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Abstract
Ritonavir (RTV), a prototypical protease inhibitor currently used as a key component for anti-HIV
therapy, is known for its endothelial and hepatic toxicity. The effects of RTV and Mg-
supplementation on cultured bovine endothelial cells (EC) and rat hepatic endothelial nitric oxide
synthase (eNOS) status were investigated. RTV dose-dependently (5–30µM) decreased EC
viability after 48hrs; high Mg (2 mM) significantly attenuated the lost viability. ECs incubated
with 15 µM RTV for 6 to 24 hrs. resulted in 2–4-fold elevation of oxidized glutathione and a 25%
loss of total glutathione. At 24 hrs., EC superoxide production due to RTV was detected by
dihydroethidium staining, and increased 41% when quantified by flow cytometry; both altered
glutathione status and superoxide levels were substantially reversed by 2 mM Mg. RTV reduced
eNOS mRNA (−25% at 24 hrs.), and led to decreased eNOS dimer/monomer ratios; nitric oxide
(NO)-derived products decreased 40%; both changes were attenuated by Mg-supplementation. In
male LewXBrown-Norway rats, RTV administration (75 mg/kg/day, 5 weeks) resulted in an 85%
increase in plasma 8-isoprostane, a 30% decrease of hepatic eNOS mRNA; concomitantly, eNOS
protein decreased 72%, whereas plasma nitrite level was reduced 49%. Dietary Mg-
supplementation (6-fold higher than control) prevented the eNOS mRNA decrease along with
lowering 8-isoprostane, and restored the eNOS protein and plasma nitrite levels comparable to
controls.

Conclusion—Mg attenuates RTV-mediated EC oxidative eNOS dysfunction, and down-
regulation of hepatic eNOS expression; we suggest that Mg can serve as a beneficial adjunct
therapeutic against RTV-mediated eNOS toxicity.
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INTRODUCTION
Ritonavir (RTV) is one of the original prototypical protease inhibitors (PI), which has been
continuously used since its approval by FDA in 1996. The original therapeutic goal of RTV
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was to inhibit HIV protease, a key enzyme required to cleave viral polypeptide to functional
units; because of its severe side effects, RTV is now seldom used as a monotherapy [1].
Rather, due to its potent ability to inhibit host hepatic cytochrome P450 3A4 isoenzyme [2],
RTV is currently used at a reduced dosage universally as a booster to improve
bioavailability and lower frequent dosing of the co-administered protease inhibitors [1,3].
However, it was found that even at a reduced dose, RTV still caused significant metabolic
effects in healthy volunteers [4]. RTV associated endothelial and hepatic toxicities are major
concerns for long term use [5–9]. In isolated porcine coronary arteries, in vitro RTV
exposure was shown to induce endothelial contractile dysfunction through oxidative stress
and decreased NO bioavailability associated with down-regulation of eNOS expression [10–
12]; these effects were attenuated by certain antioxidants such as ginsenosides, seleno-1-
methionine [11], and dihydroxylbenzyl alcohol [12]. Another structurally related PI,
indinavir, was shown to induce impaired relaxation in aortic rings isolated from the drug
treated rats and mice [13, 14]. However, PI-mediated down-regulation of eNOS, including
that by RTV, was observed only in vitro and has never been reported in vivo.

Magnesium (Mg) is known to have direct anti-radical [15, 16], anti-calcium properties [17].
High Mg-supplementation was found to have anti-hypertensive [18] and beneficial effects
on diabetes and cyclosporine induced nephrotoxicity [19,20]. Oral magnesium therapy for 6
months in coronary artery disease patients led to a significant improvement in brachial artery
endothelial function [21]. Recently, we demonstrated that Mg-supplementation suppressed
AZT-induced systemic oxidative stress and cardiac inflammation in rats [22]. The following
study was designed to examine if high Mg is able to provide protective effects against RTV-
mediated endothelial cell oxidative stress with specific emphasis on eNOS regulation and
functional activity in cultured endothelial cells. As RTV is metabolized mainly by the liver,
and was well known to cause hepatotoxicity, the effects of RTV administration and Mg-
supplementation on liver eNOS status were assessed further in rats.

METHODS
Materials

Purified RTV was obtained from NIH AIDS Reagent Program, Germantown, MD.
Concentrated RTV oral solution was purchased from Abbott Laboratories, Chicago, ILL.
MTT (3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl tetrazolium bromide), endothelial cell
growth supplement, heparin, Griess reagent, 2,3-diaminonaphthalene (2,3-DAN), N-
acetylcysteine (NAC), N-acetylcysteine amide (NACA) were purchased from Sigma (St.
Louis, MO). Primers were from Integrated DNA technologies (Coralville, IA). Dulbecco's
Modification of Eagle's Medium/Ham's F-12 50/50 Mix (DMEM/F12) and fetal bovine
serum were obtained from Cellgro (Hemdon, VA).

Cell Culture and MTT Assay
Bovine aortic endothelial cells (BAECs) were received from Coriell Institute for Medical
Research (Camden, NJ), catalog ID AG08132. Cells were grown in DMEM/F12, plus 15%
fetal bovine serum, 0.02mg/ml endothelial cell growth supplement, 0.05mg/ml heparin
sodium salt, 0.01ml/ml complete media with Penicillin-Streptomycin in 37°, 5% CO2
incubator. Cell viability following exposure to different combination of drug treatments with
normal (0.8mM) or high (2mM) MgSO4, was measured by using the MTT method [23].
BAECs at exponential phase between passages 3–6 were seeded at 104 cells/wells in 24-well
plates until it reached 85–95% confluence. The cells were incubated with 5–30µM RTV
with 0.8 mM or 2 mM Mg levels. At 24 or 48 hours, 20ul of 5mg/ml MTT added to each
well and incubated for 4 hours. The final blue crystals were dissolved in 200µl DMSO at
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37°C, 5min. The plates were read at 490nm using a Synergy HT Microplate Reader
(Bioteck, Winooski, VT). Each condition was performed in triplicate.

Glutathione Status
RTV-induced changes in total (GSH+GSSG) and oxidized (GSSG) glutathione levels in a
separate set of cells grown in 6-well plates in normal or high Mg were determined
enzymatically by the DTNB-glutathione reductase method as described [22–24]

Superoxide anion detection in BAECs
Superoxide anion generation was detected according the method of Zhao et al [25] in which
dihydroethidium (DHE) reacts with superoxide anions to form oxyethidium which is bright
red detectable by fluorescent microscope or flow cytometry. For visualization, after drug
treatment, cells were rinsed twice with PBS, incubated with 2µM DHE at 37° C for 30min,
and were washed with PBS and mounted using Fluoroshield with DAPI (4’,6’ diamino-2-
phenylindole-2HCl Sigma); images were captured by Olympus DP72 fluorescent
microscope at 540/570nm for DHE and 345/455nm for DAPI. For quantifying the emission
intensity of samples, FACSCalibur DxP8 (BD, Franklin Lakes, NJ) was used by the same
procedures at 488/585nm for DHE, plus live/dead Fixable Far Red Dead Cell Stain
(Invitrogen, NY) at 637/660nm for checking cell viability. Population comparison was
analyzed using Super-Enhanced Dmax Subtraction algorithm from FlowJo 7.6.4 (Tree Star
Inc., Ashland, OR) [26].

Animal Model, RTV treatment and Diets
All rat experiments were guided by the principles of use and care of animals recommended
by USDHHS and approved by the GWU Animal Care and Use Committee. Male Lewis-
Brown Norway F1 (LBN-F1) rats (160 gm, 3–4 week old) were custom ordered from
Harland Lab (Indianapolis, IN). The rats were fed a Mg-sufficient (0.1% Mg/kg food, Mg
derived from MgO) or a Mg-supplemented (0.6% Mg) diet [22] containing extracted casein
as the diet base and essential vitamins and nutrients (Harlan Teklad, Madison, WI) for 5
weeks. RTV administration (75mg/kg/day) was performed by daily gavage; time matched
controls were given identical volumes of vehicle solution (ethanol/DMSO/propylene glycol/
water=10/5/50/35%v/v). Blood samples were collected by cardiac puncture and plasma
samples isolated immediately by centrifugation (200g × 10 min) and stored at −80°. Liver
samples were rapidly removed, frozen in liquid nitrogen and stored at −80°. Plasma Mg
levels were determined by flame emission atomic absorption (AA) spectroscopy [22]. Total
plasma 8-isoprostane contents were determined after alkalization treatment (2N NaOH,
45°C, 2hrs) followed by neutralization (by HCl) before using an ELISA kit (Cayman
Chemical, Ann Arbor, MI) [22].

Total EC NO products and Plasma Nitrate, Nitrite measurement
Total NO products (nitrite plus nitrate) released over 24 hours in the cell medium was
determined by the Griess reagent method using E. coli nitrate reductase to convert nitrate to
nitrite as described [23,24]. To measure rat plasma nitrite levels, the method of Nussler et al
[27] using fluorometric measurement of nitrite by 2,3-diaminonaphthalene (DAN) was
slightly modified as following. Briefly, 70µl plasma aliquots were diluted by 70µl H2O,
followed by adding 30µl 10% ZnSO4 plus 30µl 0.5N NaOH (for protein precipitation); the
mixture was centrifuged at 10000g (10min, 4°C). To 100µl supernatants (or standards)
placed into a 96-microwell plate, 50µl 1.5N HCl and 50µl freshly prepared DAN (0.025mg/
ml 0.625N HCl) were added and incubated at RT for 5min in the dark; the reaction was
stopped by 200µl 3N NaOH. Immediately the microplate was placed in a fluorescence
photometer (Gemini™ XPS Fluorescence Microplate Reader from Molecular Devices,
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Sunnyvale, California) and measured at 365nm/410nm. Plasma nitrate + nitrite levels were
determined by the E. coli nitrate reductase/Griess reagent method as described [24]

Real-Time quantitative PCR—BAECs & LBN-F1 rat liver eNOS
Total EC RNA was extracted by Trizol Reagent (Invitrogen, CA) according to the
manufacture’s procedures [28]. cDNA was synthesized and amplified from total RNA using
the iScript cDNA Synthesis Kit (Bio-Rad, CA) and quantitative real-time PCR was
performed using SybrGreenER qPCR Super Mix (Invitrogen, CA). EC eNOS mRNA
expression values were normalized to 18s ribosomal RNA and performed on Applied
Biosystems 7300 Real-Time PCR System. Bovine eNOS primers were: forward 5’-
CGGAGGGGCCCAAGTTCCCT-3’ and reverse 5’-GGACTGCGCGCACAGAGTGT-3’.
Bovine 18s rRNA primers were: forward 5’-AAACGGCTACCACATCCAAG-3’ and
reverse 5’-TACAGGGCCTCGAAAGAGTC-3’. For the rats, 30mg liver samples were used
and homogenized, followed by Trizol extraction of total RNA. All the later steps were the
same as the previous EC RT-PCR procedure. Rat eNOS mRNA expression values are
normalized to GAPDH mRNA. Rat eNOS primers were: forward 5’-
CATGGGCACGGTGATGGCGA-3’ and reverse 5’-CCGGGGGTCAAACGCCTTCC-3’.
Rat GAPDH primers were: forward 5’-GGGGCTCTCTGCTCCTCCCTG-3’ and reverse 5’-
GAGACGAGGCTGGCACTGCAC-3’.

Western Blot analysis
Western blot analysis for eNOS protein was performed following the published procedures
[29,30] with minor modifications. Total protein from BAECs or rat livers were obtained by
homogenizing with NP-40 lysis buffer (150mM NaCl, 1.0% NP-40, 50mM Tris pH 8.0 and
1X ULTRA protease inhibitor cocktail tablet (Roche, Mannheim, Germany). Protein
concentration was determined by BCA Protein Assay Kit (Pierce, Rockford, IL) according
to manufacturer’s instruction. Equal amounts of total protein (30µg) were separated by
electrophoresis in 4–15% precast gradient polyacrylamide gels (Bio-Rad, Hercules, CA) for
approximately 75 minutes at 100V and then transferred at 4° C 45V overnight to
polyvinylidene difluoride (PVDF) membranes in transfer buffer (25mM Tris, 192mM
glycine, and 10% methanol, pH 8.3). PVDF was blocked by 5% nonfat dried milk in PBS
with 0.05% Tween 20 for 1 hour, 4°C and incubated overnight at 4°C with primary eNOS
49G3 rabbit mAb (Cell Signaling Technology, Danvers, MA) at 1:1000 dilution and β-actin
13E5 rabbit mAb at 1:1500 dilution. The membrane was washed in TBST, incubated with
HRP conjugated anti-rabbit IgG for 1 hour at RT. The membrane was then washed again,
developed in SuperSignal West Femto Maximum Sensitivity Substrate (Pierce, Rockford,
IL) and analyzed with Bio-Rad Image Lab System. To assess eNOS dimer levels, the gel
was run at low temperature according to Klatt et al.[31]. The rest of the steps were identical
as above.

Statistical Analysis
Data were checked by F-test for equality of groups’ variation and paired Student t-test for
each subgroup versus reference controls. Data represent means of 3–7 determinations
±SEM; significance was considered at p<0.05; selected data were analyzed using two-way
ANOVA followed by Tukey’s test.

RESULTS
Concentration-effects of Ritonavir and MgSO4 on BAECs viability

To examine the cytotoxic effects of ritonavir (RTV) and Mg, we used the well-established
MTT assay [23,32]. As illustrated by Fig 1, RTV concentration-dependently caused
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moderate but significant losses of cell viability which were −13%, −19%, −24% and −41%
respectively from 5 to 30 µM of RTV (Fig 1A). When 2mM of Mg derived from MgSO4
was present, the losses of cell viability were almost completely prevented for the 5–15µM
RTV samples; partial recovery was observed for 30µM RTV. A time course study for the
effect of 15µM RTV revealed that significant losses of viability were noted only at/after 48
hrs, but not up to 24 hrs (Fig. 1B); partial to complete protective effects were afforded by
high Mg up to 72 hrs. In data not shown, the effects of certain thiol antioxidant reagents
were assessed; 100µM NACA or 1mM NAC moderately improved the cell viability 10–20%
above that of RTV alone.

GSH/GSSG changes
Glutathione is the major water soluble intracellular antioxidant available to detoxify
oxidative drugs. To examine earlier events leading to cell death, we assess if the glutathione
status might be altered by RTV over a 24 hrs period. Incubation of ECs with 15 µM RTV in
normal Mg level (0.8 mM) resulted in significant increases in GSSG level at 6 hrs (2.7-fold,
p<0.05) and proceeded to 4.2-fold higher than controls at 24 hrs; concomitantly, the total
glutathione (GSH+GSSG) level decreased significantly by 23% (p<0.025) at 24 hrs (Fig.
1C). In the same experiment, the RTV-induced elevated GSSG levels were substantially
reduced by 2 mM Mg at 6 hrs as well as 24 hrs of incubation; the total glutathione level was
maintained close to controls (Fig. 1C).

Effects of RTV and Mg on BAEC superoxide production
Superoxide is the primary reactive oxygen species of oxidative stress and would eventually
promote the increment of GSSG/GSH ratio [33]. To evaluate whether intracellular
superoxide anion was enhanced and the effect of high Mg, BAECs, after 24 hours of RTV
(15µM) treatment in normal (0.8 mM) or high (2mM) Mg, were stained with 2µM DHE.
Under microscopy, cells treated with RTV-alone displayed a relatively intense peri-nuclear
red fluorescent image at 540/570nm suggesting enhanced level of superoxide anion, and this
red fluorescence intensity was substantially diminished in the RTV+ high Mg group (Fig
2A). To eliminate the bias of subjective field selection, a relative quantification was
performed by flow cytometry. Cell viability was distinguished by live/dead Fixable Far Red
Dead Cell Stain. Dead cells represented < 5% of the total EC population; only live cells
were used for the quantification. A population comparison plot was represented by Fig 2B,
showing BAECs with oxidized DHE signal intensity for each condition. The orange curve
representing RTV-alone shifted to the right indicative of higher level of superoxide
exposure. Based on the computer-calculated average signal intensity for individual cells,
RTV promoted superoxide production to 141% of control, which was mostly inhibited by
high Mg (2 mM) treatment (108% of control). Alternatively, RTV-alone was scored positive
at 40% by Super-enhanced Dmax Subtraction algorithm compared with RTV+ high Mg
group. Substantial inhibitory effect was also revealed by incubation with 1 mM NAC.

RTV and Mg effects on NO products, eNOS mRNA and eNOS dimer/monomer ratio
To determine if enhanced superoxide production may be associated with reduced NO
availability, we used the traditional Griess Reagent method, to measure the total NO
products (nitrite+nitrate) accumulated in the endothelial cell culture media. As represented
by Fig 3A, after 24 hours, 15µM RTV caused a substantial (−39%, p<0.01) reduction of the
NO-derived product level; in the presence of high Mg (RTV+2mM Mg), the NO product
release was recovered to 90% of control (Fig 3A). To determine if alteration in NO
production might reflect changes in eNOS status [34], the effects of RTV treatment and Mg
on BAECs eNOS mRNA expression were investigated by RT-PCR (Fig. 3B). ECs incubated
with 15µM RTV for 24 hours displayed a 25% decrease (p<0.05) in the eNOS mRNA level;
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when 2mM MgSO4 was present, the eNOS expression was maintained at 107 ± 4% of
control (p<0.01 vs RTV alone).

To quantify corresponding changes in the eNOS protein level, we initially used the
traditional high temperature western blot procedure [29]. Interestingly, it was observed that
the total eNOS protein was moderately increased (~35%, p<0.05) after the RTV treatment
(Fig. 4A). Further analysis using the low temperature running procedure [31] which
separates the eNOS protein into its homodimer and monomer moieties revealed that under
RTV treatment, the eNOS protein existed predominantly in the monomeric form with the
dimer/monomer ratio reduced to 58% (p<0.01) of control (Fig. 4B); this ratio was partially
but significantly shifted back to 85% (p<0.05) of control. High Mg alone did not change the
dimer/monomer ratio (98% of control).

Alternations in hepatic eNOS mRNA, protein and plasma nitrite and 8-isoprostane levels in
RTV treated rats: Effects of Mg-supplementation

To examine chronic RTV effects on hepatic eNOS status in vivo, we employed a male LBN-
F1 rat model. The rats received RTV treatment (75mg/kg/day) for 5 weeks and were placed
on a normal Mg or a 6-fold higher Mg-supplemented diets. Treatment of the rats with RTV
for 5 weeks resulted in a moderate weight loss (−13.3%,p<0.05) compared with vehicle
controls (Table 1), suggesting some degrees of toxicity; this loss was only partially
attenuated by Mg-supplementation (−9%, N.S.). Similar to observed earlier [22], Mg-
supplementation (±RTV) increased the blood Mg levels by +33% As represented by Fig 5A,
the hepatic eNOS mRNA level of RTV-group was reduced to 78 ± 2% of control (p < 0.01)
whereas that of RTV plus Mg-supplement group (RTV+Mg) was elevated to 129 ± 5.4%
(p< 0.01 vs. RTV groups). We noted that Mg-supplementation alone resulted in an increase
of the eNOS mRNA (~170% of Control, Fig.5A). Hepatic eNOS protein was determined by
the standard Western blot procedure. As represented by Fig. 5B, 5wks of RTV treatment
resulted in a substantial reduction (−75%) of the eNOS total protein; and such reduction was
completely reversed by Mg-supplementation. Mg-supplementation alone did not change the
level of eNOS protein. The plasma nitrite levels were assessed by the DAN assay, the
vehicle-control group displayed a relative fluorescence unit (RFU) of 224 ± 23; the RTV
group showed a RFU of 117 ± 9 and which was only 52% (p< 0.01) of the controls.
However, the RTV+Mg group revealed a RFU of 210 ± 39, which was 94% of control
(p<0.05 vs RTV group). Mg-supplementation alone (240±16, or108%) resulted in no change
in the nitrite level. The corresponding nitrite levels are summarized in Table 1. However, the
total plasma nitrate+nitrite levels determined by the Griess reagent method [24], were
unchanged among groups. In additional experiments, we found that RTV treatment alone
enhanced the total circulating 8-isoprostane levels by +85% (Table 1). This increase was
reduced +15% by Mg-supplementation. Mg-supplementation alone did not change the
isoprostane content comparing to vehicle controls.

DISCUSSION
Our study confirms that ritonavir alone in clinically relevant concentrations [35] caused
oxidative stress and eNOS dysfunction in cultured ECs. Significant losses of cell viability
were observed after 48 hrs of RTV (5–30 µM) incubation in physiological Mg level (0.8
mM); Mg-supplementation as MgSO4 to 2 mM, which is within the clinical therapeutic
levels reported [36, 37], attenuated the lost viability. Glutathione (GSH) is the most
abundant antioxidant in aerobic cells and the GSSG/GSH ratio can often be used as a
reliable indicator for cellular redox balance [38]. The initial (6 hrs) increase in GSSG/GSH
ratio and a partial loss of total glutathione at 24 hrs suggest that the compromised
glutathione defense status likely contributed to the eventual cell death. Increased superoxide
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production is often the initial oxidative event. By using the specific fluorescent probe, DHE,
we obtained both visual imaging (by microscopy) and quantitative (flow cytometry)
comparison of superoxide production under different conditions. The increase in superoxide
production in the RTV-treated BAECs is consistent with the published observations by
others [10–12]. For our pursuit, the new observations were that supplementation with higher
extracellular Mg can diminish RTV-induced superoxide production along with preservation
of the glutathione status and cell viability. Superoxide anions rapidly react with NO to form
peroxynitrite, and thus may lower the NO bioavailability. By monitoring the NO product
level which is relatively stable in tissue culture, we confirmed that RTV treatment led to
decreased EC NO production. Concomitantly, we found that RTV down-regulated eNOS
mRNA significantly by 24 hrs which was completely prevented by higher extracellular Mg.
Unexpectedly, we initially found the total eNOS protein was moderately increased by RTV
treatment (Fig 4 A). To resolve this discrepancy, we resorted to separate the total eNOS
protein to its monomeric and dimeric forms using the low temperature SDS-PAGE
procedure Klatt et al. [31]. Indeed it was revealed that the ratio of dimer/monomer was
significantly decreased by RTV treatment. It has been recognized that the homodimeric form
of eNOS represents the functionally active NO synthase; and that switching eNOS from
dimer to monomer state would lead to eNOS uncoupling generating superoxide anions
instead of NO [39]. Structural studies support that the presence of the co-factor
tetrahydrobiopterin (BH4) is essential to maintain the eNOS dimerization [40]. However,
BH4 is very sensitive to oxidative stress, especially to peroxynitrite, and that intracellular
GSH is important to protect against BH4 oxidation [41]. Conceivable, RTV-induced loss of
GSH may contribute to eNOS monomerization through BH4 oxidation. We hypothesize that
RTV treatment resulted in sustained oxidant (e.g. ·O2

− to H2O2) formation which not only
promoted eNOS protein uncoupling, but also accelerated the mRNA degradation. We
showed here that Mg-supplementation (in 2 mM) prevented eNOS mRNA loss, preserved
the eNOS dimer/monomer ratio, and restored the EC function of NO production; all the
effects can result from the primary action of suppressing superoxide formation.

Despite extensive research on RTV-mediated down regulation of eNOS in vitro; such effect
has hitherto been unconfirmed in vivo. To examine the RTV effects on eNOS status in vivo,
we chose to use the LBN-F1 hybrid rats which were reported to be sensitive to RTV-
mediated metabolic side effects [42]. The dose of RTV used in the current study was 5–11
fold higher than the recommended human dose. However, the dosage used might be
appropriate for rats as recognized in a guidance issued by the U.S. Food and Drug
Administration [43]. Rodents have much higher drug metabolic rates compared with human,
and require at least 6-fold higher dose levels to achieve clinically comparable circulating
protease inhibitors. It has been suggested that RTV can exert both mitochondrial and
cytosolic oxidative stress [6]. RTV is very lipophilic and its subcellular targets likely to be
membrane associated. More recently, it was reported that RTV can induce severe
endoplasmic reticulum (ER) stress which is linked to impaired lipid catabolism [44]. It was
further suggested that subcellular oxidative events contributed to RTV-mediated ER stress
and dysregulation of key mediators of lipid metabolism. In our rat model, RTV also
promoted systemic oxidative stress as evidenced by the significantly increased circulating
levels of 8-isopronstane (Table 1) which was derived from nonenzymatic peroxidation of
polyunsaturated fatty acids in vivo. RTV is hepatically metabolized and may negatively
affect the liver eNOS status. Indeed we found that RTV treatment for 5 weeks resulted in
significant decreases in both hepatic eNOS mRNA and eNOS protein levels in the rats fed a
control Mg-diet. While the decrease in eNOS mRNA level was rather modest (23%), the
loss of the eNOS protein level was quite dramatic (~75%) possibly reflecting both decreased
synthesis and increased oxidative degradation due to RTV treatment. Conceivably, NO is
essential for regulation of normal liver function; recent literature supports that endothelial
functional activity and NO generated from eNOS are clearly important to confer protection
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against chronic cirrhosis, portal hypertension and ischemia reperfusion injury [45–47]. PI
regimens especially RTV use were reported to be associated with hepatotoxicity [8,9];
however the etiopathogenesis of PI-associated liver injury remains unclear. Our findings
suggest that down-regulation of hepatic eNOS expression may at least in part contribute to
the PI-mediated liver toxicity, and could explain that RTV use in full dosage was associated
with higher rates of severe hepatotoxicity [9].

Due to the limited in vivo scope of current study, the RTV effects on the eNOS status in
other organs e.g. the heart, the kidney, and large blood vessels are not determined.
Nevertheless, in parallel with the decreased levels in the hepatic eNOS mRNA and protein
levels, we found that, plasma nitrite levels from the RTV treated rats displayed a 50%
decrease suggesting that systemic eNOS status might also be compromised. This notion was
supported by the clinical findings that patients receiving RTV-containing PI regimens
displayed decreased brachial arterial flow mediated dilation [5]. Importantly, we
demonstrated that dietary Mg supplementation not only attenuated the decreased hepatic
eNOS mRNA expression, but also prevented the dramatic loss of the eNOS protein due to
RTV treatment; Mg-supplementation also restored the normal level of nitrite in the
circulation suggesting that the systemic eNOS functional integrity was preserved. Our
findings lend support to the hypothesis that plasma nitrite level can be used as a reliable
biomarker to reflect acute changes in eNOS activity in various mammals, including humans,
and may also reflect the degree of endothelial dysfunction [34,48].

Mg-supplementation suppressed the induced isoprostane formation supporting the notion the
protective mechanism of Mg is in part conferred by its anti-peroxidative properties. In our
own study, we reported that Mg at 2 mM protected against superoxide anion driven, Fe-
catalyzed loss of total glutathione and cell viability in cultured endothelial cells [49]. We
suggested that high Mg may be able to competitively displace “catalytic iron” from
membrane phospholipid binding sites. In the endothelial cell model, elevated superoxide
might derive from neighboring cultured cells treated with RTV and that direct anti-radical
action of Mg can be mediated by a ‘site-specific’ inhibition of OH radical generation
[15,16,49]. However, Mg may also provide its protective effects as ‘a natural calcium
blocker’ [17]. An in vitro study indicated that Mg-sulphate can provide effective L-type
calcium channel blocking ability and thus able to inhibit endotoxin-induced up-regulation of
inflammatory activity in activated RAW264.7 cells [50]. Increased superoxide generation
could be generated by the NADPH oxidase system [6,51,52]. Since NADPH oxidase
activation may depend on calcium interaction [52,53], one may speculate that by partially
inhibiting calcium influx, Mg would inhibit NADPH oxidase-dependent oxy-radical
generation. Elevated superoxide formation might lead to not only neutralization of NO but
also enhancement of peroxynitrite-mediated BH4 oxidation and, eNOS protein thiyl radical
formation; both processes are suggested to participate in uncoupling of eNOS activity [54].
Mg-supplementation may also independently up-regulate eNOS expression as it was shown
in term placentas obtained from preeclampsia patients receiving Mg-therapy [55].

In conclusion we have presented definitive evidence that Mg-supplementation can protect
against RTV-mediated EC oxidative eNOS dysfunction in vitro, and down-regulation of
hepatic eNOS expression in vivo. While the precise mechanism(s) remain to be further
determined, the Mg protective effects likely are contributed by its antioxidant and anti-
calcium properties. Decreased NO availability is regarded as the hallmark of endothelial
dysfunction, and in patients receiving RTV-containing PI treatment, this dysfunction may
contribute to the known vascular and hepatotoxicity. Our findings strongly support the
translational benefits of using Mg-supplementation as an adjuvant therapy to reduce
ritonavir-mediated systemic endothelial dysfunction and liver toxicity for HIV patients.
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High Lights

• HIV protease inhibitor ritonavir (RTV) causes endothelial dysfunction &
hepatotoxicity

• RTV ↑ ˙O2
−, GSSG, ↓ NO in endothelial cells (EC); inhibited by high medium

Mg.

• RTV ↓ EC eNOS mRNA, ↓ eNOS dimer/monomer ratio, both attenuated by
high Mg.

• RTV treatment in rats (5WKs) ↓ liver eNOS mRNA, ↓↓ eNOS protein, ↓↓
plasma nitrite.

• Dietary Mg preserved hepatic eNOS mRNA, protein and function in RTV-
treated rats.
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Figure 1. Effects of RTV and high extracellular Mg, on BAEC viability, and on changes in GSH
and GSSG levels
(A) Cell viability was determined by the MTT assay after 48 hrs. of incubation with RTV at
0–30 µM in normal (0.8 mM) Mg or in 2 mM MgSO4 with DMSO as drug vehicle control.
(B) Time course of RTV (15 µM)-mediated loss of cell viability and the effects of 2 mM
Mg; cell viability was normalized to controls without RTV. (C) A separate set of cells in 6-
well plates were incubated with 15 µM RTV in 0.8 or 2 mM Mg for 24 hrs; total glutathione
(GSH+GSSG) and GSSG were determined. Data represent means±SEM of 5–6 separate
determinations; *p<0.05, ** p<0.01 vs. Ctls. +p<0.05, ++ p<0.01 vs RTV in 0.8 mM Mg.
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Figure 2. High Mg suppresses RTV-induced superoxide production
(A) BAECs were incubated with 15µM RTV in 0.8 or 2mM Mg (RTV+Mg) for 24 hours;
RTV was replaced by equal amount of DMSO in control group. (A) The cells were then
stained with 2µM DHE as indicator of superoxide anion production for 30 min at 37° and
detected at 540/570nm for DHE adducts and 345/455nm for DAPI (4’,6’ diamino-2-
phenylindole2HCl for DNA stain). (B) Relative quantification by flow cytometry was
performed at 488/585nm for DHE adducts, and at 637/660nm for Far Red Dead Cell Stain.
Mean values represented average oxidized DHE signal per cell from a total of 15,000 to
26,000 live cells per condition and were compared intergroups by using cells+DMSO as
control (100%). Super-enhanced Dmax Subtraction (SED) algorithm showed that the RTV
population was scored positive at 41.4% when compared with control population.
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Figure 3. Effects of RTV and high Mg on (A) BAEC nitrite+nitrate levels and on (B) eNOS
mRNA expression
BAECs were incubated with 15µM RTV with normal (0.8mM) or high Mg (2 mM) for 24hr.
Supernatants were retrieved for total NO products (nitrite + nitrate) determination by the
Griess Reagent. (B): Real time quantitative-PCR was performed to measure eNOS mRNA
level in BAECs. Bovine 18s rRNA was used as the reference gene. Expression levels were
compared to control group. Each assay was repeated in triplicate and data represent means
±SEM, n=4–5.; *p<0.05, **p<0.01 vs controls; +P<0.05, ++P<0.01 vs RTV (in 0.8 mM
Mg).
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Figure 4. RTV-induced changes in EC eNOS dimer/monomer ratio and Mg effects
(A), BAECs were harvested after 24 hrs incubation with 15 µM RTV in normal or high Mg
(RTV+Mg), or 2 mM Mg alone; total protein was extracted and separated by (A) a normal
high temperature SDS-PAGE for total eNOS and expressed as % compared with controls; +
p<0.05 vs. Ctl; or (B) by a low-temperature SDS-PAGE to separate the dimer and monomer
forms of eNOS. (C), the same images were used to measure the densitometric ratio of eNOS
dimer and monomer. RTV reduced the eNOS dimer/monomer ratio to 59% comparing to
controls (*P<0.01, n=4) while RTV+Mg reversed the ratio to 82% of controls (†p<0.05 vs.
RTV, n=4).
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Figure 5. Chronic RTV treatment and protective effects of Mg-supplementation on hepatic (A)
eNOS mRNA expression, (B) eNOS protein and (C) plasma nitrite levels in rats
Male Lewis-Brown Norway F1 rats (160g) were administered RTV (75mg/kg/day, p.o.) for
5 weeks fed a normal (0.1% Mg) or a 6-fold (0.6% Mg) Mg diet. Liver and plasma samples
were harvested and processed for the assays. Vehicle-control group received the solvent of
RTV solution (10% ethanol, 5% DMSO, 50% propylene glycol, and 35% water). (A) Rat
liver eNOS expression level was measured by RT-PCR using GAPDH as reference gene and
compared with vehicle controls (‡p<0.01 vs vehicle-controls; **p<0.01 vs. RTV, n=4–5).
(B), RTV depresses Liver eNOS protein level and the effect of Mg-supplementation. Total
liver protein for each group was isolated and boiled; eNOS protein expression was run and
detected by regular western blot. After being normalized with β-actin, RTV depressed eNOS
expression to 24% and RTV plus high Mg-Supplement preserved the eNOS protein level to
90% of controls (*P<0.01 vs controls, †p<0.01 vs. RTV, n=3–4)
(C) Plasma nitrite was determined by the DAN method; RFU was recorded and compared to
standard samples and to controls; ‡p <0.01 vs. Controls, * p<0.05 vs RTV, n=4–5.
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