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ABSTrACT

The isoprenoid biosynthesis pathway provides the cell with a variety of compounds 
which are involved in multiple cellular processes. Inhibition of this pathway with statins 
and bisphosphonates is widely applied in the treatment of hypercholesterolemia and 
metabolic bone disease, respectively. In addition, since isoprenylation of proteins 
is an important therapeutic target in cancer research there is interest in interfering 
with isoprenoid biosynthesis, for which new inhibitors to block farnesylation and 
geranylgeranylation of small GTPases are being developed. We recently developed a 
sensitive method using UPLC-MS/MS that allows the direct detection and quantification 
of all intermediates of the mevalonate pathway from MVA to GGPP which can be used 
to verify the specificity of inhibitors of the isoprenoid biosynthesis pathway. We here 
investigated the specificity of several inhibitors of the isoprenoid biosynthesis pathway 
in HepG2 cells, fibroblasts and lymphoblasts. The nitrogen-containing bisphosphonates 
pamidronate and zoledronate specifically inhibit farnesyl pyrophosphate synthase 
indicated by the accumulation of IPP/DMAPP. However, zaragozic acid A, a squalene 
synthase inhibitor, causes an increase of MVA in addition to the expected increase of FPP. 
Analysis of isoprenoid intermediate profiles after incubation with 6-fluoromevalonate 
showed a very nonspecific result with an increase in MVA, MVAP, MVAPP and IPP/
DMAPP. These results show that inhibitors of a particular enzyme of the isoprenoid 
biosynthesis pathway can have additional effects on other enzymes of the pathway 
either direct or indirect through accumulation of isoprenoid intermediates. Our method 
can be used to test new inhibitors and their effect on overall isoprenoid biosynthesis.
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INTroDuCTIoN

The isoprenoid biosynthesis pathway (Figure 1) is an important metabolic pathway 
which produces a range of sterol and nonsterol isoprenoids, vital for multiple cellular 
functions. Cholesterol is an important sterol end product of the pathway and functions 
not only as a structural component of the plasma membrane, but also as the precursor 
for steroid hormones, bile acids and oxysterols. In addition, the pathway synthesizes 
nonsterol isoprenoids (such as the side chains of ubiquinone-10 and heme A, dolichol, 
isopentenyl tRNA and the farnesyl and geranylgeranyl groups of isoprenylated proteins) 
which are incorporated into diverse classes of end products that participate in processes 
relating to cell growth, differentiation, cytoskeletal function and vesicle trafficking [1;2].

Figure 1. Isoprenoid biosynthesis pathway. Inhibitors of various enzyme steps of the pathway are indicated 
in the figure. Enzymes of the pathway: 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), mevalonate 
kinase (MK), phosphomevalonate kinase (PMK), mevalonate pyrophosphate decarboxylase (MPD), 
isopentenyl pyrophosphate isomerise (IPPI), farnesyl pyrophosphate synthase (FPPS), squalene synthase (SQS), 
farnesyltransferase (FTase), geranylgeranyltransferase (GGTase).
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The mevalonate pathway is the nonsterol, pre-squalene part of the isoprenoid 
biosynthesis and is involved in the synthesis of all isoprenoids. This pathway starts with 
three acetyl-CoAs, which are converted into 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) in two consecutive enzyme steps. HMG-CoA is then converted into mevalonate 
(MVA) by the rate-limiting enzyme of the pathway, HMG-CoA reductase. Subsequently, 
MVA is phosphorylated twice, which produces 5-pyrophosphomevalonate (MVAPP). 
Decarboxylation of this latter compound yields isopentenyl pyrophosphate (IPP). 
After isomerization of IPP to dimethylallyl pyrophosphate (DMAPP), a head-to-tail 
condensation of IPP to DMAPP results in the formation of geranyl pyrophosphate (GPP). 
Addition of another IPP gives farnesyl pyrophosphate (FPP), the branch point metabolite 
of the pathway, which is the precursor of geranylgeranyl pyrophosphate (GGPP); GGPP 
is produced by the condensation of one FPP with one IPP molecule [3].
Inhibitors of the mevalonate pathway are widely used to treat human disease including 
statins and nitrogen-containing bisphosphonates. Statins competitively inhibit HMG-CoA 
reductase and are used to lower blood LDL cholesterol levels, important in prevention of 
cardiovascular disease [4;5]. Bisphosphonates are potent inhibitors of osteoclast-mediated 
bone resorption and are used to treat metabolic bone disease [6]. Manipulation of the 
mevalonate pathway by these inhibitors has been intensively studied and, interestingly, 
these inhibitors are found to have beneficial effects by mechanisms unrelated to changes 
of cholesterol and bone metabolism. Statins have many pleiotropic effects, for instance, 
anti-inflammatory and immunomodulatory effects, antithrombotic properties and anti-
proliferative effects [5;7-10]. These cholesterol-independent effects are supposed to 
be caused by a decrease in isoprenoid intermediates like FPP and GGPP. Experiments 
with nitrogen-containing bisphophonates have shown that these inhibitors may exhibit 
anti-tumor properties [11-14]. Bisphosphonates inhibit farnesylpyrophosphate synthase 
(FPPS), a key enzyme in the mevalonate pathway, also causing a shortage in FPP and 
GGPP. This shortage in isoprenoids prevents prenylation of small GTPases like Ras, a 
protein that is believed to play a critical role in tumor growth and progression [10;15]. 
Therefore, the enzymes of the mevalonate pathway may be targets for improved 
anticancer therapy. Indeed, farnesyltransferase and geranylgeranyltransferase inhibitors 
have been developed to target the post-translational modification of small GTPases and 
are being tested for potential use in cancer therapy [16;17]. 
Another class of inhibitors that interfere with the isoprenoid biosynthesis pathway are 
squalene synthase inhibitors. Squalene synthase catalyzes the first committed step of the 
sterol part of the isoprenoid biosynthesis pathway and inhibitors are being developed as 
potential agents for the treatment of hypercholesterolemia [18].
As is clear, inhibition of the isoprenoid biosynthesis pathway may be an important 
therapeutic target for different clinical conditions, and therefore we developed a 
sensitive method using ultra performance liquid chromatography-tandem mass 
spectrometry (UPLC-MS/MS) that allows the direct detection and quantification of all 
intermediates of the mevalonate pathway from MVA to GGPP. We used this method 
to study the specificity of different classes of inhibitors by determining their effect on 
overall isoprenoid biosynthesis.
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MATerIALS AND MeTHoDS

Chemicals/materials
MVA and MVA-d7 were prepared by hydrolyzation of mevalonolactone (MVAL, Sigma-
Aldrich) or MVAL-d7 (CDN isotopes) in 0.1 M NaOH. IPP, DMAPP, GPP, FPP and GGPP were 
purchased from Sigma-Aldrich. 5-Phosphomevalonate (MVAP), MVAPP, MVAP-d7 and 
MVAPP-d7 were prepared by enzymatic synthesis as previously described [19]. GPP-d3, 
FPP-d3 and GGPP-d3 were prepared using the vinyl triflate methodology previously 
described [20;21]. 6-Fluoromevalonate (FMVA, Sigma) was dissolved in DMSO (100 
mM). Pamidronate (PAM) and zoledronate (ZOL, a gift from Novartis) were dissolved 
in distilled water (10 mM). Zaragozic acid A (ZAA, a gift from Merck) was prepared 
as previously described [22]. Farnesyltranferase inhibitor (FTI-277, Calbiochem) and 
geranylgeranyltransferase inhibitors (GGTI-298, Calbiochem) were dissolved in DMSO 
(20 mM).

Cell culture
HepG2 cells and lymphoblasts were cultured in Dulbecco’s Modified Eagles Medium 
(DMEM) containing 10% fetal calf serum (FCS), 1% Penicillin/Streptomycin and 25 mM 
Hepes and RPMI 1640 medium containing 10% FCS and 1% Penicillin/Streptomycin, 
respectively, in a temperature- and humidity-controlled incubator (95% air, 5% CO2 as 
the gas phase) at 37°C. For experiments, HepG2 cells and lymphoblasts were grown in 
T75 cm2 and T25 cm2 flasks, respectively, at a density of 4 million cells/flask in medium 
containing 10% lipoprotein (cholesterol)-depleted FCS. After 3 days of culturing, 
different concentrations of FMVA, PAM, ZOL, ZAA, FTI-277 or GGTI-298 were added 
and incubated for 24 h. Fibroblasts were cultured in nutrient mixture Ham’s F-10 
with L-glutamine and 25 mM HEPES supplemented with 10% FCS and 1% Penicillin/
Streptomycin in a temperature- and humidity-controlled incubator (95% air, 5% CO2 
as the gas phase) at 37°C. For experiments, fibroblasts were grown in T162 cm2 flasks 
starting with 50% confluency in regular medium. After 3 days of culturing, the medium 
was replaced with medium containing 10% lipoprotein (cholesterol)-depleted FCS. 
The next day, different concentrations of FMVA, PAM, ZOL, ZAA, FTI-277 or GGTI-298 
were added and incubated for 3 days. Cells were harvested as described under Sample 
preparation.

Sample preparation
HepG2 cells and fibroblasts were washed 2 times with 100 mM NH4HCO3, pH 7.8. One 
milliliter of 2-propanol:100 mM NH4HCO3 pH 7.8 (1:1 v/v) was added to the culture flask, 
and cells were scraped from the bottom. Cells were collected in a tube, sonicated on ice 
(twice, 40 J at 8 W output) and 300 µl was used for further preparation. Lymphoblasts 
were spinned down for 5 min at 2000 rpm and the medium was discarded. The pellet 
was dissolved in 1 ml 2-propanol:100 mM NH4HCO3 pH 7.8 (1:1 v/v) and sonicated on 
ice (twice, 40 J at 8 W output) and 300 µl was used for further preparation. To each 
cell suspension, 450 µl 2-propanol:100 mM NH4HCO3 pH 7.8 (1:1 v/v) and internal 
standard (IS, 1 nmol MVA-d7, MVAP-d7 and MVAPP-d7, 0.2 nmol GPP-d3, FPP-d3 and 
GGPP-d3) was added and samples were vortexed. Subsequently, 750 µl acetonitrile was 
added for deproteinization and samples were kept on ice for 10 min. The samples were 
then centrifuged for 10 min at 14,000g at 4°C. After centrifugation, supernatants were 
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transferred to glass tubes and dried under a stream of nitrogen at 40°C. The residues 
were then dissolved in 120 µl milliQ water and 10 µl of this solution was injected into 
the UPLC-MS/MS. Protein concentration of each cell suspension was determined using 
bicinchoninic acid [23].

Calibration curves
Calibration mixtures containing different concentrations of intermediates were used to 
construct calibrations curves. MVA: 10, 20, 30, 40 and 50 µmol/L. MVAP and MVAPP: 
5, 10, 20, 30 and 40 µmol/L. IPP: 1.5, 13.7, 25.8, 37.9 and 50 µmol/L. GPP, FPP and 
GGPP: 0.5, 12.9, 25.3, 37.7 and 50 µmol/L. Constant amounts of IS were added to 
each calibration mixture (1 nmol MVA-d7, MVAP-d7 and MVAPP-d7, 0.2 nmol GPP-d3, 
FPP-d3 and GGPP-d3). Calibration curves were used to determine the concentration of 
each compound in prepared samples. GPP-d3 was used as an internal standard for GPP 
and IPP/DMAPP.

UPLC-MS/MS
The Acquity UPLC system (Waters) consisted of a binary solvent manager, a vacuum 
degasser, a column heater and sample manager. The column temperature was 
maintained at 50°C. The samples were injected onto an Acquity UPLC-BEH C18 
column, 50 × 2.1 mm, 1.7 µm particle diameter (Waters). The intermediates of the 
isoprenoid biosynthesis pathway were separated by a linear gradient between solution 
A (20 mM NH4HCO3, 0.1% triethylamine) and solution B (acetonitrile/H2O, 4:1, 0.1% 
triethylamine). The gradient was as follows: 0-0.5 min, 100% A, flow 0.35 ml/min; 0.5-
2.0 min, 100% A to 40% A, 0.35 ml/min; 2.0-2.5 min, 40% A to 0% A , flow 0.35 ml/
min; 4.0-4.1 min, 0% A to 100% A, 0.45 ml/min; 4.1-6.0 min, equilibration with 100% 
A, 0.45 ml/min. For each analysis, 10 µl of sample was injected onto the column, and 
the total analysis time, including equilibration, was 6 min. 
A Quattro Premier XE (Waters) was used in the negative electrospray ionization mode. 
Nitrogen was used as desolvation gas (900 L/h) and cone gas (50 L/h). The desolvation 
temperature was 400°C. Argon was used as the collision gas at a pressure of 3.5 × 
10e-3 mbar and the collision energy was 15-25 eV. The capillary voltage was set at 2.5 
kV, and the source temperature was 130°C. The cone voltage and collision cell energy 
were optimized for each particular intermediate of the isoprenoid biosynthesis pathway 
(Table 1). The isoprenoid intermediates and their stable isotopically labeled analogs as 
internal standards were detected in multiple reaction monitoring (MRM) mode with an 
interchannel delay of 0.05 s, an inter scan time of 5 ms and a dwell time of 0.02-0.05 
s. The specific transitions and retention time obtained for each intermediate are listed 
in Table 1.



Inhibition	of	isoprenoid	biosynthesis;	detection	of	intermediates	by	UPLC-MS/MS

3

53

reSuLTS

Effect of bisphosphonates on the isoprenoid biosynthesis pathway
Bisphosphonates are well established as the leading drugs for the treatment of 
osteoporosis. The main mechanism of action through which nitrogen-containing 
bisphosphonates inhibit osteoclast-mediated bone resorption is through inhibition of 
FPPS, an enzyme of the mevalonate pathway, which results in decreased levels of end 
products of this pathway (i.e. FPP and GGPP) [6]. We investigated the specificity of 
the two nitrogen-containing bisphosphonates pamidronate (PAM) and zoledronate 
(ZOL) by analysis of isoprenoid intermediate profiles of different cell lines treated with 
these inhibitors using UPLC-MS/MS. HepG2 cells, fibroblasts and lymphoblasts were 
cultured in medium supplemented with lipoprotein-depleted FCS to induce isoprenoid 
biosynthesis [3;24] and incubated with different concentrations of PAM (Figure 2A-C) 
or ZOL (Figure 2D-F). Accumulation of IPP/DMAPP (the procedure can not distinguish 
between the two isoforms) was observed in a concentration-dependent manner in 
all cell lines. Furthermore, small amounts of GPP were detected in HepG2 cells and 
lymphoblasts, although some levels of GPP were below quantification limits. Higher 
levels of IPP/DMAPP after treatment with ZOL indicate that this inhibitor is more potent 
than PAM. Our results confirm that these bisphosphonates act as previously described 
[6] and show that these inhibitors specifically inhibit FPPS without blocking any other 
enzyme of the isoprenoid biosynthesis pathway. 

Compound MRM transition Cone voltage Collision energy Retention time

(m/z) (V) (eV) (min)

MVA 147.1 → 59.2 20 15 0.60
MVAP 227.0 → 79.0 30 20 0.45
MVAPP 307.0 → 79.0 30 20 0.42
IPP/DMAPP 245.0 → 79.0 25 20 1.50
GPP 313.0 → 79.0 30 22 1.90
FPP 381.0 → 79.0 30 22 2.40
GGPP 449.0 → 79.0 30 22 2.80
MVA-d7 154.1 → 59.2 20 15 0.58
MVAP-d7 234.0 → 79.0 30 20 0.43
MVAPP-d7 314.0 → 79.0 30 20 0.40
GPP-d3 316.0 → 79.0 30 22 1.89
FPP-d3 384.0 → 79.0 30 22 2.39
GGPP-d3 452.0 → 79.0 30 22 2.79

Table 1
MRM transitions for each isoprenoid intermediate and internal standards

Inhibition of the isoprenoid biosynthesis pathway with zaragozic acid A
Another class of inhibitors which are of great interest are squalene synthase inhibitors. 
Squalene synthase is the first enzyme in the sterol part of the isoprenoid biosynthesis 
pathway and inhibition of this step in principle should only affect cholesterol production, 
and not the synthesis of other nonsterol end products, such as dolichol, ubiquinone, 
heme A and isoprenylated proteins [18]. Therefore these inhibitors are potential 
cholesterol-lowering drugs that may reduce side effects seen with upstream inhibition 
of HMG-CoA reductase [25]. We analyzed isoprenoid profiles of HepG2 cells, fibroblasts 
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Figure 2. Inhibition of the isoprenoid biosynthesis pathway with pamidronate and zoledronate. HepG2 cells 
(A and D), fibroblasts (B and E) and lymphoblasts (C and F) treated with 0, 25, 50 and 100 µM pamidronate 
(A-C) or zoledronate (D-F) for 24 h (A, C, D and F) or 3 days (B and E). n=3, mean ± SD. x, not detected. #, 
not quantified.
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Figure 3. Inhibition of the isoprenoid biosynthesis 
pathway with zaragozic acid A. HepG2 cells (A), 
fibroblasts (B) and lymphoblasts (C) treated with 
0, 25, 50 and 100 µM zaragozic acid A for 24 h 
(A and C) or 3 days (B). n=3, mean ± SD. x, not 
detected. #, not quantified.

Figure 4. Inhibition of the isoprenoid biosynthesis 
pathway with 6-fluoromevalonate. HepG2 cells 
(A), fibroblasts (B) and lymphoblasts (C) treated 
with 0, 50, 100 and 200 µM 6-fluoromevalonate 
for 24 h (A and C) or 3 days (B). n=3, mean ± SD. 
x, not detected. #, not quantified.
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and lymphoblasts treated with the squalene synthase inhibitor zaragozic acid A (ZAA) 
in lipoprotein-depleted medium (Figure 3). The profiles showed accumulation of FPP 
as expected after inhibition of squalene synthase. In addition to FPP, however, we also 
detected high levels of MVA in all three cell lines, indicating inhibition of mevalonate 
kinase (MK). This is most probably due to the elevated FPP levels, as it has been shown 
previously that MK is subject to feedback inhibition by low concentrations of FPP [26]. 

Isoprenoid intermediate profile after inhibition with 6-fluoromevalonate
Another previously reported inhibitor of the nonsterol, pre-squalene part of the 
isoprenoid biosynthesis pathway is 6-fluoromevalonate (FMVA). FMVA is converted into 
6-fluoromevalonate 5-phosphate and 5-pyrophosphate by MK and phosphomevalonate 
kinase (PMK), respectively. 6-Fluoromevalonate 5-pyrophosphate is a potent inhibitor 
of mevalonate pyrophosphate decarboxylase (MPD) [27]. This inhibitor has only been 
used in	vitro. To determine the specificity of this inhibitor, HepG2 cells, fibroblasts and 
lymphoblasts were cultured in medium supplemented with lipoprotein-depleted FCS to 
induce isoprenoid biosynthesis, followed by incubation with different concentrations 
of FMVA (Figure 4). All three cell lines accumulated MVA, MVAP, MVAPP and IPP/
DMAPP in a concentration-dependent manner with some levels of intermediates below 
quantification limits. This indicates that in addition to inhibition of MPD, the preceding 
enzymes MK and PMK are also inhibited, either directly by FMVA or indirectly by the 
accumulating isoprenoid intermediates. Furthermore, there appears to be inhibition 
of isopentenyl pyrophosphate isomerase (IPPI) or FPPS explaining the increase in IPP/
DMAPP. These results clearly show that inhibition of the isoprenoid biosynthesis pathway 
with FMVA is not restricted to MPD alone, but that more enzymes are sensitive to this 
compound.

Farnesyltransferase and geranylgeranyltransferase inhibitors
Given the importance of isoprenylated proteins in cancer, inhibition of prenyltransferases 
seems a promising strategy to block the function of these regulatory proteins. Inhibitors 
of farnesyltransferase (FTI) and, more recently, geranylgeranyltransferase (GGTI) have 
been developed for clinical use and inhibit the farnesylation and geranylgeranylation of 
small GTPases, respectively [17;28;29]. To determine if our method is suitable for testing 
the effect of different inhibitors, we tested the specificity of two commercially available 
inhibitors, FTI-277 and GGTI-298 in HepG2 cells, fibroblasts and lymphoblasts. All cell 
lines were cultured in lipoprotein-depleted medium to induce isoprenoid biosynthesis 
and incubated with FTI-277 or GGTI-298 or in combination with ZAA (Figure 5). The latter 
was used to block cholesterol synthesis which forces isoprenoid biosynthesis towards 
the production of nonsterol isoprenoids, including FPP and GGPP. No accumulation of 
the isoprenoid intermediates was observed after inhibition with FTI-277 or GGTI-298 
alone (data not shown), however, in combination with ZAA, increased levels of MVA, 
FPP and GGPP were detected. Remarkably, the results differ between cell lines. FTI-
277 has a clear effect in fibroblasts showing an increase in FPP levels, however, this 
effect was much smaller in HepG2 cells and even resulted in a decrease in FPP levels in 
lymphoblasts. Incubation with GGTI-298 also showed the best results in fibroblasts with 
accumulation of GGPP. HepG2 cells already had higher levels of GGPP after inhibition of 
the pathway with ZAA alone and GGTI-298 had no additional effect. We observed no 
effect of GGTI-298 in lymphoblasts.
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DISCuSSIoN

Since the isoprenoid biosynthesis pathway is an important target in many areas 
of ongoing research, new inhibitors to block this pathway are being developed. 
Inhibition of this pathway is already applied in the treatment of cardiovascular disease, 
hypercholesterolemia and metabolic bone disease and is a possible new therapy in 
cancer treatment. Therefore, we developed a sensitive and specific method for the 
detection and quantification of nearly all intermediates of the mevalonate pathway 
using UPLC-MS/MS, which can be used to investigate the specificity of inhibitors of this 
pathway.
With our method we demonstrated that the nitrogen-containing bisphosphonates PAM 
and ZOL specifically inhibit FPPS as previously described [6]. Moreover, we showed that 
ZAA and FMVA inhibit squalene synthase and MPD, respectively, as expected. However, 
both ZAA and FMVA also have an effect on other enzymes of the pathway, either 

Figure 5. Inhibition of the isoprenoid biosynthesis 
pathway with FTI and GGTI. HepG2 cells (A), 
fibroblasts (B) and lymphoblasts (C) treated 
with 0.3% DMSO, 50 µM ZAA, 50 µM ZAA in 
combination with 40 µM FTI-277 and 50 µM ZAA 
in combination with 40 µM GGTI-298 for 24 h 
(A and C) or 3 days (B). n=3, mean ± SD. x, not 
detected. #, not quantified.
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direct or indirect through accumulation of isoprenoid intermediates. Previous studies 
showed that MK is subject to feedback inhibition by several nonsterol isoprenoids 
[26;30;31] and can be inhibited by IPP, DMAPP, GPP, FPP and GGPP. This may explain 
the accumulation of MVA in cells treated with ZAA, which is probably due to inhibition 
of MK by accumulated levels of FPP. Incubation with FMVA results in an additional 
accumulation of MVA, MVAP and IPP/DMAPP. The increase in MVA is most likely again 
the result of feedback inhibition of MK, this time by IPP or DMAPP, whereas the MVAP 
levels may be explained by the fact that the reaction catalyzed by PMK is reversible 
[32;33]. For IPPI and FPPS it is not clear whether these enzymes are inhibited directly by 
FMVA or that the accumulated levels of IPP/DMAPP is the result of indirect inhibition by 
other accumulated intermediates. 
Inhibition of the pathway with FTI-277 and GGTI-298 in combination with ZAA results 
in accumulation of MVA, FPP and GGPP, however, we observed differences with the 
different cell lines we tested. These differences between cell lines may be a consequence 
of differences in metabolic rate (i.e. growth), because HepG2 cells and lymphoblasts 
grow much faster than fibroblasts. Therefore, the concentration of FTI-277 and GGTI-
298, and also incubation times, may need to be optimized for every cell line. 
In conclusion, the overall results show that our UPLC-MS/MS method can be a useful 
tool in determining the specificity of inhibitors of the isoprenoid biosynthesis pathway.
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