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BACKGROUND AND PURPOSE

Whether NO, carbon monoxide (CO) and hydrogen sulfide (H.S) compensate for each other when one or more is depleted is
unclear. Inhibiting NOS causes hypertension and kidney injury. Both global depletion of H,S by cystathionine y-lyase (CSE)
gene deletion and low levels of exogenous H,S cause hypertension. Inhibiting CO-producing enzyme haeme oxygenase-1
(HO-T) makes rodents hypersensitive to hypertensive stimuli. We hypothesized that combined inhibition of NOS and HO-1
exacerbates hypertension and renal injury, but how combined inhibition of NOS and CSE affect hypertension and renal injury
was unclear.

EXPERIMENTAL APPROACH
Rats were treated with inhibitors of NOS (L-nitroarginine; LNNA), CSE (DL-propargylglycine; PAG), or HO-1 (tin
protoporphyrin; SnPP) singly for 1 or 4 weeks or in combinations for 4 weeks.

KEY RESULTS

LNNA always reduced NO, decreased H,S and increased CO after 4 weeks. PAG abolished H,S, always enhanced CO and
reduced NO, but not when used in combination with other inhibitors. SnPP always increased NO, enhanced H,S and
inhibited CO after 1T week. Rats treated with LNNA, but not PAG and SnPP, rapidly developed hypertension followed by renal
dysfunction. LNNA-induced hypertension was ameliorated and renal dysfunction prevented by all additional treatments. Renal
HO-1 expression was increased by LNNA in injured tubules and increased in all tubules by all other treatments.

CONCLUSIONS AND IMPLICATIONS
The amelioration of LNNA-induced hypertension and renal injury by additional inhibition of H,S and/or CO-producing
enzymes appeared to be associated with secondary increases in renal CO or NO production.

LINKED ARTICLES
This article is part of a themed section on Pharmacology of the Gasotransmitters. To view the other articles in this section visit
http://dx.doi.org/10.1111/bph.2015.172.issue-6
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Abbreviations

CKD, chronic kidney disease; CSE, cystathionine y-lyase; FGS, focal glomerulosclerosis; HO-1, haeme oxygenase-1;
LNNA, L-nitroarginine; PAG, DL-propargylglycine; PLP, pyridoxal-5’-phosphate; SD, Sprague Dawley (rats); SnPP, Sn(IV)

protoporphyrin IX dichloride

Introduction

The family of biologically active gases, NO, carbon monoxide
(CO) and hydrogen sulfide (H.S) exert important, often over-
lapping homeostatic functions in the reno-vascular system
(Li et al., 2009). BP regulation is strongly dependent on renal
NO availability (Rajapakse and Mattson, 2013), and hyper-
tension and chronic kidney disease (CKD) are associated with
decreased NO levels in the kidney (Baylis and Vallance, 1996;
Baylis, 2008). Prolonged pharmacological inhibition of NOS
invariably results in hypertension, and renal and cardiac
injury (Zatz and de Nucci, 1991; Baylis et al., 1992; Verhagen
etal.,, 1998). In addition, NO, CO and H,S also induce
vasodilatation (Li et al., 2009). Indeed, mice with deletion of
the key enzymes in NO and H,S production, endothelial NOS
(eNOS) and cystathionine y-lyase (CSE), both display hyper-
tension (Ortiz and Garvin, 2003; Yang et al., 2008). Mice with
deletion of haeme oxygenase-1 (HO-1) are not hypertensive
but, as in eNOS knockout mice (Whiting et al., 2013) their
sensitivity to angiotensin-induced hypertension and to renal
injury is increased (Agarwal and Nick, 2000; Wiesel et al.,
2001). At present, it is unclear whether these three gases
compensate for each other (Gadalla and Snyder, 2010), in
other words, how production and function of the other two
gaseous vasodilators is adapted to depletion of the third.

Depletion of NO by non-selective NOS inhibition is an
established model of hypertension and CKD (Verhagen et al.,
1998; 2001; Zatz and Baylis, 1998; van Koppen et al., 2013).
In view of the key role of NO availability in the pathogenesis
of hypertension (Rajapakse and Mattson, 2013), we investi-
gated the renal transcriptome of chronically (21 days)
NO-depleted rats that had developed hypertension and renal
injury, and found that expression of the H,S-producing
enzyme CSE was decreased while the CO-producing enzyme
HO-1 was increased (Wesseling et al., 2007). At an early stage
(4 days), when hypertension and renal injury had not yet
developed, gene expression of these enzymes was not
affected. Because our previous observations were limited to
gene expression, the first questions of the current study were
whether prolonged NO depletion indeed decreases renal H,S
production and increases renal CO production and whether
depletion of H,S or CO affects the renal production of the
other two gases. Furthermore, we explored, in different com-
binations, how simultaneous depletion of two gases would
affect renal production of the third.

HO-1 knockout mice had normal BP and no renal injury,
but the kidney was much more sensitive to nephrotoxins (e.g.
cisplatin; Shiraishi et al., 2000). Although inhibition of HO-1
did not induce hypertension in normotensive rats (Ushiyama
et al., 2002; Chok et al., 2009; Chandrashekar et al., 2012), it
further increased BP (Ushiyama et al., 2002; Chandrashekar
etal., 2012) and induced renal injury in hypertensive rats
(Chandrashekar et al., 2012). At low concentrations, H,S acts
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as a vasoconstrictor by inhibiting production and availability
of NO (Liu etal., 2011). However, deletion of the H,S-
producing enzymes CSE or cystathionine B-synthase (CBS)
impaired endothelial function (Lentz etal.,, 2000; Yang
et al., 2008), and caused age-dependent mild hypertension,
although kidney function was preserved (Yang et al., 2008).
In rats, combined inhibition of CSE and CBS was required to
induce hypertension (Roy et al., 2012). Thus, based on these
and our previous observations of decreased CSE expression in
NO-depleted rats we hypothesized that combined inhibition
of NOS and HO-1 would exacerbate hypertension and renal
injury, while combined inhibition of NOS and CSE would
have uncertain effects on hypertension and renal injury.

To answer the first question and to understand the effect
of combined inhibition on the third gas, on BP and on renal
function, we first observed the effects of single inhibition. In
the present study two time points in the treatment were
chosen based on our previous experience with non-specific
NOS inhibition (Attia et al., 2001; Wesseling et al., 2007) for
two reasons: firstly, to check whether the effect of short-term
single inhibition (1 week) on gases remained stable after
prolonged single inhibition (4 weeks) and, secondly, to dif-
ferentiate the effect of intact (1 week) and diminished (4
weeks) renal function on gases. This was followed by com-
bined inhibition for 4 weeks.

Methods

Animal experiments

Male 5 week-old, Sprague Dawley rats (Harlan-Olac, Black-
thorn, Bicester, Oxon, UK) were acclimatized, at 22°C, 60%
humidity, exposed to 12-h light/dark cycle, tamed and
trained for BP measurement. At 8 weeks of age, administra-
tion of the different inhibitors was started (see Drugs section)
after a baseline urine collection and BP measurement. In the
first phase (single inhibition), the rats were treated for 1 or 4
weeks. In the second phase (combined inhibition), the rats
were treated for 4 weeks. An overview of the animal experi-
ment is shown in Figure 1. All groups contained six rats. Rats
had free access to drinking water and standard chow. Systolic
BP measurements were performed using a tail cuff (LE 5002
Storage Pressure Meter; PanLab, Barcelona, Spain); an inde-
pendent technician, blinded to the treatments as the rats
were numbered, repeatedly measured each rat until at least
five good measurements were achieved. For the 24 h urine
collection, rats were placed in metabolic cages without chow,
but with free access to glucose-containing water (2% w-v').
Urine was collected in antibiotics to prevent formation of NO
metabolites and frozen after collection. We found no differ-
ence in drinking water intake between rats on different treat-
ments (~25 mL per rat day ). Only the rats on L-nitroarginine
(LNNA; see Drugs section) started to drink more water after 4
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Flow sheet for the study design. The experimental set-up from -1 to
4 weeks of treatment with the inhibitors that started at week 0 is
depicted. The durations of phases 1 and 2 are shown by white and
grey arrows respectively. Inhibitors were LNNA (a NOS inhibitor),
PAG (H,S-producing enzyme inhibitor) and SnPP (HO-1 inhibitor). U
= 24 h urine collection.

weeks of treatment because of renal dysfunction. After 1 or 4
weeks the rats were anaesthetized with Nembutal (pentobar-
bital injection i.p., 5.5mg 100 g’ BW), an aortic blood
sample was drawn and kidneys were excised. Blood plasma
and parts of the renal cortex were snap frozen and stored at
—80°C. Half of one kidney was stored in 4% formaldehyde for
histology. The Animal Ethical Committee of the University of
Utrecht approved the protocol. All studies involving animals
are reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010).

Drugs

Drugs used were NOS inhibitor LNNA (Sigma-Aldrich,
Zwijndrecht, the Netherlands), irreversible H,S-synthesizing
enzyme CSE inhibitor DL-propargylglycine (PAG; Sigma-
Aldrich) and HO-1 inhibitor Sn(IV) protoporphyrin IX dichlo-
ride (tin protoporphyrin, SnPP; Frontier Scientific, Newark,
NJ, USA). LNNA was dissolved in drinking water (125 mg-L™").
PAG was dissolved in saline (30 mg-mL™) for daily i.p. injec-
tion (37.5 mg-kg™ BW). SnPP was dissolved in 1 M NaOH and
diluted fourfold with saline (final concentration 75 mg-mL™).
The acidity of SnPP solution was checked (~pH 7.4) before
weekly s.c. injection (50 umol-kg™! BW). The dose of PAG used
in the study was effective in abolishing H,S production in
kidney and liver (data not shown). Thus, we had no reason to
increase the dose of PAG. This decision was supported by
reports that normal rats with inhibited CSE had no change in
BP (Roy etal., 2012; Issa et al., 2013). Inhibition of CSE by
D-propargylglycine (D-PAG) was found to be nephrotoxic
(Maekawa et al., 2005). This was caused by a metabolite of
D-PAG produced by D-amino-acid oxidase (Konno etal.,
2000). However, PAG had no toxicity, and as mentioned
earlier, no renal injury occurs when only PAG is administered
(Roy et al., 2012). PAG is able to effectively inhibit CSE by
covalent binding to it, which changes the active structure of
CSEepyridoxal-5-phosphate (PLP) complex; in the CSEePLP-
*PAG complex PLP was not affected (Sun et al., 2009). PAG

also is able to react with PLP forming an electrophile
(Washtien and Abeles, 1977) causing it to irreversibly react,
for example, with the active lysine site. Thus, please note that
PAG, although highly specific for CSE, might affect other
PLP-dependent enzymes (e.g. CBS). Reported doses of SnPP
are often twofold lower than that used in the present study.
The absence of a change in BP induced by inhibiting HO-1
activity was supported by a gene-deletion study (Wiesel et al.,
2001). Protoporphyrins are known for their phototoxicity,
so we avoided high doses. A report was found where
30 umol-kg™-BW was effective in inhibiting HO-1 activity
(bilirubin-based) and additional SnPP (50 umol-kg'-BW) did
not further reduce HO-1 activity (Chandrashekar et al., 2012).
Thus we decided, based on literature and toxicity data,
to use a dose of 50 umol-kg'-BW SnPP. Please note that
metallo-based protoporphyrins that act as inhibitors of HO-1
(e.g. ZnPP) can also inhibit soluble guanylate cyclase
(Christodoulides et al., 1995) and haeme-regulated enzymes
such as the cytochrome P450 enzymes (Trakshel et al., 1992).

Renal NO level

Urine nitrate + nitrite (NOx) metabolites, reflecting renal NO
availability, were determined in urine using a colourimetric
Assay (Cayman Chemical; Ann Arbor, CA, USA).

H,S production in Kidney

Renal H,S production was measured in a closed 25 mL Erlen-
meyer. A cryotube (1.8 mL), with a rolled up filter (Whatman,
Rotterdam, the Netherlands; grade 3 MM, size 2.5 cm) filled
with 500 pL trapping solution [3M NaOH and 1% ZnAc
(w-v! pH 6); 15:1, respectively], was placed in the Erlenmeyer
with the opening at the top. Next, a mixture of potassium
phosphate (50 mM; pH 7.4), L-cysteine (10 mM), PLP (2 mM)
and renal homogenate (1.5%; w-v'' potassium phosphate
pH 6.8) was added at the bottom; avoiding contact between
mixture and filter. After plugging and flushing the Erlen-
meyer with nitrogen, the contents were incubated at 37°C
under slight shaking for 90 min. After injecting 500 pL
trichloroacetic acid (50% w-v') carefully into the mixture
through a needle inserted in the rubber plug (to inactivate the
enzymes and to acidify the mixture causing expulsion of
remaining dissolved H,S), the incubation at 37°C was pro-
longed for 60 min. The contents of the cryotube (filter plus
trapping solution) were transferred to a tube containing
3.5 mL millipore H,O. Consecutively, S00 uL. N,N-dimethyl-
p-phenylenediamine sulfate salt (20 mM in 7.2 M HCI) and
FeCl; (30 mM in 1.2 M HCI) were added and after 30 min in
the dark the absorbance of the solution was measured at
670 nm. The amount of H,S produced was calculated using a
dilution range of NaHS.

CO production in kidney

The HO-1 activity is measured using Ferrozine, based on
methods described by Reed et al. and modified by us for
measurement in tissue (Huber et al., 2009; Reed et al., 2010).
All solutions and steps were ice-cold or performed on ice. The
same Tris buffer was used throughout (100 mM; pH 7.4). The
renal cortex samples were homogenized in Tris buffer (20%
w-v'!) using an ultra turrax, rested for 15 min and the
homogenate was then centrifuged at 1500 g for 15 min. After
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separation of the cystolic fraction, the pellet was resuspended
in the same amount of Tris buffer containing detergent Triton
X-100 (1% w-v'). After 15 min of resting followed by cen-
trifugation at 1500 g for 15 min the supernatant (membra-
nous fraction) was used for HO-1 activity measurements. A
dilution range of samples (20.0-0.1%) was made with Tris
buffer containing Triton X-100. Ferrozine (10 mM) dissolved
in Tris buffer and hemin (12 mM) dissolved first in 1/5th of
end-volume 0.1 M NaOH followed by adding 4/5th of end-
volume Tris buffer were freshly made and kept in the dark. A
reaction solution of ferrozine and hemin (500 and 300 uM,
respectively) in Tris buffer was incubated at 37°C for at least
30 min in the dark for removal of any residual ferrous ions
and placed on ice and kept in the dark. A 96-well plate was
placed on an ice-cold platform and each well was filled with
25 puL of homogenate, 25 pL of Tris buffer and 50 pL of reac-
tion solution. The 96-well plate was put in a plate reader,
heated at 37°C and the absorbance in each well was real-time
measured at 560 nm. A negative control containing only
reaction solution was used to normalize the sample dilution
curves. Dilution range of FeCl, dissolved in Tris buffer con-
taining triton X-100 was also included in each 96-well plates
and the curves were all straight (> = 0.998 + 0.001) with slope
of 0.0022 (= adding 455 umol Fe?* increased absorbance by
one). In the samples, the slope at the start of the curve
represents the enzymatic activity of HO-1. In the dilution
range of a sample, the homogenized concentration that had
the highest activity was selected for calculation of enzyme
activity.

HO-1 — Western blot and
immunohistochemistry

For western blots, lysed renal samples in Laemmli buffer and
1 mM DTT were loaded and run in 12% acrylamide gel and
then transferred to a nitrocellulose membrane. After being
blocked with BSA (5% w-v'!) the membrane blots were
incubated with polyclonal rabbit antibody HO-1 (MBL Inter-
national, Woburn, MA, USA; SR-895; 1:1000) overnight at
4°C followed by incubation with secondary anti-rabbit anti-
body HRP for 1 h at room temperature (RT). After an incuba-
tion with ECL solution, digital images were analysed on a
ChemiDoc XRS + molecular imager (Bio-Rad Laboratories;
Veenendaal, the Netherlands) using Imagelab software
(version 4.0.1).

For the immunohistochemistry, paraffin-embedded slides
were deparaffinized using xylene and ethanol, and after
blocking endogenous peroxidases with H,O, (1.5%), boiled in
citric buffer (10 mM trisodium citrate dehydrate; pH 6.0) for
20 min. The slides were incubated with polyclonal rabbit
antibody HO-1 (MBL International; 1:100) for 1h at 4°C
followed by incubation with Goat anti-Rabbit poly-HRP
BrightVision for 1 h at RT. Next, NovaRed solution (Vector)
was applied for 10 min at RT and stained with haematoxylin
for 30 s.

Renal function and injury

In urine, total protein levels were measured using the Brad-
ford method (Bio-Rad Laboratories). Plasma, urea was deter-
mined using a kit (DiaSys Diagnostic Systems; Holzheim,
Germany). Glomerulosclerosis was scored on periodic acid
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schiff-stained paraffin-embedded slides as described (Attia
et al., 2002; Koeners et al., 2008).

Statistics

Results are expressed as mean + SEM. Data were compared
using repeated measurement one- or two-way ANOVA where
appropriate followed by the Student-Newman-Keuls (SNK)
post hoc test. For terminal data one-way ANOvA was applied
followed by the SNK post hoc test. P < 0.05 was considered
significant.

Results

Single inhibition — effect of 1 week of

enzyme inhibition

After 1 week, NO metabolites in urine were reduced by LNNA
(as expected) and by PAG, but were increased by SnPP (all P <
0.05; Figure 2A). The production of renal H,S was not affected
by LNNA but was completely inhibited by PAG (0.1% vs.
100% in control; P < 0.001) and strongly induced by SnPP (P
< 0.001; Figure 2B). The production of renal CO was not
affected by LNNA, but was strongly stimulated by PAG
(1890% vs. control; P < 0.001) and diminished by SnPP (54%
vs. control; P < 0.05; Figure 2C). For clarification an overview
of interaction between gases is shown (Figure 2D); it shows
that restricting production of renal H,S or CO triggered
responses from other gases, while inhibition of NOS did not.
All rats receiving treatments displayed normal behaviour and
no physical abnormalities. After 1 week, SBP was elevated by
LNNA (P < 0.01; Table 1) but not affected by other inhibitors.
No difference in heart rate was found between groups (data
not shown). Plasma urea, proteinuria and body weight (268 +
6 g) were at control levels in all groups. Renal histology did
not reveal any change in glomerulosclerosis score (data not
shown).

Single inhibition — effect of 4 weeks of
enzyme inhibition

After 4 weeks of inhibition NO metabolites in urine remained
effectively reduced by LNNA and PAG and were increased by
SnPP (all P < 0.001; Figure 2A). Note that NO metabolites

Table 1

Systolic BP, proteinuria and plasma urea in rats after 1 week of a
single treatment

Systolic BP Proteinuria Plasma urea

(mmHg) (mg day™) (mmol L)
Control 140 + 14 17 +2 6.3+0.6
LNNA 173 £12° 16 +3 6.3+04
PAG 135+3 36 2 85+0.2
SnPP 119+3 10 +£2 41+03

Mean + SEM, n = 6 per group.
#P < 0.01 versus control.
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were more reduced by LNNA after 4 w as compared with after
1 w. Renal H,S production was reduced by LNNA (49% vs.
control; P < 0.001; Figure 2B) and continued to be completely
inhibited by PAG (1% vs. control; P < 0.001), but was at
control levels during SnPP. Renal CO production was
increased in LNNA and PAG-treated rats (all P < 0.001;
Figure 2C) and was at control level in SnPP-treated rats. The
overview of interaction between gases differed from 1w
single intervention in that prolonged NO depletion caused
reduction and induction in H,S and CO production, respec-
tively (Figure 2D), while inhibition of HO-1 (note that CO
production was at control level) no longer enhanced H,S
production.

All rats receiving treatments displayed normal behaviour
and no physical abnormalities, except for LNNA rats in the
fourth week (ruffled fur and weight loss). Systolic BP in

LNNA-treated rats continued to increase over time (223 + 10
vs. 137 + 3 mmHg; P < 0.001; Figure 3A). No difference in
heart rate was found among groups (data not shown). After 4
weeks, LNNA caused proteinuria (P < 0.001; Figure 3B), higher
plasma urea (P < 0.05, Figure 3C), lower body weight (305 £
15 vs. 341 £ 11 g P < 0.05) and renal injury as assessed by
glomerulosclerosis (P < 0.001; Figure 3D). PAG and SnPP had
no effect on BP, renal function or injury.

Single inhibition — renal HO-1 expression

Western blot on renal cortex samples revealed increased
protein expression of HO-1 by LNNA only after 4 weeks and
by PAG and SnPP at 1 and 4 weeks (all P < 0.001; Figure 4A).
The THC staining of HO-1 was almost absent in the renal
cortex of both control groups and in 1 week LNNA rats, and
was strongly positive in all other treated rats (Figure 4B). In
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all rats, the location of HO-1 was primarily tubular. The
pattern of HO-1 staining in 4 week LNNA rats was character-
istic of marked proteinuria (leaking glomeruli), while in other
treated rats the HO-1 was uniformly spread throughout the
proximal tubules, but not in glomeruli.

Combined inhibition — effect of 4 weeks
combined inhibitors

NO metabolites in urine that were markedly diminished by
LNNA (Figure 2A) were unaffected by additional PAG (P <
0.001 vs. controls) and were increased to an intermediate
level between LNNA and controls by additional SnPP (P <
0.05). This intermediate level of LNNA + SnPP was not altered
by adding PAG. NO metabolites in PAG + SnPP-treated rats
were at control level (Figure SA). The H,S production
remained effectively inhibited in all PAG groups (P < 0.001)
and was enhanced in the LNNA + SnPP group (P < 0.001;
Figure 5B). HO-1 activity was enhanced by LNNA + PAG (P <
0.01; Figure 5C), but was at control levels in all SnPP groups.
The results are compatible with the interaction among gases
(Figure 2D).
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All rats receiving combined treatments displayed normal
behaviour and no physical abnormalities. All combinations
including LNNA resulted in hypertension (P < 0.001;
Figure 6A). SnPP + PAG-treated rats remained normotensive.
Note that SBP in rats treated with only LNNA (Figure 3A) was
higher than in all other groups (P < 0.01). Adding PAG to
LNNA stabilized SBP after 1 week and after 4 weeks SBP was
midway between LNNA and control (P < 0.001). Adding SnPP
to LNNA (with or without PAG) caused a slightly lower SBP
than LNNA alone. Only addition of PAG to LNNA resulted in
lower heart rate (315 + 24 vs. 362 £ 13 bpm; P < 0.05).
Proteinuria in LNNA rats was prevented by all additional
inhibitors (Figure 6B), plasma urea was similar in all groups
with the exception of SnPP + LNNA + PAG (9.8 £ 0.8 vs. 7.0 £
0.4 mmol-L''; P<0.05, Figure 6C), body weight was at control
level and histology revealed no renal injury (data not shown).

Combined inhibition — renal HO-1 expression
Renal cortex protein expression and tubular staining of HO-1
was induced by all inhibitors, and most for LNNA + SnPP
(Figure 7).
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Discussion and conclusions

The three gases NO, H,S and CO are involved in many physi-
ological processes (Nakao ef al., 2008; Tripatara et al., 2008;
Jadhav et al., 2009). There are indications, for various pairs of
these three gases, that they interact and that mutual adapta-
tion occurs when one of the gases diminishes or increases
(Rodriguez et al., 2004; Botros and Navar, 2006; Rong-na
et al., 2011). However, a complete overview of the reciprocal
relations between three gases in the kidney has not yet been
published. Here, the impact loss of one or more gases,
through inhibition of gas-producing enzymes, on the

production of other gases in the kidney and the effect on BP,
renal function and renal injury were investigated.

Single inhibition

In the present study, the renal activity of CSE and HO-1 was
measured in vitro. This may not reflect the actual activities in
vivo. Nevertheless, higher activities measured in vitro suggest
that the kidney can generate higher amounts of gases when
needed. H,S depletion had consistent effects on the other
gas-producing enzymes: at both time points NO metabolites
were reduced and CO production was strongly increased.
Synergy between H,S and NO has been observed previously.
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For example, exogenously elevated H,S activated NO produc-
tion (Meng et al., 2013) and vice versa (Zhao et al., 2003) in
non-renal tissues. Also H,S and NO were mutually required
for control of wvascular function (Coletta etal., 2012).
However, in the present study, non-mutuality appears to exist
in the kidneys; depleting H,S reduced NO metabolites, but
H,S was not reduced when NO was depleted. In the literature,
interaction between H,S and CO varies. Generally, endog-
enous H,S and CO were shown to inhibit each other’s pro-
duction (Jin et al., 2006), but recently, exogenous H,S was
shown to increase HO-1 expression in kidney cells (D’Araio
et al., 2014). This suggests a bell-shaped biological response of
HO-1 to H,S (Szabo and Papapetropoulos, 2011; Modis et al.,
2013). Nevertheless, the present study clearly showed that
inhibition of CSE or HO-1 enhanced CO or H,S production
respectively. High levels of CO have been shown to inhibit
NOS activity and NO generation (Thorup et al., 1999). One
may keep in mind that HO-1 controls the availability of
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cellular haeme (Quan et al., 2001) an essential co-factor for
NOS (Andrew and Mayer, 1999) and CBS (Singh et al., 2007)
that produces substrate for CSE. Thus, the increase in H,S and
NO metabolites during SnPP exposure was probably due to
reduced CO binding to the haeme co-factor of CBS and NO
synthases respectively. Inhibiting H,S or CO-producing
enzymes had no effect on BP and renal function. These data
confirmed other studies that also reported absence of BP
change in normal rats after inhibiting CSE (Roy et al., 2012;
Issa etal., 2013) or HO-1 (Ushiyama et al., 2002; Wesseling
et al., 2007; Chok et al., 2009; Chandrashekar et al., 2012) in
different experimental settings. Generally, inhibition of CSE
or HO-1 in the absence of pre-existent injury did not damage
tissues, but made the tissues more sensitive to induction of
injury. In perspective to the present data, PAG and SnPP did
not appear to decrease renal function and BP remained
normal. Importantly, BP and renal function and structure
were not affected by practically abolishing renal H,S produc-
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tion. Thus, within the time frame of our study, the secondary
decrease in NO production and increase in CO production
during H,S depletion did not have functional consequences.

BP was already increased by NO depletion after 4 days and
continued to increase. This was accompanied by renal injury
and loss of function (as assessed by proteinuria, glomerulo-
sclerosis and uraemia) after 4 weeks of NO depletion.
Whether the drop in H,S and boost in CO production
induced by LNNA merely associate with or are causally
involved in the hypertension and diminished renal function
was unclear. In the present study, renal protein expression of
HO-1 was strongly induced by LNNA after 4 weeks only when
kidneys are dysfunctional, but by PAG and SnPP at both time
points. In NO-depleted rats, proteinuria correlated strongly
with HO-1 gene expression (Wesseling et al., 2007). In rats
with glomerular proteinuria tubular, HO-1 expression was
increased (Datta ef al., 2006). In the presence of proteinuria
induced by NO depletion some nephrons invariably show
more injury than others (Verhagen et al., 1999; Ying et al.,
2003). The pattern of HO-1 staining in 4 week LNNA rats was
characteristic of marked proteinuria (scattered protein leak in
some glomeruli), while after PAG or SnPP HO-1 staining was
uniformly spread throughout the proximal tubules. In all
cases, the location of HO-1 was primarily tubular. A large
body of literature supports protective actions of HO-1 (Nath,
2013), and proximal tubular HO-1 expression may reflect a
stress response to injury (Pedraza-Chaverri et al., 2006). Inter-
estingly, inhibition of HO-1 prior to ischaemia reperfusion
increased renal expression of HO-1 and provided protection
independent of enzyme activity (Kaizu et al., 2003). More-
over, in the current study, the direct measurement of CO

production correlated with increased HO-1 expression in
LNNA- or PAG-treated rats and established the efficiency of
HO-1 inhibition by SnPP despite strong protein induction
of HO-1. In LNNA-treated rats, we do not know if increased
HO-1 expression was a response to local injury, reduction in
H,S production or both.

Combined inhibition

Remarkably little information is available on the effects of
combined inhibition of the production of these gases in
extrarenal tissues, let alone in the kidney. Effects of exog-
enously elevated gas(es) are more widely published. Interac-
tion between NOS or CSE inhibition was addressed on cardiac
function in metabolic syndrome (Rong-na et al., 2011), where
inhibiting CSE or NOS resulted in increased NO or H,S respec-
tively. Also there was no study on combined inhibition of
CSE and HO-1, but CBS and HO-1 were explored in myocar-
dium,; after left coronary ligation both H,S and CO produc-
tion increased and inhibition of CBS or HO-1 increased CO or
H,S, respectively, notably without worsening myocardial
injury. Only when both CBS and HO-1 were inhibited
did myocardial injury worsen (Zhu et al., 2008). Crosstalk
between H,S and CO was explored in the carotid body where
hypoxia decreased CO and increased H,S production and
subsequently inhibiting CO production also increased H,S
production (Prabhakar, 2012). Cirrhosis in rats blunted the
hypoxic pressor response and elevated HO-1 and this
response was partially restored by inhibiting HO-1. Cirrhotic
rats treated with NOS inhibitor showed both a normal HO-1
expression and hypoxic pressor response (Carter et al., 2002).
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It appears from the examples of crosstalk that interaction
between gases found in the present study is tissue-specific.

The production of H,S was diminished in all PAG groups
and the CO production was at control level in all SnPP
groups, but the effects of treatments on NO metabolites was
complex. The level of NO metabolites in LNNA or LNNA +
SnPP rats was not affected by additional H,S depletion. This
suggested that the reducing effect of PAG on NO metabolites,
observed during single inhibition, must have been indirect.
Interestingly, all PAG-treated rats, with or without other
inhibitors, had enhanced HO-1 expression. Note that because
of HO-1 inhibition by SnPP in other combined treatment
groups only LNNA + PAG rats had increased renal CO pro-
duction. This was specifically caused by PAG, because after 1
week in LNNA rats when renal function was normal HO-1
expression was unaltered. As mentioned, high levels of CO
had been shown to inhibit NOS activity and NO generation
(Thorup et al., 1999) by binding to co-factor haeme. Combin-
ing these observations suggests that PAG treatment increased
CO production by inducing HO-1, and CO in turn reduced
NO metabolites by inhibiting NOS. Thus, in the kidneys, the
effect of CSE on NOS appears to run via HO-1. Indeed, in
macrophages, the inhibitory effect of H,S on NOS activity was
dependent on active and intact HO-1 (Oh et al., 2006). Fur-
thermore, excretion of NO metabolites in LNNA + SnPP
groups was higher than in the LNNA group without other
inhibitors. LNNA treatment for 4 weeks reduced NO metabo-
lites to lower levels than after 1 week, and this probably was
caused by increased renal CO production. Thus increased
CO production together with NO depletion cumulatively
reduced NO metabolites in LNNA rats after 4 weeks. In short,
the intermediate level of NO metabolites in LNNA + SnPP
groups as compared with the LNNA group without other
inhibitors was caused by keeping CO production at control
levels (despite strong induction of HO-1).

BP of LNNA rats was lower when co-treated with PAG,
SnPP or both. For co-treatment with PAG this may be
expected because endogenous H,S can act as a constrictor (Liu
et al., 2011). However, the BP-lowering effect of SnPP in com-
bination with LNNA was counter-intuitive. In one study,
enzyme expression in the kidney in relation to BP was evalu-
ated. Hypertensive rats had several times higher renal HO-1
expression than normotensive rats and inhibiting HO-1
increased BP in hypertensive but not in normotensive rats
(Ushiyama et al., 2002). Spontaneously, hypertensive rats
treated with hemin decreased (Ndisang et al., 2010) or nor-
malized BP (Wang et al., 2006). Thus there is a suggestion that
the BP-lowering effect of depleting H,S in LNNA rats was
caused by increased renal CO production. Studies on interac-
tion of NOS and HO-1 inhibition on BP were not consistent.
For example, HO-1 inhibition increased BP in NO-depleted
rats (Ushiyama et al., 2002), or failed to trigger a pressor
response when NOS was impaired (Polizio et al., 2011). In the
present study, all SnPP groups had higher level of NO metabo-
lites than singly inhibited LNNA-treated rats. Arginine ana-
logues dose-dependently increase BP and by inference there is
an inverse association between NO level and BP (Verhagen
et al., 1998). This suggested that the BP-lowering effect of
SnPP in LNNA rats was caused by increased NO. BP in rats
where all three systems were inhibited was also lower than in
singly inhibited LNNA rats, and this might also be related to
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a higher level of NO metabolites. In short, hypertension in
LNNA rats was milder with additional inhibitor(s). Possibly
initiation of renal injury in this model requires a certain
threshold of hypertension or longer treatment time when
hypertension is milder. Although NO, H,S and CO share
many common properties (Li et al., 2009), regulation of BP,
and secondary to this, maintenance of normal renal function,
appear primarily dependent on functional NOS.

HO-1 protein expression was enhanced by all combined
treatments. Although strong induction of renal HO-1 is often
associated with renal injury, there are several examples where
increased renal expression of HO-1 might be protective. In
rats with unilateral ureter obstruction (Correa-Costa et al.,
2010), 5/6 subtotal nephrectomy (Liu et al., 2004) or diabetes
(Ptilovanciv et al., 2013) co-treatment with hemin amelio-
rated renal dysfunction. In all these rats HO-1-stained posi-
tive in tubular cells. This suggests that strong induction of
renal HO-1 in the absence of pre-existent injury might
provide additional protection against hypertension and
possibly also against detrimental actions of reduced NO
availability.

In the present study, we observed complex relations
among NO, H,S and CO in the kidney. In short, decreased NO
had no effect on other gases, while reduction in CO increased
both NO metabolites and H,S production, and that reduction
in H,S reduced NO metabolites by enhancing CO production
(Figure 8). Moreover, the increased CO production in the
combined study detected with PAG and LNNA suggested that
when sufficient NO and H,S are produced CO is redundant
while when NO and H,S productions are inhibited CO was
augmented as a compensatory mechanism. In addition, from
the single and combined inhibition studies, it appears that
H,S is a stronger regulator of CO than NO. So, it appears that
CO is able to modulate NO production and has a ying-yang
relationship with H,S but there appear to be no direct inter-
actions between NO and H,S in the kidney. Altogether, based
on the present study, CO appears to be the connecting player
between NO and H,S in the kidney. The antihypertensive
and possibly the renoprotective effect of PAG or SnPP in
NO-depleted rats merits further study of the effects of PAG
and SnPP in other models of hypertension and renal injury.

'NOS {HO-1: CSE
LNNA SnPP PAG
Figure 8

Complete interaction between gases bases on single and combined
inhibition. The effect of an inhibitor on the direct product of the
targeted enzyme and the secondary effects on the other gases are
represented by three series of arrows: LNNA/NOS, black dot-dash
arrows; SnPP/HO-1, blue dashed arrows; PAG/CSE, red continuous
arrows. These line types also surround the enzymes.
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