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Abstract
Regulatory T cells (Tregs) play a vital role in autoimmune disorders. Among several markers,
forkhead box p3 (Foxp3) is the most specific with regard to Treg activity. Therefore, understanding
mechanisms that regulate Foxp3 expression is a critical step for unraveling the complicacy of
autoimmune pathophysiology. The present study was undertaken to investigate the crosstalk between
NO and Tregs. Interestingly, after myelin basic protein (MBP) priming, the expression of Foxp3
decreased in MBP-primed T cells. However, blocking NO either by inhibiting inducible NO synthase
with L-N6-(1-iminoethyl)-lysine hydrochloride or through scavenging with PTIO or by
pharmacological drugs, such as pravastatin, sodium benzoate, or gemfibrozil, restored the expression
of Foxp3 in MBP-primed T cells. However, this restoration of Foxp3 by pharmacological drugs was
reversed by S-nitrosoglutathione, an NO donor. Similarly, NO also decreased the populations of
Tregs characterized by CD4+CD25+ and CD25+FoxP3+ phenotypes. We have further confirmed this
inverse relationship between NO and Foxp3 by analyzing the mRNA expression of Foxp3 and
characterizing CD25+FoxP3+ or CD4+Foxp3+ phenotypes from inducible NO synthase knockout
mice. Moreover, this inverse relation between NO and Foxp3 also was observed during priming with
myelin oligodendrocyte glycoprotein, another target neuroantigen in multiple sclerosis, as well as
collagen, a target autoantigen in rheumatoid arthritis. Finally, we demonstrate that NO inhibited the
expression of Foxp3 in MBP-primed T cells via soluble guanylyl cyclase-mediated production of
cGMP. Taken together, our data imply a novel role of NO in suppressing Foxp3+ Tregs via the soluble
guanylyl cyclase pathway.

Maintenance of tolerance to self Ags is a challenge for our immune system. During
development in the thymus, many clones of autoreactive T cells are deleted by programmed
cell death (1). However, a few of them escape thymic deletion and therefore survive and pose
potential threats during autoimmune attack. Fortunately, the immune system has evolved a
regulatory mechanism that restricts the autoreactive T cells in an unresponsive state (1). The
key mediators of this regulation are specialized subsets of T cells, known as regulatory T cells
(Tregs), that can recognize self-reactive T cells and suppress them by a complex mechanism
that is not yet fully understood. There are several kinds of Tregs, for example, naturally
occurring, inducible, or IL-10–producing Tregs, and several controversies lie in choosing
proper parameters that specifically characterize a particular kind of Treg, but irrespective of
these discrepancies, recent advancements in research have established a transcription factor
forkhead box p3 (Foxp3) as the most specific marker of Tregs (1-3). Foxp3+ CD4+CD25+ T
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cells are considered as the most common phenotype of Tregs. Under normal physiological
conditions, Tregs are sufficient to suppress self-reactive T cells. However, during autoimmune
pathogenesis, the immune system is dysregulated, resulting in a substantial decrease in the
activity and number of Tregs, leading to huge proliferation of self-reactive T cells and
subsequent autoimmune attack.

Foxp3 is an X chromosome-encoded transcription factor expressed exclusively in Tregs and
critically important for the development and function of these cells. The Foxp3 gene was
identified originally from mice with scurfy syndrome in which it was found to be mutated (4,
5). Defects in the Foxp3 gene are also responsible for X-linked autoimmunity and allergic
dysregulation syndrome, a fatal human disorder that develops in childhood (6). Structurally,
Foxp3 belongs to the forkhead family of transcription factors containing a forkhead DNA-
binding domain. Foxp3 is considered as a master regulatory molecule in Tregs that acts as a
transcriptional repressor as well as an activator (7). IL-2 is one of the targets of Foxp3 that is
negatively regulated, whereas surface molecules, such as CD25, glucocorticoid-induced TNF
receptor, and CTLA-4, are likely to be positively regulated by Foxp3 (8).

The importance of Tregs in multiple sclerosis (MS) and experimental autoimmune
encephalomyelitis (EAE), the animal model of MS, is becoming increasingly significant. MS
is also associated with numerical and functional deficiency of Tregs in MS (9,10). It has been
shown that Tregs play a critical role in protection and recovery from EAE. Although the exact
mechanism of protection by Tregs is not clearly understood, it is suspected that Tregs exert
protection by increasing the Th2 phenotype and decreasing the homing of autoreactive T cells
(11). Depletion of CD4+CD25+ cells inhibits natural recovery from EAE, whereas transfer of
these cells to recipient mice reduces disease severity (12). These observations imply that
regulation of Tregs might play a decisive role in susceptibility to EAE. Recent studies suggest
that the expression of Foxp3 and the number of peripheral CD4+CD25+ Foxp3+ T cells are
reduced significantly in relapsing-remitting MS patients compared with those in control
subjects (13). However, molecular mechanisms by which Tregs are downregulated in MS
patients are not well understood. NO, a potent proinflammatory molecule, is strongly
implicated in the pathophysiology of autoimmune diseases, such as EAE and MS. Because MS
and EAE are autoimmune diseases associated with immune dysregulation and Tregs are critical
for immune regulation and maintenance of immune homeostasis, we wondered whether NO
plays a role in the regulation of Tregs.

We herein report the first evidence that NO plays a pivotal role in the regulation of Foxp3 in
myelin basic protein (MBP)-primed T cells. Although decreasing the level of NO by either
inhibitors of inducible NO synthase (iNOS) or scavengers of NO stimulates the expression of
Foxp3, increasing the level of NO by an NO donor decreases the expression of Foxp3.
Similarly, pharmacological drugs, such as statins, gemfibrozil, or sodium benzoate (NaB), with
reported protective roles in EAE (14,15) can effectively restore Foxp3 in MBP-primed T cells
via inhibiting synthesis of NO. In addition to MBP-primed T cells, T cell priming with myelin
oligodendrocyte glycoprotein (MOG), another target neuroantigen in MS, as well as collagen,
a target autoantigen in rheumatoid arthritis (RA), also reduces the expression of Foxp3 via NO.
Furthermore, we demonstrate that NO employs the soluble guanylyl cyclase (sGC) cGMP
pathway to inhibit the expression of Foxp3.

Materials and Methods
Reagents

FBS and RPMI 1640 medium were from Invitrogen (Carlsbad, CA). L-N6-(1-iminoethyl)-lysine
hydrochloride (L-NIL), carboxy-PTIO, S-nitrosoglutathione (GSNO), NS-2028 (an inhibitor
of guanylate cyclase), 8-BrcGMP (a cell-permeable cGMP analogue), and MY-5445 (an
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inhibitor of cGMP phosphodiesterase) were obtained from BIOMOL (Plymouth Meeting, PA).
Gemfibrozil and NaB were purchased from Sigma-Aldrich (St. Louis, MO). Rat anti-Foxp3
was purchased from eBioscience (San Diego, CA). Rabbit anti-iNOS was purchased from
Calbiochem (San Diego, CA). FITC-conjugated rat anti-mouse IL-2Rα (CD25) mAb was
purchased from Chemicon International (Temecula, CA). PE-labeled rat anti-CD4mAb was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Isolation of MBP-primed T cells
Specific pathogen-free female SJL/J mice (4–6-wk-old) were purchased from Harlan Sprague-
Dawley (Indianapolis, IN). B6.129 iNOS−/− mice and their littermate controls were purchased
from The Jackson Laboratory (Bar Harbor, ME). MBP-primed T cells were isolated and
purified as described earlier (16,17). Briefly, mice were immunized s.c. with 400 μg bovine
MBP and 60 μg Mycobacterium tuberculosis (H37RA; Difco Laboratories, Detroit, MI) in IFA
(Calbiochem). Spleens were collected from these mice, and single-cell suspensions were
prepared in RPMI 1640 medium containing 10% FBS, 2 mM L-glutamine, 50 μM 2-ME, 100
U/ml penicillin, and 100 μg/ml streptomycin. Splenocytes cultured at a concentration of 0.5–
1.0 × 106 cells per ml in 12-well plates were incubated with 50 μg/ml MBP with or without
different treatments for 48 or 96 h. The nonadherent splenic T cells were collected and used
for RNA isolation and FACS analysis.

Isolation of MOG35–55-primed T cells
B6.129 iNOS−/− mice and their littermate controls were purchased from The Jackson
Laboratory. Briefly, micewere immunized s.c. with 100 μg MOG35–55 (Sigma-Aldrich) and
200 μg M. tuberculosis (H37RA; Difco Laboratoies) in IFA (Calbiochem). After 10 d of
immunization, spleens were collected from these mice, and single-cell suspensions were
prepared in RPMI 1640 medium containing 10% FBS, 2 mM L-glutamine, 50 μM 2-ME, 100
U/ml penicillin, and 100 μg/ml streptomycin. Splenocytes cultured at a concentration of 0.5–
1.0 × 106 cells per ml in 12-well plates were incubated with 20 μg/ml MOG35–55 for 48 or 96
h. The nonadherent splenic T cells were collected and used for RNA isolation and FACS
analysis.

Isolation of collagen-primed T cells
B6.129 iNOS−/− mice and their littermate controls were immunized intradermally at the base
of their tail with 100 μg chicken collagen type II (Sigma-Aldrich) emulsified in CFA containing
200 μg M. tuberculosis (H37RA; Difco Laboratories). The mice received the same dose of
injection as the booster injection on day 21. Eight days after booster injection, spleens were
collected from these mice, and single-cell suspensions were prepared in RPMI 1640 medium
containing 10% FBS, 2 mM L-glutamine, 50 μM 2-ME, 100 U/ml penicillin, and 100 μg/ml
streptomycin. Splenocytes cultured at a concentration of 0.5–1.0 × 106 cells per ml in 12-well
plates were incubated with 50 μg/ml chicken collagen type II for 48 or 96 h. The nonadherent
splenic T cells were collected and used for RNA isolation and FACS analysis.

Treatment with L-NIL and pravastatin
Groups of mice that were immunized with MBP were treated with either L-NIL (5 mg/kg body
weight) via i.p. injection or pravastatin (1 mg/kg body weight) via gavage daily for 10 d
postimmunization. Control immunized mice received only saline. After 10 d, mice were
perfused as described later for immunohistochemical studies.

Assay for NO synthesis
Synthesis of NO was determined by assay of culture supernatants for nitrite, a stable reaction
product of NO with molecular oxygen. Briefly, supernatants were centrifuged to remove cells,
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and 400 μl each supernatant was allowed to react with 200 μl Griess reagent (18) and incubated
at room temperature for 15 min. The OD of the assay samples was measured
spectrophotometrically at 570 nm. Fresh culture media served as the blank. Nitrite
concentrations were calculated from a standard curve derived from the reaction of NaNO2 in
the assay.

Semiquantitative RT-PCR analysis
Total RNA was isolated from splenic T cells by using an RNeasy Mini Kit (Qiagen, Valencia,
CA) following the manufacturer’s protocol. To remove any contaminating genomic DNA, total
RNA was digested with DNase. Semiquantitative RT-PCR was carried out as described earlier
(14,19) using a RT-PCR kit from BD Clontech (Palo Alto, CA). Briefly, 1 μg total RNA was
reverse-transcribed using oligo(dT)12–18 as a primer and Moloney murine leukemia virus
reverse transcriptase (BD Clontech) in a 20 μl reaction mixture. The resulting cDNA was
appropriately diluted, and diluted cDNA was amplified using Titanium Taq DNA polymerase
and the following primers: Foxp3, sense, 5′-CAG CTG CCT ACA GTG CCC CTAG-3′,
antisense, 5′-CAT TTG CCA GCA GTG GGT AG-3′; CD25, sense, 5′-AGC CAA GTA GGG
TGT CTC TCA ACC-3′, antisense, 5′-GCC CAG GATACACAG TGA AGA ACG-3′; CD4,
sense, 5′-CCA ACA AGA GCT CAA GGA GAC CAC-3′, antisense, 5′-CGTACC CTC TTT
CCTAGC AAA GGA-3′; iNOS, sense, 5′-CCC TTC CGA AGT TTC TGG CAG CAGC-3′,
antisense, 5′-GGC TGT CAG AGC CTC GTG GCT TTGG-3′; IFN-γ, sense, 5′-
GCTGTTACTGCCACGGCACA-3′, antisense, 5′-GGACCACTCGGATGAGCTCA-3′;
GAPDH, sense, 5′-GGT GAA GGT CGG TGT GAA CG-3′, antisense, 5′-TTG GCT CCA
CCC TTC AAG TG-3′. Amplified products were electrophoresed on 1.8% agarose gels and
visualized by ethidium bromide staining.

Real-time PCR analysis
Real-time PCR analysis was performed using the ABI Prism 7700 sequence detection system
(Applied Biosystems, Foster City, CA) as described earlier (15,20). All of the primers and
FAM-labeled probes for mouse genes and GAPDH were obtained from Applied Biosystems.
The mRNA expressions of respective genes were normalized to the level of GAPDH mRNA.
Data were processed by the ABI Sequence Detection System 1.6 software and analyzed by
ANOVA.

Flow cytometry
Surface coexpression of CD4 and CD25 on splenic T cells was checked by two-color flow
cytometry, as described previously (16,21,22). Approximately 5 × 105 cells suspended in RPMI
1640 medium and FBS were incubated in the dark with appropriately diluted FITC-labeled
Abs to CD25 and PE-labeled Abs to CD4 at 4°C for 1 h. Following incubation, the cell
suspension was centrifuged, washed three times, and resuspended in 500 μl RPMI 1640
medium and FBS. The cells then were analyzed through FACS (BD Biosciences, San Jose,
CA). A minimum of 10,000 cells were accepted for FACS analysis. Cells were gated based on
morphological characteristics. Apoptotic and necrotic cells were not accepted for FACS
analysis.

Intracellular staining of Foxp3 along with surface staining for CD25 on splenic T cells was
performed according to the manufacturer’s protocol. Approximately 1 × 106 cells suspended
in flow staining buffer were incubated at 4°C with appropriately diluted FITC-labeled Ab to
CD25 for 30 min, washed, and resuspended in fixation and permeabilization solution.
Following incubation in dark for 30 min, cells were washed, blocked with test Fc block (anti-
mouse CD16/32) in permeabilization buffer, and subsequently incubated with appropriately
diluted PE-labeled Abs to Foxp3 at 4°C in the dark. After incubation, the cell suspension was
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centrifuged, washed three times, and resuspended in an appropriate volume of flow staining
buffer. The cells then were analyzed as mentioned above.

Immunofluorescence analysis
Immunofluorescence analysis was performed as described earlier (23,24). Briefly, 4–6-wk-old
MBP-immunized or naive mice were perfused intracardially with PBS (pH 7.4) and then with
4% (w/v) paraformaldehyde solution in PBS. Dissected spleens were postfixed in 4%
formaldehyde and PBS for 2-5 d and cryoprotected in 20% sucrose and PBS overnight at 4°
C. Splenic tissues were then embedded in OCT (TissueTek, Elkhart, IN) at −50°C, processed
for conventional cryosectioning to obtain frozen longitudinal sections (8 μm), and stored at
−80°C. Frozen sections were then allowed to cool to at room temperature for 1.5–2 h, washed
six times each for 5 min in 1× PBS, blocked in 2% BSA in 1× PBS with 0.5% Triton at room
temperature, and incubated with goat anti-CD3 (1:50) (BioSource International, Camarillo,
CA) or rabbit anti-iNOS (1:500) and rat anti-Foxp3 (1:200) or rabbit anti-iNOS (1:500) and
rat anti-CD11b (1:300) (Chemicon) for overnight at room temperature for dual
immunohistochemistry. Sections were then washed six times in 1× PBS and further incubated
with Cy2 (Jackson ImmunoResearch Laboratories, West Grove, PA) for 1.5 h at room
temperature followed by overnight drying. Next, the sections were rinsed in distilled water,
dehydrated successively in ethanol and xylene, and mounted and observed under a LSM 510
confocal microscope (Zeiss, Oberkochen, Germany) using a 63× objective.

Results
Negative regulation of Foxp3 in MBP-primed T cells by NO

Because we have noticed earlier that Tregs are decreased significantly in MBP-primed T cells,
we wanted to investigate whether NO is involved in the downregulation of Treg molecules
(14). Splenocytes were isolated from MBP-immunized mice, restimulated with MBP (50 μg/
ml) with or without different doses of either L-NIL (an inhibitor of iNOS) or PTIO (the
scavenger of NO), and subsequently examined for mRNA expression of Foxp3, CD25, and
CD4 by semiquantitative RT-PCR and real-time PCR analysis. Interestingly, both L-NIL and
PTIO dose-dependently restored the expression of Foxp3 as well as CD25 in MBP-primed T
cells without affecting CD4 expression, thus clearly suggesting an essential role of NO in the
downregulation of Treg molecules (Fig. 1A, 1B, left and middle panels). Our observation was
corroborated further when GSNO, an exogenous source of NO, completely abrogated L-NIL-
mediated restoration of Foxp3 and CD25 mRNAs in MBP-primed T cells (Fig. 1A, 1B, right
panels). Corresponding estimation of nitrites shows a reciprocal relationship between the
production of nitrite and the expression of Treg markers (Foxp3 and CD25) (Fig. 1C). These
results suggest that NO plays a pivotal role in the downregulation of Treg markers in MBP-
primed splenocytes. Because Tregs are suppressive, a reduction in the number of Tregs may
result in enhanced Th1 activity. Therefore, to examine the functional significance of
downregulation of Foxp3, we analyzed the mRNA level of IFN-γ, the prototype Th1 cytokine
(Fig. 1A). A reciprocal expression level of IFN-γ with respect to Foxp3 strongly suggests that
impairment of Treg function due to a decreased level of Foxp3 may drive the Th1 response.

NO negatively regulates CD4+CD25+ as well as CD25+Foxp3+ T cell populations in MBP-
primed T cells

Because Tregs are generally CD4+CD25+ T cells, we were further interested to determine
whether NO is involved in the regulation of CD4+CD25+ T cells. Because CD4 and CD25 are
surface molecules, surface expression of CD4 and CD25 was analyzed by FACS analysis. The
result of the FACS analysis demonstrates that MBP priming led to a significant decrease in the
population of CD4+CD25+ T cells; however, treatment of splenocytes with either L-NIL (20
μM) or PTIO (50 μM) effectively restored the population of CD4+CD25+Tcells (Fig. 2A).
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These observations clearly suggest that NO reduces the population of CD4+CD25+ T cells.
Although not desirable, the decrease in FL1 intensity in CD25− fractions in MBP-primed T
cells (Fig. 2A) is probably the consequence of a loss of CD25 in CD25+ fractions that resulted
in a decrease in FL1 intensity. To confirm that the decrease in the proportion of
CD4+CD25+ cells is not due to any reduction in FITC intensity, labeling controls with CD3-
FITC were analyzed in the presence or absence of L-NIL and PTIO following MBP priming,
and the results showed no changes in CD3-FITC intensity (data not shown). However, CD25
also is expressed by many activated T cells that may not express Foxp3, and those Foxp3−
CD25+ T cells may lack regulatory properties. Therefore, to confirm the role of NO in the
regulation of Treg markers, we analyzed the expression of Foxp3 by intracellular FACS along
with surface expression of CD25. We found that both L-NIL and PTIO dramatically increased
the population of CD25+Foxp3+ cells in MBP-primed T cells (Fig. 2D). These results strongly
suggest that the decrease in Foxp3+CD25+ T cell population in MBP-primed T cells is due to
NO.

Surprisingly, NO also was found to negatively regulate the population of CD25+CD4− cells,
as evident from the lower right quadrants of Fig. 2A, although the effect was less pronounced
compared with CD4+CD25+ cells. Although most of the Foxp3+ cells are CD4+, there is also
another population of Foxp3+ cells that is CD4− but CD8+. Our unpublished observation also
shows the presence of CD4−Foxp3+ splenic T cells in normal mice. Therefore, a decrease in
the number of CD4−CD25+ cells may be primarily due to the downregulation of Foxp3 by NO,
which contributes to a decrease in CD25 in Foxp3+ cells. However, Foxp3−CD25+ T cells are
activated T cells, which are not regulated by NO, as evident from the lower right quadrants of
Fig. 2D. The mean fluorescence intensities (MFIs) of gated populations of cells further confirm
our FACS results (Fig. 2B, 2C, 2E).

Pharmacological inhibitors of NO prevent the attenuation of Treg markers in MBP-primed T
cells

To further substantiate our findings and to establish clinical significance as well, we
investigated whether pharmacological compounds capable of inhibiting the induction of iNOS
and suppressing the disease process of EAE can prevent the decrease in Foxp3 in MBP-primed
T cells. Gemfibrozil, NaB, and pravastatin are U.S. Food and Drug Administration-approved
drugs for hyperlipidemia, urea cycle disorders, and hypercholesterolemia, respectively.
Interestingly, our RT-PCR data show that the treatment of splenocytes with gemfibrozil (200
μM), pravastatin (10 μM), or NaB (1.0 mM) during MBP priming prevented reduction of the
mRNA levels of Foxp3 and CD25 but not CD4 (Fig. 3A). The corresponding estimation of
nitrite again reflected a reciprocal relationship between NO and Treg markers Foxp3 and CD25
(Fig. 3B). As expected, the prevention of Foxp3 and CD25 expression by pharmacological
compounds was dose-dependently abrogated by GSNO, an NO donor (Fig. 3A). This reversal
further substantiates the role of NO in the downregulation of Foxp3 and CD25 in MBP-primed
T cells.

Pharmacological inhibitors of NO enrich CD4+CD25+ populations of cells in MBP-primed T
cells

We next wanted to see whether these pharmacological inhibitors also prevent the reduction of
the number of CD4+CD25+ cells in MBP-primed T cells. Consistent with RT-PCR results, our
FACS data reveal that pravastatin and NaB effectively prevented the reduction in the number
of CD4+CD25+ T cells during MBP priming and that GSNO completely abrogated this
prevention (Fig. 4A). These data further corroborate the role of NO in the attenuation of Tregs.
The results were confirmed by the MFI of the gated population of cells (Fig. 4B, 4C). As
mentioned earlier, the decrease in FL1 intensity in CD25− fractions in MBP-primed T cells
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(Fig. 4A) is probably the consequence of a loss of CD25 in CD25+ fractions that resulted in a
decrease in FL1 intensity.

Knockdown of iNOS prevents the suppression of Foxp3 expression in MBP-primed T cells
To confirm an essential role of NO in the attenuation of Foxp3, we further analyzed the mRNA
level of Foxp3 in splenic T cells from wildtype and iNOS−/− mice with or without MBP
immunization and priming. As expected, both semiquantitative RT-PCR (Fig. 5A) and real-
time PCR (Fig. 5B) analyses demonstrate that MBP priming reduced the expression of Foxp3
in T cells of wild-type B6.129 mice but not that of iNOS−/− mice. The role of NO was further
substantiated by FACS analysis, which demonstrated that the NO donor DETA-NONOate
significantly reduced the population of CD25+Foxp3+ cells in MBP-primed T cells isolated
from iNOS−/−B6.129 mice (Fig. 5C). These results further support our finding that NO is
involved in the suppression of Foxp3 in T cells during MBP priming. Consistent with our above
observations (Fig. 2D), here we found that NO had no effect on the CD25+Foxp3− population
(Fig. 5C, lower right quadrants). These data further confirm that the downregulatory effect of
NO on CD25 is limited to Foxp3+CD25+ cells and that Foxp3−CD25+ cells are not
downmodulated by NO.

L-NIL and pravastatin restore the expression of Treg markers in spleens of MBP-immunized
mice

We further investigated whether NO also is involved in the downregulation of Foxp3 in vivo.
Groups of mice were immunized with MBP with or without treatment with L-NIL (5 mg/kg
body weight) or pravastatin (1 mg/kg body weight), and spleens were analyzed for mRNA
expression levels of Foxp3, CD25, CD4, and iNOS as well as the protein levels of Foxp3 and
iNOS by immunohistochemical analysis. Our semiquantitative RT-PCR data suggest that both
L-NIL and pravastatin completely abrogated the attenuation of Foxp3 and CD25 in MBP-
immunized spleens (Fig. 6A). However, we did not observe any change in the expression of
CD4 under any of these treatment conditions (Fig. 6A). Analysis of iNOS mRNA reveals that
MBP immunization induced the expression of iNOS in vivo in the spleen and that pravastatin
treatment markedly inhibited splenic expression of iNOS in MBP-immunized mice (Fig. 6A).
Consistently, our dual-immunohistochemical studies with CD3 and Foxp3 further substantiate
the role of NO in the expression of Foxp3 in vivo at the protein level (Fig. 6B). Similarly, a
dual-immunohistochemical analysis with Foxp3 and iNOS also reveals that the expression of
Foxp3 inversely correlated with the expression of iNOS in the spleens of MBP-immunized
mice (Fig. 6C). These results indicate that NO derived from iNOS suppresses Tregs in vivo in
the spleens of MBP-immunized mice.

To investigate whether NO is produced by APCs, dual immunohistochemistry with iNOS and
CD11b (a marker of macrophages) was performed. The colocalization of iNOS in CD11b+

cells strongly suggests that NO is produced primarily from macrophages of MBP-treated
spleens (Fig. 6D). Both L-NIL and pravastatin significantly inhibited the expression of CD11b;
however, iNOS expression was not inhibited in L-NIL-treated sections (Fig. 6D). Being a
competitive inhibitor of iNOS, L-NIL inhibited the enzymatic activity of iNOS without altering
the expression of iNOS protein and thereby suppressed the production of NO. Because NO is
directly involved in the upregulation of CD11b (20), inhibition of NO resulted in the
suppression of CD11b (Fig. 6D).

Knockdown of iNOS prevents the suppression of Foxp3 expression in vivo in the spleens of
MBP-immunized mice

Next, to confirm the role of NO in the attenuation of Treg molecules invivo, spleens of wild-
type and iNOS−/− mice with or without MBP immunization were analyzed for the mRNA level
of Foxp3 by semiquantitative RT-PCR and real-time PCR as well as the protein level by
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immunohistochemical analysis. Consistent with our finding in isolated splenocytes, the
semiquantitative RT-PCR and real-time PCR data as well as dual-immunohistochemical
analysis with CD3 and Foxp3 demonstrate that MBP immunization markedly inhibited the
expression of Foxp3 mRNA (Fig. 7A,7B) and protein (Fig. 7C) in vivo in the spleens of wild-
type but not iNOS−/− mice. However, under similar experimental conditions, the expression
of CD4 remained unchanged (Fig. 7A). These results further confirm the fact that iNOS-derived
NO is critically required for the attenuation of Foxp3 during MBP immunization.

Knockdown of iNOS prevents the suppression of Foxp3 expression in T cells during priming
with MOG

MOG is another target Ag in MS, and MOG-induced EAE has been a well-known animal
model of MS. Here, we investigated the status of Foxp3 level in MOG-primed T cells and
whether it also was regulated by NO. Therefore, we analyzed the mRNA level of Foxp3 in
splenic T cells from wild-type and iNOS−/− mice with or without MOG immunization and
priming. As evident from semiquantitative RT-PCR (Fig. 8A) and real-time PCR (Fig. 8B)
analyses, similar to MBP, MOG priming also reduced the expression of Foxp3 in T cells of
wild-type but not iNOS−/− mice. The role of NO in the suppression of Foxp3 in MOG-primed
T cells was further substantiated by FACS analysis (Fig. 8C). These results suggest that the
downregulation of Foxp3 by NO is not specific to MBP priming but rather that it could be a
response triggered by the priming of T cells with any MS-specific Ags.

Knockdown of iNOS prevents the suppression of Foxp3 expression in T cells during priming
with collagen Ag

To further examine whether priming of only MS-related Ags or Ags of other autoimmune
disorders also downregulate Foxp3 via NO, we analyzed the effect of NO on the level of Foxp3
in T cells from a mouse model of RA, an autoimmune inflammatory disorder primarily
affecting the joints. Therefore, the mRNA level of Foxp3 was examined in splenic T cells from
wild-type and iNOS−/− mice with or without immunization and priming with collagen, an
autoantigen for RA. Both semiquantitative RT-PCR (Fig. 9A) and real-time PCR (Fig. 9B)
analyses demonstrate that, similar to MBP and MOG, collagen priming also reduced the
expression of Foxp3 in T cells of wild-type but not iNOS−/− mice. The role of NO in the
reduction of Foxp3 in collagen-primed T cells was further substantiated by FACS analysis
(Fig. 9C). These results strongly suggest that the downregulation of Foxp3 by NO is not
specifically responsive to any particular autoantigen but rather a more generalized downstream
response of autoantigenic stimulation.

Involvement of sGC in the suppression of Foxp3 in MBP-primed T cells
Next, we investigated mechanisms by which NO may suppress the expression of Foxp3 in
Tregs. Because sGC is intimately coupled to NO-induced downstream signaling events (25,
26), we attempted to explore the role of sGC in the expression of Foxp3 in MBP-primed T
cells. Splenocytes were incubated with different concentrations of NS-2028, a very specific
inhibitor of sGC, during MBP priming followed by analysis of Foxp3 expression in MBP-
primed T cells. As evident from semiquantitative RT-PCR analyses (Fig. 10A) and real-time
PCR analysis (Fig. 10B), MBP priming suppressed the expression of Foxp3 in T cells; however,
NS-2028 dosedependently abrogated the inhibitory effect of MBP priming on the expression
of Foxp3. Because NO is produced during MBP priming, these results suggest that NO
decreases Foxp3 via sGC.
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Does cGMP mimic the effect of NO in inhibiting the expression of Foxp3 in MBP-primed T
cells?

Because sGC catalyzes the formation of cGMP from GTP, we investigated whether cGMP
alone is sufficient to inhibit the expression of Foxp3 in MBP-primed T cells. The level of cGMP
in a cell could be increased by either a cell-permeable cGMP derivative (8-Br-cGMP) or an
inhibitor of cGMP phosphodiesterase (MY5445). As evident from RT-PCR and real-time PCR
analyses, treatment of splenocytes with NaB (Fig. 10C, 10D) and gemfibrozil (Fig. 10E,
10F) during MBP priming restored the expression of Foxp3 in T cells. Interestingly, 8-Br-
cGMP alone abrogated the restoration of Foxp3 expression by NaB (Fig. 10C, 10D) and
gemfibrozil (Fig. 10E, 10F) in MBP-primed T cells. However, the expression of CD4 remained
unchanged under similar treatment conditions (Fig. 10C, 10E), suggesting that the inhibitory
effect of cGMP on the expression of Foxp3 is specific and that this effect is not due to any cell
death of T cells. Next, the effect of MY5445 on the expression of Foxp3 was tested in MBP-
primed T cells. Splenocytes were treated with either NaB or gemfibrozil in the presence or
absence of MY-5445 during MBP priming. Similar to 8-Br-cGMP, MY-5445 also dose-
dependently suppressed the restoration of Foxp3 in NaB- (Fig. 10G, 10H) and gemfibrozil-
treated (Fig. 10I, 10J) splenocytes. These results suggest that MBP priming decreases the
expression of Foxp3 in T cells via the NO-sGC-cGMP pathway.

Discussion
MS is an autoimmune disease resulting from the activation and proliferation of myelin-reactive
T cells, which cross the blood-brain barrier to enter into the CNS where these cells initiate,
promote, and aggravate multifaceted inflammatory and degenerative insults, ultimately leading
to demyelination and axonal injury. There are many hypotheses, including microbial and viral
infection, molecular mimicry, etc., to explain how autoreactive T cells might be activated
(27). However, no consensus has been reached due to the lack of convincing evidence. The
real breakthrough came after the concept of Tregs became clear. Although a few different types
of Tregs with specific surface or secretory molecules have been identified, Foxp3 is generally
considered as the signature molecule that is associated with Treg properties (1,28). The primary
role of Tregs in the immune system is to suppress unwanted activation of responder cells,
including Th1 and Th2, and maintain immune homeostasis (28-30). Therefore, it is likely that
dysfunction of Tregs could be a major cause for the activation of myelin-reactive T cells in
MS.

Accordingly, there is a significant decrease in the number of CD4+ Foxp3+ T cells as well as
the expression level of Foxp3 in relapsing remitting MS and other lymphoproliferative
autoimmune disorders (9,10,13). However, the molecular mechanism by which Tregs are
suppressed in MS and other autoimmune disorders is poorly understood. Recently, Dominitzki
et al. (31) have demonstrated that trans-signaling via soluble IL-6 receptors might play a key
role in the regulation of Foxp3 by augmenting the expression of SMAD7, the inhibitor of TGF-
β signaling, and hence Foxp3 expression. Although activation of an innate immune response
by microbial infection may result in the production of IL-6 by dendritic cells, which in turn
may suppress the expression of Foxp3, this mechanism is unable to explain why only myelin-
reactive T cells are specifically activated in MS (32). Several lines of evidence presented in
this article demonstrate that NO is critically required for the attenuation of Foxp3 in MBP-
primed T cells as well as spleens of MBP-immunized donor mice and that this suppression is
mediated by the activation of the sGC-cGMP pathway.

NO is an extremely critical molecule implicated in the pathogenesis of MS. There are some
studies demonstrating that NO may enhance switching to Th1 differentiation and expansion,
but it is not sufficient to explain how Th1 cells escape suppression by Tregs (33). In this article,
we provide the first evidence that Foxp3 is negatively regulated by NO. First, we presented
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the evidence that NO is involved in the attenuation of Foxp3 and CD25 but not CD4 expression
in MBP-primed T cells as demonstrated by the abrogation of this attenuation by L-NIL, the
competitive inhibitor of iNOS, PTIO, the scavenger of NO, or pharmacological drugs inhibiting
iNOS, such as NaB, gemfibrozil, and pravastatin (14,15). As expected, these pharmacological
drugs remained unable to restore the expression of Foxp3 in MBP-primed T cells in the
presence of GSNO, thus providing direct evidence of the involvement of NO in the suppression
of Foxp3 and CD25. Therefore, it is possible that NO-mediated switching to Th1 could be
dependent on NO-mediated suppression of Tregs.

Our results strongly implicate that the suppression of Foxp3 in MBP-primed T cells is due to
the direct effect of NO signaling, whereas the suppression of CD25 is a secondary consequence
of NO, which was evident from the inability of donor NO to decrease the population of
CD25+Foxp3− cells in iNOS−/− T cells (Fig. 5C). According to our unpublished observations,
the expression of CD25 was abrogated by antisense knockdown of Foxp3, suggesting that
Foxp3 may play an important role in positive regulation of CD25 in Foxp3+ T cells. There are
also reports that suggest that Foxp3, once expressed, can reinforce the expression of CD25
(8,34). Therefore, in our studies, reduction in the mRNA level of CD25 after MBP stimulation
(Figs. 1A,3A) is probably due to the direct effect of downregulation of Foxp3. However, many
activated T cells express CD25, but because mRNA analysis was performed only after 48 h of
stimulation, expression of CD25 in activated T cells probably was not high enough to
compensate for the loss due to the downregulation of Foxp3. In Foxp3− T cells, the expression
of CD25 is certainly independent of Foxp3 (35). However, the decrease in populations of
CD4+CD25+ and CD4−CD25+ T cells by NO is probably due to the direct effect of NO on
Foxp3+ T cells, resulting in the impairment of Foxp3-dependent transcriptional activation of
CD25. Interestingly, CD4−CD25+ cells may also express Foxp3. These cells may be CD8+,
and CD8+Foxp3+ Tregs also have been reported (36). Because Foxp3 is a more accurate and
specific marker of Tregs than CD25 (37), our emphasis was to study the role of NO in the
expression of Foxp3, and therefore the significance of our findings should be related to
Foxp3+ Tregs that also express CD25.

Our in vivo results further support the role of NO in the attenuation of Foxp3 as demonstrated
by the restoration of Foxp3 by L-NIL or pravastatin in the spleens of MBP-immunized mice.
Severe upregulation of iNOS and its colocalization with CD11b, the marker of macrophages
and monocytes, in the spleens of MBP-immunized mice strongly suggest that it is the iNOS-
derived NO, expressed by splenic APCs, which is responsible for the suppression of Foxp3.
The unperturbed expression of CD4 probably implies that the suppression of Foxp3 is not due
to any reduction of CD4+ cells but rather due to the selective effect of NO on the expression
of Foxp3.

The essential role of NO in the attenuation of Foxp3 was confirmed when we demonstrated
that knockdown of iNOS completely abrogated the suppression of Foxp3 in MBP-primed T
cells as well as spleens of MBP-immunized mice. Although our results clearly signify an
essential role of NO in the suppression of Foxp3, complete knockdown of iNOS may not be
beneficial, because increases in clinical symptoms and mortality rates in iNOS−/− mice with
EAE have been observed compared with those of the wild-type mice, suggesting a protective
role of NO in EAE (38). Moreover, Tregs are not the single factor that regulates the disease
process of EAE. Therefore, for therapeutic purposes, instead of knocking down iNOS
completely, partial inhibition of the expression of iNOS by suitable doses of pharmacological
compounds to abrogate the suppression of Foxp3 would likely have a larger beneficial effect.

MBP is not the only autoantigen targeted in MS. Among the other neuroantigens, MOG is an
important candidate, and MOG-reactive T cells also play significant roles in the pathogenesis
of MS (39,40). We therefore analyzed the level of Foxp3 in MOG-primed T cells and whether
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NO had any effect on it. Substantial reduction of Foxp3 in MOG-primed T cells from wild-
type but not iNOS−/− mice strongly suggests that attenuation of Tregs by NO is not specific to
any particular neuroantigen but rather a possible mode of reduction of Tregs in MS following
activation against any of the myelin Ags targeted in the disease.

The above findings instigated us to examine whether NO also could suppress Tregs in other
autoimmune diseases. RA is an autoimmune inflammatory disease that mostly affects joints.
The role of Tregs in the pathogenesis of RA is currently a highly debated issue. The status of
Tregs in the disease is also unclear. Some studies did not find any defect in Tregs from the
patients of RA, whereas others reported defective Tregs in RA (41-44). Interestingly, our results
clearly show that T cell priming with collagen, an autoantigen targeted in RA, dramatically
decreased the expression of Foxp3 in T cells from wild-type but not iNOS−/− mice. Hence, our
observation strongly indicates that in addition to MS, in other autoimmune diseases, such as
RA, Tregs may be attenuated and that attenuation also is critically governed by NO.

NO most commonly employs sGC as its immediately downstream effector molecule, which
in turn catalyzes the formation of cGMP to modulate downstream functions (25,26).
Interestingly, our findings suggest that the attenuation of Foxp3 in MBP-primed T cells
involves the activation of the sGC-cGMP pathway. In contrast, an unparallel observation has
been reported recently that suggests that NO induces CD4+CD25+ Tregs (45). However, these
Tregs are Foxp3− and induced in a cGMP-independent manner. Therefore, it might be possible
that NO differentially modulates two different kinds of Tregs. Although NO suppresses
CD25+ Foxp3+ Tregs via the activation of sGC-cGMP, it induces CD4+ CD25+Foxp3− Tregs
independent of the GC-cGMP pathway. The resultant outcome thus will depend on the relative
predominance of any of the pathways.

In summary, our study delineates a novel role of NO in the downregulation of Foxp3. There
are significant numbers of APCs (e.g., macrophages and dendritic cells) in spleens that can
induce the expression of iNOS upon stimulation (46). Following immunization with myelin
Ags, the Ags are presented by APCs via MHC class II to prime T cells against myelin. We
propose that during first encounter with myelin Ag both naive Tregs and Th cells are primed
against myelin Ag and as a result myelin-reactive memory Tregs and memory Th cells are
produced. During subsequent encounter with myelin Ag presented by APCs, activation of
costimulatory molecules along with MHC class II-TCR interaction induces upregulation of
iNOS in APCs, resulting in huge production of NO, which in turn attenuates the expression of
Foxp3 via activation of the sGC-cGMP pathway, leading to a reduction in myelin-reactive
Foxp3-expressing T cells. We hypothesize that a reduction in myelin-reactive Foxp3-
expressing Tregs may abrogate its suppressive action on myelin-reactive encephalitogenic Th1
cells, thereby facilitating their activation and proliferation and leading to CNS autoimmune
disease. Therefore, specific targeting of NO by either pharmacological inhibitors of iNOS
(statins, gemfibrozil, and NaB) or NO scavengers may be an important step to restore
Foxp3+ Tregs and attenuate autoreactive T cells in MS and other autoimmune disorders.
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DETA-NONOate diethylenetriamine NONOate

EAE experimental autoimmune encephalomyelitis

Foxp3 forkhead box p3

Brahmachari and Pahan Page 11

J Immunol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GSNO S-nitrosoglutathione

iNOS inducible NO synthase

L-NIL L-N6-(1-iminoethyl)-lysine hydrochloride

MBP myelin basic protein

MFI mean fluorescence intensity

MOG myelin oligodendrocyte glycoprotein

MS multiple sclerosis

NaB sodium benzoate

PTIO 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl imidazoline-1-oxy 3-oxide

RA rheumatoid arthritis

sGC soluble guanylyl cyclase

Treg regulatory T cell
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FIGURE 1.
NO negatively regulates the expression of Foxp3 and CD25 in MBP-primed T cells.
Splenocytes isolated from MBP-immunized female SJL/J mice were stimulated with MBP in
the presence or absence of different doses of L-NIL, PTIO, or GSNO. After 48 h of stimulation,
mRNA expression levels of Foxp3, CD25, CD4, and IFN-γ were monitored by
semiquantitative RT-PCR (A), and the mRNA expression level of Foxp3 was further confirmed
by quantitative real-time PCR (B). After 48 h, supernatants were used for the nitrite assay
(C) as described in Materials and Methods. Data are mean ± SD of three different
experiments. ap < 0.001 versus control; bp < 0.001 versus MBP only.
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FIGURE 2.
NO negatively regulates CD4+CD25+ as well as CD25+Foxp3+ T cell populations in MBP-
primed T cells. Splenocytes isolated from MBP-immunized female SJL/J mice were stimulated
with MBP in the presence or absence of L-NIL or PTIO. After 96 h of stimulation, T cells were
incubated with appropriately diluted PE-conjugated anti-CD4 and FITC-conjugated anti-CD25
Abs (A) or PE-conjugated anti-Foxp3 and FITC-conjugated anti-CD25 Abs (D) as described
in Materials and Methods followed by FACS analysis. Results represent three independent
experiments. MFIs were calculated based on gated populations of CD4+CD25+ (B),
CD4−CD25+ (C), and total Foxp3+ (E) cells by using CellQuest software (BD Biosciences).
Data are mean ± SD of three different experiments. ap < 0.001 versus control; bp < 0.001 versus
MBP only.
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FIGURE 3.
Pharmacological inhibitors of iNOS upregulate the expression of Foxp3 and CD25 in MBP-
primed T cells. Splenocytes isolated from MBP-immunized female SJL/J mice were stimulated
with MBP in the presence or absence of NaB (1.0 mM), pravastatin (10 μM), or gemfibrozil
(200 μM) only or along with different doses of GSNO. After 48 h of stimulation, mRNA
expression levels of Foxp3, CD25, and CD4 were monitored by semiquantitative RT-PCR
(A), and supernatants were used for the nitrite assay (B). Data are mean ± SD of three different
experiments. ap < 0.001 versus control; bp < 0.001 versus MBP only.

Brahmachari and Pahan Page 17

J Immunol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Pharmacological inhibitors of iNOS enrich CD4+CD25+ T cell populations in MBP-primed T
cells. Splenocytes isolated from MBP-immunized female SJL/J mice were stimulated with
MBP in the presence or absence of NaB (1.0 μM) or pravastatin (10 μM) only or along with
GSNO (500 μM) or DETA-NONOate (50 μM). After 96 h of stimulation, T cells were
incubated with appropriately diluted PE-conjugated anti-CD4 and FITC-conjugated anti-CD25
Abs (A) as described in Materials and Methods followed by FACS analysis. Results represent
three independent experiments. MFIs were calculated based on gated populations of
CD4+CD25+ (B) and CD4−CD25+ (C) cells by using CellQuest software (BD Biosciences).
Data are mean ± SD of three different experiments. ap < 0.001 versus MBP; bp < 0.001 versus
MBP and NaB.
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FIGURE 5.
Knockdown of iNOS prevents the suppression of Foxp3 expression in T cells during MBP
priming. Splenocytes isolated from MBP-immunized B6.129 wild-type and iNOS−/− mice
were stimulated with MBP. After 48 h, mRNA expression levels of Foxp3 and CD4 were
monitored by semiquantitative RT-PCR (A), and mRNA expression level of Foxp3 was
monitored by quantitative real-time PCR (B). Data are mean ± SD of three different
experiments. ap < 0.001 versus wild-type control; bp < 0.001 versus wild-type MBP only. C,
Splenocytes isolated from MBP-immunized B6.129 wild-type, stimulated with MBP only, and
iNOS−/− mice were stimulated with MBP in the presence or the absence of DETA-NONOate
(50 μM). After 96 h of stimulation, T cells were incubated with appropriately diluted PE-
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conjugated anti-Foxp3 and FITC-conjugated anti-CD25 Abs followed by FACS analysis.
Results represent three independent experiments.
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FIGURE 6.
L-NIL and pravastatin restore the expression of Treg markers in vivo in the spleens of MBP-
immunized mice. Female SJL/J mice immunized with MBP were treated with saline, L-NIL (5
mg/kg body weight), or pravastatin (1 mg/kg body weight) daily for 10 d postimmunization
followed by isolation of RNA from spleens and RT-PCR analysis for Foxp3, CD25, iNOS,
and CD4 (A). Splenic sections were dual-immunostained for CD3 and Foxp3 (B), iNOS and
Foxp3 (C), or iNOS and CD11b (D). DAPI was used to visualize the nucleus. The settings of
the microscope remained strictly unaltered during the entire study. Results represent three
independent experiments. Original magnification ×40 (B–D).
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FIGURE 7.
Knockdown of iNOS prevents the suppression of Foxp3 expression invivo in the spleens of
MBP-immunized mice: Spleens were isolated from control or MBP-immunized B6.129 wild-
type and iNOS knockout mice, and the mRNA expression levels of Foxp3 and CD4 were
monitored by semiquantitative RT-PCR (A). The mRNA expression of Foxp3 was estimated
by quantitative real-time PCR (B). Data are mean ± SD of three different experiments. ap <
0.001 versus wild-type control; bp < 0.001 versus wild-type MBP only. Splenic sections were
dual-immunostained for CD3 and Foxp3. DAPI was used to visualize the nucleus (C) (original
magnification ×40). The settings of the microscope remained strictly unaltered during the entire
study. Results represent three independent experiments.

Brahmachari and Pahan Page 22

J Immunol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 8.
Knockdown of iNOS prevents the suppression of Foxp3 expression in T cells during priming
with MOG. Splenocytes isolated from MOG-immunized B6.129 wild-type and iNOS−/− mice
were stimulated with MOG. After 48 h, mRNA expression levels of Foxp3 and CD4 were
monitored by semiquantitative RT-PCR (A), and mRNA expression level of Foxp3 was
monitored by quantitative real-time PCR (B). Data are mean ± SD of three different
experiments. ap < 0.001 versus wild-type control; bp < 0.001 versus wild-type MOG only. C,
Splenocytes isolated from MOG-immunized B6.129 wild-type and iNOS−/− mice were
stimulated with MOG. After 96 h of stimulation, T cells were incubated with appropriately
diluted PE-conjugated anti-Foxp3 and FITC-conjugated anti-CD4 Abs followed by FACS
analysis. Results represent three independent experiments.
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FIGURE 9.
Immunization with collagen suppresses the expression of Foxp3 in T cells from wild-type but
not the iNOS knockout mice. Splenocytes isolated from collagen-immunized B6.129 wild-type
and iNOS−/− mice were stimulated with collagen. After 48 h, mRNA expression levels of Foxp3
and CD4 were monitored by semiquantitative RT-PCR (A), and mRNA expression level of
Foxp3 was monitored by quantitative real-time PCR (B). Data are mean ± SD of three different
experiments. ap < 0.001 versus wild-type control; bp < 0.001 versus wild-type collagen only.
C, Splenocytes isolated from collagen-immunized B6.129 wild-type and iNOS−/− mice were
stimulated with collagen. After 96 h of stimulation, T cells were incubated with appropriately
diluted PE-conjugated anti-Foxp3 and FITC-conjugated anti-CD4 Abs followed by FACS
analysis. Results represent three independent experiments.
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FIGURE 10.
Attenuation of Foxp3 expression in MBP-primed T cells is via the sGC-cGMP pathway.
Splenocytes isolated from MBP-immunized female SJL/J mice were stimulated with MBP in
the presence or absence of different doses of NS-2028 (A, B), gemfibrozil, or NaB with or
without different doses of 8-Br-cGMP (C–F) or MY-5445 (G–J). After 48 h of stimulation,
the mRNA expression levels of Foxp3 and CD4 were monitored by semiquantitative RT-PCR
(A, C, E, G, I) and quantitative real-time PCR (B, D, F, H, J). Data are mean ± SD of three
different experiments. ap < 0.001 versus MBP; bp < 0.001 versus gemfibrozil; cp < 0.001 versus
NaB.
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