88.	Nigović B, Mornar A, Sertić M. A Review of Current Trends and 
Advances in Analytical Methods for Determination of Statins: 
Chromatography and Capillary Electrophoresis. INTECH. 2012; 17: 
385-428.

89.	Bernard S, Mathew M. Spectrophotometric method of estimation of 
atorvastin calcium using sulfo-phospho-vanillin reaction. J Applied 
Pharm Sci. 2016; 2: 150-154.

90.	. Chou YC, Wang YK, Charng MJ, Ueng YF. Determination of serum 
atorvastatin concentrations in lipid-controlling patients with and 
without myalgia syndrome. J Food Drug Analysis. 2013; 21: 147-153.

91.	AInajjar AO. Simultaneous Determination of Amiodipine and 
Atorvastatin in Tablet Formulations and Plasrna using Capillary 
Electrophoresis. LC-GC Europe. 2012; 130-138.

92.	Nigović B, Damić M, Injac R, Kočevar Glavač N, Ŝtrukelj B. Analysis 
of Atorvastatin and Related Substances by MEKC. Chromatographia. 
2009; 69:1299-1305.

93.	Nirogi RV, Kandikere VN, Shukla M, Mudigonda K, Maurya S, Boosi 
R, et al. Simultaneous quantification of atorvastatin and active 
metabolites in human plasma by liquid chromatography-tandem 
mass spectrometry using rosuvastatin as internal standard. Biomed 
Chromatogr. 2006; 20: 924-936.

https://toxnet.nlm.nih.gov/
http://www.mdpi.com/1420-3049/18/2/1447
http://www.mdpi.com/1420-3049/18/2/1447
http://www.mdpi.com/1420-3049/18/2/1447
http://europepmc.org/abstract/med/17433599
http://europepmc.org/abstract/med/17433599
http://europepmc.org/abstract/med/17433599
https://www.ncbi.nlm.nih.gov/pubmed/25281164
https://www.ncbi.nlm.nih.gov/pubmed/25281164
https://www.ncbi.nlm.nih.gov/pubmed/25281164
https://www.ncbi.nlm.nih.gov/pubmed/25281164
http://europepmc.org/abstract/med/22794795
http://europepmc.org/abstract/med/22794795
http://europepmc.org/abstract/med/22794795
http://europepmc.org/abstract/med/22794795
http://europepmc.org/abstract/med/22794795
http://onlinelibrary.wiley.com/doi/10.1002/elps.200500899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/elps.200500899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/elps.200500899/abstract
https://www.degruyter.com/view/j/amma.2015.62.issue-2/amma-2016-0006/amma-2016-0006.xml
https://www.degruyter.com/view/j/amma.2015.62.issue-2/amma-2016-0006/amma-2016-0006.xml
https://www.degruyter.com/view/j/amma.2015.62.issue-2/amma-2016-0006/amma-2016-0006.xml
http://pubs.rsc.org/en/Content/ArticleLanding/2014/AY/C4AY01405G#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2014/AY/C4AY01405G#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2014/AY/C4AY01405G#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2014/AY/C4AY01405G#!divAbstract
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=59jVVtkAAAAJ&citation_for_view=59jVVtkAAAAJ:WF5omc3nYNoC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=59jVVtkAAAAJ&citation_for_view=59jVVtkAAAAJ:WF5omc3nYNoC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=59jVVtkAAAAJ&citation_for_view=59jVVtkAAAAJ:WF5omc3nYNoC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=59jVVtkAAAAJ&citation_for_view=59jVVtkAAAAJ:WF5omc3nYNoC
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5397882/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5397882/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5397882/
https://www.ncbi.nlm.nih.gov/pubmed/28525790
https://www.ncbi.nlm.nih.gov/pubmed/28525790
https://www.ncbi.nlm.nih.gov/pubmed/28525790
https://www.ncbi.nlm.nih.gov/pubmed/28525790
https://www.ncbi.nlm.nih.gov/pubmed/28547184
https://www.ncbi.nlm.nih.gov/pubmed/28547184
https://www.ncbi.nlm.nih.gov/pubmed/28547184
https://www.ncbi.nlm.nih.gov/pubmed/28547184
https://www.ncbi.nlm.nih.gov/pubmed/28547184
https://www.ncbi.nlm.nih.gov/pubmed/28547184
https://www.ncbi.nlm.nih.gov/pubmed/28575579
https://www.ncbi.nlm.nih.gov/pubmed/28575579
https://www.ncbi.nlm.nih.gov/pubmed/28575579
https://www.ncbi.nlm.nih.gov/pubmed/28575579
https://pbn-ms.opi.org.pl/pbn-report-web/pages/publication/id/58c7af0fd5dea96608a81a26
https://pbn-ms.opi.org.pl/pbn-report-web/pages/publication/id/58c7af0fd5dea96608a81a26
https://pbn-ms.opi.org.pl/pbn-report-web/pages/publication/id/58c7af0fd5dea96608a81a26
https://pbn-ms.opi.org.pl/pbn-report-web/pages/publication/id/58c7af0fd5dea96608a81a26
https://pbn-ms.opi.org.pl/pbn-report-web/pages/publication/id/58c7af0fd5dea96608a81a26
https://www.ncbi.nlm.nih.gov/pubmed/26983033
https://www.ncbi.nlm.nih.gov/pubmed/26983033
https://www.ncbi.nlm.nih.gov/pubmed/26983033
https://www.ncbi.nlm.nih.gov/pubmed/26983033
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5364980/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5364980/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5364980/
https://www.ncbi.nlm.nih.gov/pubmed/19930424
https://www.ncbi.nlm.nih.gov/pubmed/19930424
https://www.ncbi.nlm.nih.gov/pubmed/19930424
https://www.ncbi.nlm.nih.gov/pubmed/19930424
http://www.nature.com/nrendo/journal/v11/n1/full/nrendo.2014.205.html?message-global=remove&foxtrotcallback=true
http://www.nature.com/nrendo/journal/v11/n1/full/nrendo.2014.205.html?message-global=remove&foxtrotcallback=true
http://pubs.rsc.org/en/content/articlelanding/2017/ay/c7ay00185a#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2017/ay/c7ay00185a#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2017/ay/c7ay00185a#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2017/ay/c7ay00185a#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2017/ay/c7ay00185a#!divAbstract
https://www.ncbi.nlm.nih.gov/m/pubmed/28548867/
https://www.ncbi.nlm.nih.gov/m/pubmed/28548867/
https://www.ncbi.nlm.nih.gov/m/pubmed/28548867/
https://www.ncbi.nlm.nih.gov/labs/articles/27612714/
https://www.ncbi.nlm.nih.gov/labs/articles/27612714/
https://www.ncbi.nlm.nih.gov/labs/articles/27612714/
https://www.ncbi.nlm.nih.gov/pubmed/24531658
https://www.ncbi.nlm.nih.gov/pubmed/24531658
https://www.ncbi.nlm.nih.gov/pubmed/24531658
https://www.intechopen.com/books/chromatography-the-most-versatile-method-of-chemical-analysis/a-review-of-current-trends-and-advances-in-analytical-methods-for-determination-of-statins-chromatog
https://www.intechopen.com/books/chromatography-the-most-versatile-method-of-chemical-analysis/a-review-of-current-trends-and-advances-in-analytical-methods-for-determination-of-statins-chromatog
https://www.intechopen.com/books/chromatography-the-most-versatile-method-of-chemical-analysis/a-review-of-current-trends-and-advances-in-analytical-methods-for-determination-of-statins-chromatog
https://www.intechopen.com/books/chromatography-the-most-versatile-method-of-chemical-analysis/a-review-of-current-trends-and-advances-in-analytical-methods-for-determination-of-statins-chromatog
https://www.omicsonline.org/open-access/spectrophotometric-determination-of-atorvastatin-calcium-and-rosuvastatincalcium-in-bulk-and-dosage-form-using-pdimethylaminobenza-1920-4159-1000233.php?aid=84790&view=mobile
https://www.omicsonline.org/open-access/spectrophotometric-determination-of-atorvastatin-calcium-and-rosuvastatincalcium-in-bulk-and-dosage-form-using-pdimethylaminobenza-1920-4159-1000233.php?aid=84790&view=mobile
https://www.omicsonline.org/open-access/spectrophotometric-determination-of-atorvastatin-calcium-and-rosuvastatincalcium-in-bulk-and-dosage-form-using-pdimethylaminobenza-1920-4159-1000233.php?aid=84790&view=mobile
http://www.sciencedirect.com/science/article/pii/S1021949813000045
http://www.sciencedirect.com/science/article/pii/S1021949813000045
http://www.sciencedirect.com/science/article/pii/S1021949813000045
http://www.chromatographyonline.com/simultaneous-determination-amlodipine-and-atorvastatin-tablet-formulations-and-plasma-using-capillar
http://www.chromatographyonline.com/simultaneous-determination-amlodipine-and-atorvastatin-tablet-formulations-and-plasma-using-capillar
http://www.chromatographyonline.com/simultaneous-determination-amlodipine-and-atorvastatin-tablet-formulations-and-plasma-using-capillar
https://link.springer.com/article/10.1365/s10337-009-1049-4
https://link.springer.com/article/10.1365/s10337-009-1049-4
https://link.springer.com/article/10.1365/s10337-009-1049-4
https://www.ncbi.nlm.nih.gov/pubmed/16470513
https://www.ncbi.nlm.nih.gov/pubmed/16470513
https://www.ncbi.nlm.nih.gov/pubmed/16470513
https://www.ncbi.nlm.nih.gov/pubmed/16470513
https://www.ncbi.nlm.nih.gov/pubmed/16470513


Central
Bringing Excellence in Open Access





Sirén (2017)
Email: 

J Pharmacol Clin Toxicol 5(6): 1092 (2017) 21/22

94.	Jauković ZD, GruJić SD, Vasiljević TM, Petrović SD, Laušević MD. 
Cardiovascular drugs in environmental waters and wastewaters: 
Method optimization and real sample analysis. J AOAC Int. 2014; 
1167-1174.

95.	Stepien KM, Tomaszewski M, Luszczki JJ, Czuczwar SJ. The interactions 
of atorvastatin and fluvastatin with carbamazepine, phenytoin and 
valproate in the mouse maximal electroshock seizure model. Eur J 
Pharmacol. 2012; 674: 20-26.

96.	Reddy P, Ellington D, Zhu Y, Zdrojewski I, Parent SJ, Jerold S, et al. 
Serum concentrations and clinical effects of atorvastatin in patients 
taking grape fruit juice daily. Br J Clin Pharmacol. 2011; 72: 434-441.

97.	Zarghi A, Shafaati A, Foroutan SM, Khoddam A. A simple and rapid 
HPLC method for the determination of atorvastatin in human plasma 
with UV detection and its application to pharmacokinetic studies. 
Arzneim.-Forsch./Drug Res. 2005; 55: 451−454.

98.	Shirkhedkar AA, Surana SJ. Development and Validation of a Reversed-
Phase High-Performance Thin-Layer Chromatography-Densitometric 
Method for Determination of Atorvastatin Calcium in Bulk Drug and 
Tablets. J AOAC Int. 2010; 93: 798-803.

99.	Khedr A. Stability-Indicating High-Performance Liquid 
Chromatographic Assay of Atorvastatin with Fluorescence Detection. 
J AOAC. 2007; 90: 1547-1553.

100.	Mustafa G, Azeem A, Ahmad FJ, Khan ZI, Shakeel F, Talegaonkar S. 
Stability Indicating RP-HPLC Method for Analysis of Atorvastatin in 
Bulk Drug, Marketed Tablet and Nanoemulsion Formulation. J Chil 
Chem Soc. 2008; 55: 184-188.

101.	Farahani H, Norouzi P, Beheshti A, Sobhi HR, Dinarvand R, 
Ganjali MR. Quantitation of Atorvastatin in Human Plasma using 
Directly Suspended Acceptor Droplet in Liquid–liquid–liquid 
Microextraction and High-performance Liquid Chromatography-
ultraviolet Detection. Talanta. 2009; 80: 1001-1006.

102.	Shah RP, Kumar V, Singh S. Liquid Chromatography/Mass 
Spectrometric Studies on Atorvastatin and its Stress Degradation 
Products. Rapid Commun. Mass Spectrom. 2008; 22: 613-622.

103.	Nirogi RVS, Kandikere VN, Shukla M, Mudigonda K, Maurya S, 
Ravikumar Boosi R, et al. Simultaneous quantification of atorvastatin 
and active metabolites in human plasma by liquid chromatography–
tandem mass spectrometry using rosuvastatin as internal standard. 
Biomed Chromatogr. 2006; 20: 924-936.

104.	Partani P, Verma SM, Garule S, Khuroo A, Monif T. Simultanous 
quantification of atorvastatin and its two active metabolites in 
human plasma by liquid chromatography/(-) electrospray tandem 
mass spectrometry. J Pharm Anal. 2014; 4: 26-36.

105.	Vukkum P, Babu JM, Muralikrishna R. Stress Degradation Behavior 
of Atorvastatin Calcium and Development of a Suitable Stability-
Indicating LC Method for the Determination of Atorvastatin, its 
Related Impurities, and its Degradation Products. Sci Pharm. 2013; 
81: 93-114.

106.	Bullen WW, Miller RA, Hayes RN. Development and Validation 
of a High Performance Liquid Chromatography Tandem Mass 
Spectrometry Assay for Atorvastatin, Ortho-Hydroxy Atorvastatin, 
and Para-Hydroxy Atorvastatin in Human, Dog, and Rat Plasma. J Am 
Soc Mass Spectrom. 1999; 10: 55-66.

107.	Niessen WMA, Correa RAC. Interpretation of MS-MS Mass Spectra of 
Drugs and Pesticides. John 1003 Wiley & Sons.  2017; 1- 416.

108.	Abdallah OM. RP-HPLC Determination of Three Anti-Hyperlipidemic 
Drugs in Spiked Human Plasma 1006 and in Dosage Form. 2011; 8: 
753-761.

109.	Srinivasu MK, Raju AN, Reddy GO. Determination of lovastatin and 

simvastatin in pharmaceutical dosage forms by MEKC. J Pharm 
Biomed anal. 2002; 29: 715-721.

110.	Li M, Fan LY, Zhang W, Cao CX. Stacking and quantitative analysis 
of lovastatin in urine samples by the transient moving chemical 
reaction boundary method in capillary electrophoresis. Anal Bioanal 
Chem. 2007; 387: 2719-2725.

111.	Li YG, Zhang F, Wang ZT, Hu ZB. Identification and chemical profiling 
of monocolins in red yeast rice using HPLC with photodiode array 
detector and mass spectrometry. J Pharm Biomed Anal. 2004; 35: 
1101-1112.

112.	Huang Q, Aa J, Jia H, Xin X, Tao C, Liu L, et al. Pharmaco metabonomic 
approach to predicting metabolic phenotypes and pharmacokinetic 
parameters of atorvastatin in healthy volunteers. J Proteome Res. 
2015; 14: 3970-3981.

113.	Fukiwake, Tomohide, Hasegawa, Takashi, Takahashi, Kazunaga, et 
al. Simultaneous determination of statins in dietary supplements 
by ultra-performance liquid chromatography. Food Hygiene Safety 
Science. 2014; 55: 94-102.

114.	Martín J, Buchberger W, Alonso E, Himmelsbach M, Aparicio I. 
Comparison of different extraction methods for the determination 
of statin drugs in wastewater and river water by HPLC/Q-TOF-MS. 
Talanta. 2011; 85: 607-615.

115.	Mornar A, Damić M, Nigović B. Separation, characterization, and 
quantification of atorvastatin and related impurities by liquid 
chromatography-electrospray ionization mass spectrometry. 
Analytical Letters. 2010; 43: 2859-2871.

116.	Miao XS, Metcalfe CD. Determination of pharmaceuticals in aqueous 
samples using positive and negative voltage switching microbore 
liquid chromatography-electrospray ionization tandem mass 
spectrometry. J Mass Spectrom. 2003; 38: 27-34.

117.	Hernando MD, Agüera AR, Fernández-Alba. LC-MS analysis and 
environmental risk of lipid regulators. Anal Bioanal Chem. 2006.

118.	Evgenidou EN, Konstantinou IK, Lambropoulou DA. Occurrence and 
removal of transformation products of PPCPs and illicit drugs in 
wastewaters: A review. Sci Total Environ. 2015; 505: 905- 926.

119.	Stankiewicz A, Giebułtowicz J, Stankiewicz U, Wroczyński P, 
Nałęcz-Jawecki G. Determination of selected cardiovascular active 
compounds in environmental aquatic samples-Methods and results, 
a review of global publications from the last 10 years. Chemosphere. 
2015; 138: 642-656.

120.	Martín J, Buchberger W, Alonso E, Himmelsbach M, Aparicio I. There 
are relatively few publications about the occurrence of statins in 
environment. Comparison of different extraction methods for the 
determination of statin drugs in wastewater and river water by 
HPLC/Q-TOF-MS. Talanta. 2011; 85: 607-615.

121.	Petrie B, Youdan J, Barden R, Kasprzyk-Hordern B. Multi-
residue analysis of 90 emerging contaminants in liquid and 
solid environmental matrices by ultra-high-performance liquid 
chromatography tandem mass spectrometry. J Chromatogr A.  2016; 
1431: 64-78.

122.	Nigović B, Mornar A, Sertić M. A Review of Current Trends and 
Advances in Analytical Methods for Determination of Statins: 
Chromatography and Capillary Electrophoresis. 2012.

123.	Dennis Bernieh, Graham Lawson, Sangeeta Tanna. Quantitative 
LC–HRMS determination of selected cardiovascular drugs, in dried 
blood spots, as an indicator of adherence to medication. J Pharm 
Biom Anal. 2017; 142: 232-243.

124.	Sangshetti NJ, Aqeel M, Zaheer Z, Ahmed RZ, Dhegihan MHG, Gonjari 
I. Development and validation of RP-HPLC method for determination 

http://www.ingentaconnect.com/contentone/aoac/jaoac/2014/00000097/00000004/art00030
http://www.ingentaconnect.com/contentone/aoac/jaoac/2014/00000097/00000004/art00030
http://www.ingentaconnect.com/contentone/aoac/jaoac/2014/00000097/00000004/art00030
http://www.ingentaconnect.com/contentone/aoac/jaoac/2014/00000097/00000004/art00030
https://www.ncbi.nlm.nih.gov/pubmed/22056838
https://www.ncbi.nlm.nih.gov/pubmed/22056838
https://www.ncbi.nlm.nih.gov/pubmed/22056838
https://www.ncbi.nlm.nih.gov/pubmed/22056838
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3175512/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3175512/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3175512/
https://www.ncbi.nlm.nih.gov/pubmed/20629379
https://www.ncbi.nlm.nih.gov/pubmed/20629379
https://www.ncbi.nlm.nih.gov/pubmed/20629379
https://www.ncbi.nlm.nih.gov/pubmed/20629379
http://www.ingentaconnect.com/contentone/aoac/jaoac/2007/00000090/00000006/art00005
http://www.ingentaconnect.com/contentone/aoac/jaoac/2007/00000090/00000006/art00005
http://www.ingentaconnect.com/contentone/aoac/jaoac/2007/00000090/00000006/art00005
http://www.scielo.cl/scielo.php?script=sci_arttext&pid=S0717-97072010000200008
http://www.scielo.cl/scielo.php?script=sci_arttext&pid=S0717-97072010000200008
http://www.scielo.cl/scielo.php?script=sci_arttext&pid=S0717-97072010000200008
http://www.scielo.cl/scielo.php?script=sci_arttext&pid=S0717-97072010000200008
http://www.mop.ir/portal/File/ShowFile.aspx?ID=719e53e8-b29e-4c67-8861-03762cfb19c3
http://www.mop.ir/portal/File/ShowFile.aspx?ID=719e53e8-b29e-4c67-8861-03762cfb19c3
http://www.mop.ir/portal/File/ShowFile.aspx?ID=719e53e8-b29e-4c67-8861-03762cfb19c3
http://www.mop.ir/portal/File/ShowFile.aspx?ID=719e53e8-b29e-4c67-8861-03762cfb19c3
http://www.mop.ir/portal/File/ShowFile.aspx?ID=719e53e8-b29e-4c67-8861-03762cfb19c3
http://onlinelibrary.wiley.com/doi/10.1002/rcm.3403/abstract
http://onlinelibrary.wiley.com/doi/10.1002/rcm.3403/abstract
http://onlinelibrary.wiley.com/doi/10.1002/rcm.3403/abstract
https://www.ncbi.nlm.nih.gov/pubmed/16470513
https://www.ncbi.nlm.nih.gov/pubmed/16470513
https://www.ncbi.nlm.nih.gov/pubmed/16470513
https://www.ncbi.nlm.nih.gov/pubmed/16470513
https://www.ncbi.nlm.nih.gov/pubmed/16470513
http://www.sciencedirect.com/science/article/pii/S2095177913001044
http://www.sciencedirect.com/science/article/pii/S2095177913001044
http://www.sciencedirect.com/science/article/pii/S2095177913001044
http://www.sciencedirect.com/science/article/pii/S2095177913001044
https://www.ncbi.nlm.nih.gov/pubmed/23641331
https://www.ncbi.nlm.nih.gov/pubmed/23641331
https://www.ncbi.nlm.nih.gov/pubmed/23641331
https://www.ncbi.nlm.nih.gov/pubmed/23641331
https://www.ncbi.nlm.nih.gov/pubmed/23641331
https://www.ncbi.nlm.nih.gov/pubmed/9888185
https://www.ncbi.nlm.nih.gov/pubmed/9888185
https://www.ncbi.nlm.nih.gov/pubmed/9888185
https://www.ncbi.nlm.nih.gov/pubmed/9888185
https://www.ncbi.nlm.nih.gov/pubmed/9888185
https://www.abebooks.com/9781118500187/Interpretation-MS-MS-Mass-Spectra-Drugs-1118500180/plp
https://www.abebooks.com/9781118500187/Interpretation-MS-MS-Mass-Spectra-Drugs-1118500180/plp
https://www.ncbi.nlm.nih.gov/labs/articles/12093500/
https://www.ncbi.nlm.nih.gov/labs/articles/12093500/
https://www.ncbi.nlm.nih.gov/labs/articles/12093500/
https://link.springer.com/article/10.1007/s00216-007-1169-3
https://link.springer.com/article/10.1007/s00216-007-1169-3
https://link.springer.com/article/10.1007/s00216-007-1169-3
https://link.springer.com/article/10.1007/s00216-007-1169-3
https://www.ncbi.nlm.nih.gov/pubmed/15336357
https://www.ncbi.nlm.nih.gov/pubmed/15336357
https://www.ncbi.nlm.nih.gov/pubmed/15336357
https://www.ncbi.nlm.nih.gov/pubmed/15336357
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00440
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00440
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00440
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00440
https://www.jstage.jst.go.jp/article/shokueishi/55/2/55_94/_article
https://www.jstage.jst.go.jp/article/shokueishi/55/2/55_94/_article
https://www.jstage.jst.go.jp/article/shokueishi/55/2/55_94/_article
https://www.jstage.jst.go.jp/article/shokueishi/55/2/55_94/_article
https://www.ncbi.nlm.nih.gov/pubmed/21645748
https://www.ncbi.nlm.nih.gov/pubmed/21645748
https://www.ncbi.nlm.nih.gov/pubmed/21645748
https://www.ncbi.nlm.nih.gov/pubmed/21645748
http://www.tandfonline.com/doi/abs/10.1080/00032711003763624
http://www.tandfonline.com/doi/abs/10.1080/00032711003763624
http://www.tandfonline.com/doi/abs/10.1080/00032711003763624
http://www.tandfonline.com/doi/abs/10.1080/00032711003763624
http://onlinelibrary.wiley.com/doi/10.1002/jms.394/abstract
http://onlinelibrary.wiley.com/doi/10.1002/jms.394/abstract
http://onlinelibrary.wiley.com/doi/10.1002/jms.394/abstract
http://onlinelibrary.wiley.com/doi/10.1002/jms.394/abstract
https://w3.ual.es/~intercom/comun/lcms.pdf
https://w3.ual.es/~intercom/comun/lcms.pdf
https://www.ncbi.nlm.nih.gov/pubmed/25461093
https://www.ncbi.nlm.nih.gov/pubmed/25461093
https://www.ncbi.nlm.nih.gov/pubmed/25461093
https://www.researchgate.net/publication/280870687_Determination_of_selected_cardiovascular_active_compounds_in_environmental_aquatic_samples_-_Methods_and_results_a_review_of_global_publications_from_the_last_10_years
https://www.researchgate.net/publication/280870687_Determination_of_selected_cardiovascular_active_compounds_in_environmental_aquatic_samples_-_Methods_and_results_a_review_of_global_publications_from_the_last_10_years
https://www.researchgate.net/publication/280870687_Determination_of_selected_cardiovascular_active_compounds_in_environmental_aquatic_samples_-_Methods_and_results_a_review_of_global_publications_from_the_last_10_years
https://www.researchgate.net/publication/280870687_Determination_of_selected_cardiovascular_active_compounds_in_environmental_aquatic_samples_-_Methods_and_results_a_review_of_global_publications_from_the_last_10_years
https://www.researchgate.net/publication/280870687_Determination_of_selected_cardiovascular_active_compounds_in_environmental_aquatic_samples_-_Methods_and_results_a_review_of_global_publications_from_the_last_10_years
http://www.sciencedirect.com/science/article/pii/S0021967315018051
http://www.sciencedirect.com/science/article/pii/S0021967315018051
http://www.sciencedirect.com/science/article/pii/S0021967315018051
http://www.sciencedirect.com/science/article/pii/S0021967315018051
http://www.sciencedirect.com/science/article/pii/S0021967315018051
https://www.intechopen.com/books/references/chromatography-the-most-versatile-method-of-chemical-analysis/a-review-of-current-trends-and-advances-in-analytical-methods-for-determination-of-statins-chromatog
https://www.intechopen.com/books/references/chromatography-the-most-versatile-method-of-chemical-analysis/a-review-of-current-trends-and-advances-in-analytical-methods-for-determination-of-statins-chromatog
https://www.intechopen.com/books/references/chromatography-the-most-versatile-method-of-chemical-analysis/a-review-of-current-trends-and-advances-in-analytical-methods-for-determination-of-statins-chromatog
https://www.ncbi.nlm.nih.gov/pubmed/28525790
https://www.ncbi.nlm.nih.gov/pubmed/28525790
https://www.ncbi.nlm.nih.gov/pubmed/28525790
https://www.ncbi.nlm.nih.gov/pubmed/28525790
http://www.sciencedirect.com/science/article/pii/S1319610312001949
http://www.sciencedirect.com/science/article/pii/S1319610312001949


Central
Bringing Excellence in Open Access





Sirén (2017)
Email: 

J Pharmacol Clin Toxicol 5(6): 1092 (2017) 22/22

Sirén H (2017) Chromatography and Capillary Electrophoresis of Atorvastatin and Related Compounds: Review on Pharmaceutical, Blood and Environmental 
Samples. J Pharmacol Clin Toxicol 5(6):1092.

Cite this article

of Atorvastatin calcium and Nicotinic acid in combined tablet dosage 
form. J Saudi Chemical Society.  2016; 20: S328-S333.

125.	Cai L, Zheng Z, Wang X, Tang L, Mai L, He G, et al. Simultaneous 
determination of atorvastatin and its metabolites in human plasma 
by UPLC-MS/MS. Anal Methods. 2017; 9:1038-1045.

126.	El-Bagary RI, Elkady EF, El-Sherif ZA, Kadry AM. LC–MS–MS 
Simultaneous Determination of Atorvastatin and Ezetimibe in 
Human Plasma. J Chromatogr Sci. 2014; 52: 773-780.

127.	Bayya V, Makula A, Sanka K, Borra NS, Chaganty S. Rapid, selective, 
and rugged method development and validation of atorvastatin 
and its active metabolites, o-hydroxy atorvastatin and p-hydroxy 
atorvastatin, in stabilized plasma using liquid chromatography 
coupled with tandem mass spectrometry. J Liquid Chromatogr 
Related Technologies. 2015; 38: 1585-1592.

128.	Tahboub YR. Chromatographic behavior of co-eluted plasma 
compounds and effect on screening of drugs by APCI-LC–MS(/MS): 
Applications to selected cardiovascular drugs. J Pharm Anal. 2014; 
4: 384-391.

129.	Polagani SR, Pilli NR, Gajula R, Gandu V. Simultaneous determination 
of atorvastatin, metformin and glimepiride in human plasma by 
LC–MS/MS and its application to a human pharmacokinetic study. J 
Pharm Anal. 2013; 3: 9-19.

130.	Nigović Hotha KK, Yarramu NR, Kandibedala T, Dasari VB, 
Vobalaboina V. Simultaneous determination of atorvastatin and 
glimepiride by LC-MS/MS in human plasma and its application to a 
pharmacokinetic study. Am J Anal Chem. 2012; 3: 1-4.

131.	De Haven CD, Evans AM, Dai H, Lawton KA. Organization of GC/MS 
and LC/MS metabolomics data into chemical libraries. J Cheminform. 
2010; 2: 1-12.

132.	Olariu RI, Vione D, Grinberg N, Arsene C. Sample preparation for 
trace analysis by chromatographic methods. J Liquid Chromatogr 
related Techniques. 2010; 33: 1174-1207.

133.	Kublin E, Malanowicz E, Kaczmarska-Graczyk B, Czerwinska K, 
Wyszomirska E, Mazurek AP. Development of chromatographic 
method for determination of drugs reducing cholesterol level - 
statins and ezetimibe. Acta Poloniae Pharmaceutica - Drug Research. 
2015; 72: 429-437.

134.	Tajabadi F, Ghambarian M, Yamini Y. Evaluation of three-phase 
hollow fiber microextraction based on two immiscible solvents 
coupled to GC and HPLC for determination of statin drugs in 
biological fluids. Anal Methods. 2015; 7: 2959-2967.

135.	Wang M, Wang Y, Zhao M, Wang F, Zhao C. Metabolic profiling 
analysis of fatty acids from hyperlipidemic rats treated with 
Gynostemma pentaphyllum and atorvastatin based on GC/MS. Anal 
Methods. 2014; 6: 8660-8667.

136.	Kublin E, Kaczmarska-Graczyk B, Mazurek AP. Determination by 
chromatographic methods of selected medicines reducing the level 
of cholesterol. Acta Poloniae Pharmaceutica. 2006; 63: 404-407.

137.	Sirén H. unpublished results.

138.	EPA. Chemistry Dashboard. 2017.

139.	Damić M, Nigović B. Fast Analysis of Statins in Pharmaceuticals by 
MEKC. Chromatographia. 2010; 71: 233-240.

140.	Kokilambigai KS, Seetharaman R, Lakshmi KS. Critical Review on the 
Analytical Techniques for the Determination of the Oldest Statin—
Atorvastatin—in Bulk, Pharmaceutical Formulations and Biological 
Fluids. Crit Rev Anal Chem. 2017; 1-18.

141.	Guichen W, Sisk GD, Scully NM, Glennon JD. Rapid analysis of 
atorvastatin calcium using capillary electrophoresis and microchip 
electrophoresis. Electrophoresis. 2006; 27: 2338-2347.

142.	Shah DA, Bhatt KK, Mehta RS, Baldania SL, Gandhi TR. Stability 
indicating RP-HPLC estimation of atorvastatin calcium and 
amlopidine besylate in pharmaceutical formulations. Indian J Pharm 
Sci. 2008; 70: 754-760.

143.	Terabe S. Peer Reviewed: Micellar Electrokinetic Chromatography- 
MEKC belongs to a mode of CE but also to micro-LC. Anal Chem. 
2004; 76: 240A-246A.

144.	Sirén H, El Fellah S. Androgens, oestrogens, and progesterone 
concentrations in wastewater purification processes measured with 
capillary electrophoresis. Env Sci Poll Res. 2017; 24: 16765-16785.

145.	Wei SY, Wang LF, Yang YH, Yeh HH, Chen YC, Chen SW. Sample 
stacking by field-amplified sample injection and sweeping for 
simultaneous analysis of acidic and basic components in clinic 
application. Electrophoresis. 2012; 33: 1571-1581.

146.	Quirino JP, Aranas AT. On-line sample concentration via micelle to 
solvent stacking of cations prepared with aqueous organic solvents 
in capillary electrophoresis. Electrophoresis. 2012; 33: 2167-2175.

147.	Hefnawy MM, Sultan M, Al-Johar H. Development of Capillary 
Electrophoresis Technique for Simultaneous Measurement of 
Amlodipine and Atorvastatin from Their Combination Drug 
Formulations. J Liquid Chromatogr Related Technologies. 2009; 32: 
2923-2942.

148.	Hassan SA, Elzanfaly ES, El-Zeany SB, Salem MY. Development and 
validation of HPLC and CE methods for simultaneous determination 
of amlodipine and atorvastatin in the presence of their acidic 
degradation products in tablets. Acta Pharm. 2016; 66: 479-490.

149.	Prasanna SJ, Kaleemullah T, Appala Chararyulu S, Sharma HK, 
Mukkanti K. Determination and validation of low molecular mass 
organic acids in pharmaceutical drug substances by capillary 
electrophoresis. J Chem Pharm Res. 2012; 4: 5039-5047.

150.	Quirino JP, Guidote AM Jr. Two-step stacking in capillary zone 
electrophoresis featuring sweeping and micelle to solvent stacking: 
II. Organic anions. J Chromatogr A. 2011; 1218: 1004-1010.

151.	Guidote AM Jr, Quirino JP. On-line sample concentration of organic 
anions in capillary zone electrophoresis by micelle to solvent 
stacking. J Chromatogr A. 2010; 1217: 6290-6295.

152.	AlShehri MM. A validated capillary electrophoresis method for 
simultaneous determination of ezetimibe and atorvastatin in 
pharmaceutical formulations. Saudi Pharm J. 2012; 20: 143-148.

http://www.sciencedirect.com/science/article/pii/S1319610312001949
http://www.sciencedirect.com/science/article/pii/S1319610312001949
http://pubs.rsc.org/en/content/articlelanding/2017/ay/c6ay03113g#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2017/ay/c6ay03113g#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2017/ay/c6ay03113g#!divAbstract
https://www.ncbi.nlm.nih.gov/pubmed/23885041
https://www.ncbi.nlm.nih.gov/pubmed/23885041
https://www.ncbi.nlm.nih.gov/pubmed/23885041
http://www.tandfonline.com/doi/abs/10.1080/10826076.2015.1079719?src=recsys&journalCode=ljlc20
http://www.tandfonline.com/doi/abs/10.1080/10826076.2015.1079719?src=recsys&journalCode=ljlc20
http://www.tandfonline.com/doi/abs/10.1080/10826076.2015.1079719?src=recsys&journalCode=ljlc20
http://www.tandfonline.com/doi/abs/10.1080/10826076.2015.1079719?src=recsys&journalCode=ljlc20
http://www.tandfonline.com/doi/abs/10.1080/10826076.2015.1079719?src=recsys&journalCode=ljlc20
http://www.tandfonline.com/doi/abs/10.1080/10826076.2015.1079719?src=recsys&journalCode=ljlc20
http://www.sciencedirect.com/science/article/pii/S2095177914000665
http://www.sciencedirect.com/science/article/pii/S2095177914000665
http://www.sciencedirect.com/science/article/pii/S2095177914000665
http://www.sciencedirect.com/science/article/pii/S2095177914000665
http://www.sciencedirect.com/science/article/pii/S2095177912001098
http://www.sciencedirect.com/science/article/pii/S2095177912001098
http://www.sciencedirect.com/science/article/pii/S2095177912001098
http://www.sciencedirect.com/science/article/pii/S2095177912001098
https://file.scirp.org/pdf/AJAC20120800009_92484623.pdf
https://file.scirp.org/pdf/AJAC20120800009_92484623.pdf
https://file.scirp.org/pdf/AJAC20120800009_92484623.pdf
https://file.scirp.org/pdf/AJAC20120800009_92484623.pdf
https://www.ncbi.nlm.nih.gov/pubmed/20955607
https://www.ncbi.nlm.nih.gov/pubmed/20955607
https://www.ncbi.nlm.nih.gov/pubmed/20955607
http://www.tandfonline.com/doi/abs/10.1080/10826076.2010.484371
http://www.tandfonline.com/doi/abs/10.1080/10826076.2010.484371
http://www.tandfonline.com/doi/abs/10.1080/10826076.2010.484371
https://pbn-ms.opi.org.pl/pbn-report-web/pages/publication/id/58c7af0fd5dea96608a81a26
https://pbn-ms.opi.org.pl/pbn-report-web/pages/publication/id/58c7af0fd5dea96608a81a26
https://pbn-ms.opi.org.pl/pbn-report-web/pages/publication/id/58c7af0fd5dea96608a81a26
https://pbn-ms.opi.org.pl/pbn-report-web/pages/publication/id/58c7af0fd5dea96608a81a26
https://pbn-ms.opi.org.pl/pbn-report-web/pages/publication/id/58c7af0fd5dea96608a81a26
http://pubs.rsc.org/en/content/articlelanding/2015/ay/c4ay02980a#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2015/ay/c4ay02980a#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2015/ay/c4ay02980a#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2015/ay/c4ay02980a#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2014/AY/C4AY01405G#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2014/AY/C4AY01405G#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2014/AY/C4AY01405G#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2014/AY/C4AY01405G#!divAbstract
http://en.ahau.findplus.cn/?h=articles&db=edselc&an=edselc.2-52.0-34250662728
http://en.ahau.findplus.cn/?h=articles&db=edselc&an=edselc.2-52.0-34250662728
http://en.ahau.findplus.cn/?h=articles&db=edselc&an=edselc.2-52.0-34250662728
https://comptox.epa.gov/dashboard
https://link.springer.com/article/10.1365%2Fs10337-009-1432-1
https://link.springer.com/article/10.1365%2Fs10337-009-1432-1
https://www.ncbi.nlm.nih.gov/labs/articles/28644038/
https://www.ncbi.nlm.nih.gov/labs/articles/28644038/
https://www.ncbi.nlm.nih.gov/labs/articles/28644038/
https://www.ncbi.nlm.nih.gov/labs/articles/28644038/
http://onlinelibrary.wiley.com/doi/10.1002/elps.200500899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/elps.200500899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/elps.200500899/abstract
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3040869/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3040869/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3040869/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3040869/
http://pubs.acs.org/doi/abs/10.1021/ac0415859
http://pubs.acs.org/doi/abs/10.1021/ac0415859
http://pubs.acs.org/doi/abs/10.1021/ac0415859
https://tuhat.helsinki.fi/portal/en/publications/androgens-oestrogen(f3fb0f0c-8543-4cd6-bc3d-85d6b6c78cd4).html
https://tuhat.helsinki.fi/portal/en/publications/androgens-oestrogen(f3fb0f0c-8543-4cd6-bc3d-85d6b6c78cd4).html
https://tuhat.helsinki.fi/portal/en/publications/androgens-oestrogen(f3fb0f0c-8543-4cd6-bc3d-85d6b6c78cd4).html
http://onlinelibrary.wiley.com/doi/10.1002/elps.201100716/abstract
http://onlinelibrary.wiley.com/doi/10.1002/elps.201100716/abstract
http://onlinelibrary.wiley.com/doi/10.1002/elps.201100716/abstract
http://onlinelibrary.wiley.com/doi/10.1002/elps.201100716/abstract
https://www.ncbi.nlm.nih.gov/pubmed/22821494
https://www.ncbi.nlm.nih.gov/pubmed/22821494
https://www.ncbi.nlm.nih.gov/pubmed/22821494
http://www.tandfonline.com/doi/abs/10.1080/10826070903320681?src=recsys&journalCode=ljlc20
http://www.tandfonline.com/doi/abs/10.1080/10826070903320681?src=recsys&journalCode=ljlc20
http://www.tandfonline.com/doi/abs/10.1080/10826070903320681?src=recsys&journalCode=ljlc20
http://www.tandfonline.com/doi/abs/10.1080/10826070903320681?src=recsys&journalCode=ljlc20
http://www.tandfonline.com/doi/abs/10.1080/10826070903320681?src=recsys&journalCode=ljlc20
http://www.jocpr.com/articles/determination-and-validation-of-low-molecular-mass-organic-acids-in-pharmaceutical-drug-substances-by-capillary-electrop.pdf
http://www.jocpr.com/articles/determination-and-validation-of-low-molecular-mass-organic-acids-in-pharmaceutical-drug-substances-by-capillary-electrop.pdf
http://www.jocpr.com/articles/determination-and-validation-of-low-molecular-mass-organic-acids-in-pharmaceutical-drug-substances-by-capillary-electrop.pdf
http://www.jocpr.com/articles/determination-and-validation-of-low-molecular-mass-organic-acids-in-pharmaceutical-drug-substances-by-capillary-electrop.pdf
http://europepmc.org/abstract/med/21241991
http://europepmc.org/abstract/med/21241991
http://europepmc.org/abstract/med/21241991
https://www.ncbi.nlm.nih.gov/pubmed/20810119
https://www.ncbi.nlm.nih.gov/pubmed/20810119
https://www.ncbi.nlm.nih.gov/pubmed/20810119
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3745071/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3745071/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3745071/

	Chromatography and Capillary Electrophoresis of Atorvastatin and Related Compounds: Review on Pharma
	Abstract
	Abbreviations
	Introduction
	Diseases and statins
	Natural and synthetic statins 
	Pharmacology of statins 
	Effect of statins 

	Novelty Valued Progress in Atorvastatin Research with Analytical Methods
	Advantages in sample preparation and chromatography 
	Applications
	Gas chromatography of atorvastatin (GC, GC-MS) 
	Capillary electrophoresis of atorvastatin (CE, CZE, MEKC ) 

	Conclusions
	References
	Figure 1
	Figure 2
	Table 1
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Table 2
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16
	Figure 17

