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Abstract

The phenomenon of so called renal “ischemic preconditioning”, whereby an initial ischemic insult 

induces resistance against subsequent kidney damage, has been well established in the 

experimental literature. However, a clinically applicable way to safely recapitulate this state has 

not been defined. We hypothesized that a unique combination of agents (nitrited myoglobin + Sn 

protoporphyrin) can achieve these ends by safely, and synergistically, increasing cytoprotective 

proteins (e.g., HO-1, IL-10, haptoglobin) in kidney cells. To test this hypothesis, CD-1 mice 

received 1 mg N-Mgb and 1 µmole SnPP, either alone or in combination. Renal cortical HO-1, 

haptoglobin, and IL-10 gene expression (mRNA, protein levels) were determined 4 and 18 hrs 

later. Cytoresistance to three forms of AKI were assessed (glycerol- induced rhabdomyolysis; 

maleate nephrotoxicity; post-ischemic AKI progression to CKD). To ascertain whether 

cytoresistance might emerge in extra-renal organs, hepatic HO-1, IL-10, and haptoglobin levels 

were also measured, and resistance to 25 min of hepatic ischemia-reperfusion injury and 

hepatotoxicity (intraperitoneal glycerol injection) was sought. N-Mgb + SnPP induced additive or 

synergistic increases in renal HO-1, haptoglobin, and IL-10 mRNA/protein levels (up to 20 fold) 

without inducing any apparent renal or extra-renal damage. By 18 hrs post treatment, marked, or 

complete, protection against glycerol-induced AKI, maleate- induced AKI, and post ischemic AKI 

progression to CKD had emerged. Combined N-Mgb+SnPP was more protective than was either 

agent alone (assessed in glycerol model). N-Mgb+SnPP also up-regulated cytoprotective pathways 

in liver, and induced marked protection against both hepatic ischemia-reperfusion and toxic liver 

damage. In sum, we posit that “preconditioning” with combined N-Mgb+SnPP administration 

represents a promising approach for protecting against diverse forms of renal and non renal 

(hepatic) forms of tissue damage.

Address correspondence to: Richard A. Zager, MD, Fred Hutchinson Cancer Research Center, 1100 Fairview Ave N; room D2-190, 
Seattle, WA 98109, dzager@fhcrc.org, tele 206 667-6549. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

1. The author has no financial or personal relationship with organizations that could potentially be perceived as influencing 
the described research.

2. The author has read the journal's policy on disclosure of potential conflicts of interest.

HHS Public Access
Author manuscript
Transl Res. Author manuscript; available in PMC 2016 November 01.

Published in final edited form as:
Transl Res. 2015 November ; 166(5): 485–501. doi:10.1016/j.trsl.2015.06.004.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

acute kidney injury; ischemia; nephrotoxicity; preconditioning; heme oxygenase 1; haptoglobin; 
IL-10

INTRODUCTION

Acute kidney injury (AKI) is a well recognized risk factor for morbidity, mortality, and the 

initiation of chronic kidney disease (1–5). However, no proven ways to prevent AKI 

currently exist. It is well established that following an initial bout of ischemic or toxic 

injury, the kidney develops marked resistance to subsequent damage (e.g. ref. 6–10). This 

phenomenon, which is mediated, in part, by an up-regulation of cytoprotective and anti-

inflammatory ‘stress’ proteins (eg., heme oxygenase 1, ferritin, haptoglobin, hemopexin, 

alpha 1 antitrypsin, IL-10) (11–23), has been referred to as “ischemic preconditioning” or 

the “acquired cytoresistance” state.

Given the profound protective nature of acquired cytoresistance, investigators have sought 

ways to safely recapitulate it in humans. Notable in this regard is so called “remote 

preconditioning”, whereby recurrent bouts of upper and/or lower limb ischemia are induced 

by recurrently inflating and deflating blood pressure cuffs (24–26). The goal to release 

unknown tissue ‘conditioning factors’ into the systemic circulation that will trigger 

protective tissue responses (e.g., in brain, heart, liver, and kidney). Despite its appeal, this 

approach has had only questionable success (24–26), likely due to the following: 1) the 

‘factors’ released from post ischemic limbs that might induce ‘preconditioning’, and how 

much ‘factor’ release is required to induce this state, are unknown; 2) the cellular pathways 

by which such ‘factors’ impact distant organs to induce cytoresistance have not been 

defined; and 3) it is impossible to judge whether the desired ‘pre-conditioning’ actually 

develops in any given individual.

We have sought an alternative approach for inducing acquired cytoresistance. To this end, 

we have developed a pharmacologic regimen, consisting of low dose nitrited-myoglobin (N-

Mgb), + Sn protoporphyrin (SnPP), which markedly, and synergistically up-regulate a host 

of renal tubular cell cytoprotectants (e.g., heme oxygenase 1, haptoglobin, IL-10) in the 

absence of obvious renal or extra-renal toxicities. Within 18 hrs of agent administration, 

striking resistance to nephrotoxic AKI, ATP depletion-induced AKI, and post- AKI 

progression to CKD result. In addition, hepatic protection against post-ischemic and toxic 

injury are expressed. Lastly, we observed that the induction of this cytoresistant state can be 

gauged non-invasively by using plasma heme oxygenase 1 (HO-1) and haptoglobin levels as 

‘biomarkers’ of its induction. The experiments and results that have led to these conclusions 

form the basis of this report.

METHODS

General approach

Animals—All experiments were conducted using male CD-1 mice (35–45 grams; Charles 

River Laboratories, Wilmington, MA). They were housed under standard vivarium 
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conditions with free food and water access throughout. The employed protocols were 

approved by the Institution’s IACUC according to NIH guidelines.

Cytoresistance inducing reagents—Horse skeletal muscle (Sigma; #Mb0360), was 

used as the primary cytoresistance inducing agent. However, because Mgb has an inherent 

nephrotoxic potential (particularly under conditions of volume depletion and aciduria), two 

approaches were utilized to mitigate Mgb’s potential adverse effects:

First, the Mgb was converted into a nitrited form by the addition of equimolar Na nitrite. In 

this regard, nitrite is an ambidendrate molecule that directly binds 1:1 to myoglobin Fe 

either via its oxygen or nitrogen component (27,28). Noteworthy is that Fe is the dominant 

mediator of Mgb’s cytotoxic effect (29,30), and this toxicity is substantially reduced by prior 

nitrite binding (31–35). In addition to its ability to decrease Fe mediated toxicity, nitrite has 

been implicated as a mediator of ‘remote preconditioning’, possibly through nitric oxide 

(NO) generation (31). In this regard, heme proteins directly reduce nitrite, with resultant NO. 

production (37–39). Thus, by binding nitrite directly to Mgb, Mgb injection with subsequent 

proximal tubule endocytic uptake, results in direct proximal tubule nitrite / NO targeting; 

and

Second, in order for heme Fe to induce most of its cytotoxicity, it must first be released from 

its sequestration site within the porphyrin ring. This Fe release is mediated via porphyrin 

ring cleavage via heme oxygenase 1 (HO-1). Hence, to attenuate potential Mgb cytotoxicity, 

we administered it along with a transient HO-1 inhibitor, tin protoporphyrin (SnPP). In this 

regard, we have previously reported that SnPP addition to Mgb- exposed cultured proximal 

tubule (HK-2) cells, or to in vivo heme loaded mouse proximal tubule segments, reduces 

Mgb toxicity by as much as 85% (30). This cytoprotective action is further indicated by 

observations that SnPP may mitigate post ischemic ARF (36,37).

Impact of Mgb, SnPP, and Mgb+SnPP on renal cortical heme signaling—We 

postulated the following: 1) that N-Mgb would be a potent signaling molecule, leading to the 

up-regulation of heme responsive element (HRE) / redox sensitive genes which evoke 

cytoprotective activities (e.g. HO-1, haptoglobin, hemopexin, IL-10); 2) SnPP can 

independently up-regulate such genes; and 3) when administered together, N-Mgb+SnPP co-

administration can lead to additive or synergistic HRE signaling. The following experiment 

tested these hypotheses.

Thirty two mice were divided into 4 equal groups: 1) control mice; 2) 1 mg N-Mgb injection 

(as a bolus through the tail vein); 3) 1 µmole SnPP (via tail vein); and 4) combined N-Mgb

+SnPP. After either 4 hrs (n,16) or 18 hrs (n,16), the mice were deeply anesthetized with 

pentobarbital (50 mg/Kg), the abdomen was opened through a midline abdominal incision, 

and the kidneys were removed. To determine potential effects on extra-renal organs, a liver 

lobe as well as the heart were also removed. The tissues were iced and then extracted for 

protein and RNA (RNeasy Plus Mini; Qiagen, Valencia, CA) and subjected to ELISA and 

RT-PCR for HO-1, haptoglobin, and IL-10 protein and mRNAs (11,20). As an assessment 

of renal function, control mice and the 18 hr post N-Mgb+SnPP treated mice had BUN and 

plasma creatinine levels measured. Additinally, tranverse 10% formalin fixed kidney 
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sections (3µM) were cut and stained with hematoxylin and eosin and PAS to further assess 

potential injury.

Assessments of cytoresistance

Glycerol model of rhabdomyolysis- induced AKI—Twenty mice were divided into 4 

equal groups (controls, N-Mgb, SnPP, or N-Mgb + SnPP tail vein injections), as noted 

above. Approximately 18 hrs later, the mice were briefly anesthetized with isoflurane and 

immediately injected with 9 mL/Kg of 50% glycerol, administered in equally divided doses 

into each hind limb. At 18 hrs post glycerol injection, the mice were anesthetized with 

pentobarbital, the abdomen was opened, a blood sample for BUN/creatinine assessments 

was obtained from the vena cava, and the kidneys were resected. The control post glycerol 

group and the N-Mgb+SnPP pre-treated glycerol group had kidney sections stained with 

with H and E, as noted above.

Maleate model of AKI—When injected into rodents, maleate undergoes selective 

proximal tubule uptake via organic anion transporters and induces profound, proximal 

tubule-specific, ATP depletion (38,39). This culminates in severe AKI. The following 

experiment assessed whether N-Mgb+SnPP pre-treatment can protect against this form of 

renal damage. Twelve mice were divided into two equal groups, which received either N-

Mgb-SnPP or vehicle injection. Eighteen hrs later, they all received an IP injection of Na 

maleate (600 mg/Kg) (39). Approximately 18 hrs later, the mice were anesthetized, and 

terminal blood samples were obtained from the inferior vena cava for BUN and creatinine 

measurements.

Post- ischemic AKI progression to chronic kidney disease (CKD)—Following 30 

min of unilateral renal ischemia, the damaged kidney undergoes a transition to CKD, 

manifested by progressive tubular dropout, interstitial inflammation, and fibrosis, 

culminating in an approximate 40% loss of renal mass (kidney weight) (40,41). To ascertain 

whether N-Mgb-SnPP treatment could mitigate post- ischemic disease progression, 6 mice 

were pre-treated with these agents and 18 hrs later they were anesthetized with pentobarbital 

and subjected to 30 min of left renal pedicle occlusion performed through a midline 

abdominal incision at a body temperature of 37°C. The right kidney was left untouched. 

Following the period of renal ischemia, the vascular clamp was removed and complete 

reperfusion was confirmed by loss of renal cyanosis. The mice were then sutured and 

allowed to recover from anesthesia. Six mice, subjected to the same surgical protocol, but 

without N-Mgb/SnPP pre-treatment, served as controls. Two weeks later, the abdominal 

incision was re-opened and the kidneys were resected. Relative degrees of renal injury 

between the two groups was assessed by loss of left renal mass (as determined by renal wet 

weight) vs. weight of left kidneys from six normal mice. Renal cortical NGAL mRNA and 

protein levels were also assessed as additional markers of renal damage.

Dose–response relationships following intraperitoneal N-Mgb-SnPP injections
—To assess whether a slower delivery rate of N-Mgb-SnPP (vs. via IV bolus injection) also 

induces an up-regulation of cytoprotective proteins and renal cytoresistance, mice were 

injected with either 0, 1, 2.5, or 5 mg of N-Mgb + the standard SnPP dose (1 umole) (3 mice 
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each; 1 mL saline vehicle). Eighteen hrs later, the mice were anesthetized with 

pentobarbital, a blood sample was obtained, and the kidneys were resected to determine 

HO-1 and haptoglobin mRNA and protein levels. To test whether plasma HO-1/ haptoglobin 

levels rose and reflected degrees of renal HO-1 and haptoglobin up-regulation, plasma HO-1 

and haptoglobin levels were also determined.

To assess whether the above determined plasma and kidney HO-1 and haptoglobin levels 

correlated with degrees of cytoresistance, additional mice were injected with either 0, 2.5, or 

5 mg of N-Mgb + I umole SnPP (n, 3 mice per group). Eighteen hrs later, all mice were 

subjected to the glycerol AKI model, as noted above. Severities of AKI were determined 18 

hrs post glycerol injection by BUN / plasma creatinine analyses.

Hepatic ischemia experiments—Fourteen mice were subjected to our previously 

published partial hepatic ischemia model which is conducted by occluding blood flow (at the 

portal triad) to three of 5 hepatic lobes x 25 min (42). Half of the mice were pre-treated 18 

hrs earlier with 1 mg N-Mgb + 1 umole SnPP, as noted above. Reperfusion following the 

ischemic period was assessed by restoration of normal hepatic color in the three involved 

liver lobes. Eighteen hrs later, the mice were re-anesthetizedl, the abdominal cavity was re-

opened, and a terminal blood sample was obtained for plasma ALT and LDH levels as 

markers of post-ischemic liver damage.

Hepatotoxic injury—To assess whether N-Mgb-SnPP can protect against a toxic form of 

liver injury, 12 anesthetized mice received injections of 50% glycerol. The glycerol (8 

mg/Kg) was given via an IP injection to favor hepatocellular uptake via the portal 

circulation. Half of the mice had been pre-treated 18 hrs earlier with N-Mgb-SnPP (1 mg 

Mgb/1umole SnPP), as noted above. Four hrs post IP glycerol injection, while the mice were 

still anesthetized, they were sacrificed via transection of the abdominal vena cava. The 

extent of acute hepatic injury was gauged by plasma ALT concentrations.

Calculations and Statistics—All values are given as means ± 1 SEM. Statistical 

comparisons were made by unpaired Student’s t test. If multiple comparisons were made, 

the Bonferroni correction was applied. The severity of renal histologic injury in the glycerol 

AKI model was graded on a 1+ to 4+ scale (least to most severe tubular necrosis and cast 

formation observed). The histologic results were compared by Wilcoxon Rank Sum test. 

Statistical significance was taken as a p value of <0.05.

RESULTS

Renal function and histology following IV N-Mgb + SnPP injection

Neither BUN nor plasma creatinine elevations were observed at 18 hrs post IV injection of 1 

mg N-Mgb + SnPP (BUNs 22±3 vs. 25±3 mg/dl; creatinines, 0.32±0.03 vs. 0.30±0.04 mg 

dl; controls vs. Mgb/SnPP treatment respectively). Furthermore, there was no evidence of 

renal morphologic injury, as evidenced by either PAS or H&E staining. In particular, no 

evidence of tubular necrosis or heme cast formation was apparent in the treatment group 

(see Fig.1) The proximal tubular brush border, as depicted by PAS staining, remained 

entirely intact (upper two panels). In this regard, brush border blebbing/sluffing into 
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proximal tubule lumina are judged to be highly sensitive light microscopic markers of 

tubular damage (43,44) Thus, the above data indicated that the IV N-Mgb-SnPP treatment 

was well tolerated by the kidney.

Impact of IV N-Mgb and SnPP, alone and in combination, on HO-1, IL-10, and haptoglobin 
expression

Renal HO:1 assessments—As shown in Fig. 2, left panel, N-Mgb alone and SnPP alone 

caused only modest increases in 4 hr HO-1 mRNA levels. In contrast, a 20 fold increase in 

HO-1 mRNA was observed at 4 hrs post combined N-Mgb+SnPP injection. By 18 hrs post 

treatment, these mRNA increases translated into marked HO-1 protein elevations, being ∼7 

fold higher than control values. In contrast, only relatively small HO-1 protein increases 

were observed with N-Mgb alone or SnPP alone at the 18 hr time point. In sum, these 4 hr 

mRNA and 18 hr HO-1 protein increases indicate a synergistic effect of N-Mgb+SnPP on 

renal cortical HO-1 gene expression. [Additional HO-1 mRNA (18 hrs) and protein data (4 

hrs) are presented in Table 1].

Renal IL-10 assessments—As shown in Fig 3, left, N-Mgb alone and SnPP alone had 

either minimal or no impact on IL-10 mRNA levels at the 4 hr time point. In contrast, 

combined N-Mgb+SnPP caused a 10 fold IL-10 mRNA increase at 4 hrs post injection. 

Corresponding with these results was the absence of IL-10 protein increases at 18 hrs post 

N-Mgb alone or SnPP injection alone. Conversely, a >2 fold increase in IL-10 protein was 

seen at 18 hrs post combined N-Mgb-SnPP injection. [Additional IL-10 mRNA (18 hrs) and 

protein data (4 hrs) are presented in Table 1].

Renal cortical haptoglobin assessments—As with HO-1 and IL-10, the combination 

of N-Mgb+SnPP induced the greatest haptoglobin mRNA increases at 4 hrs post agent 

injection (Fig. 4). At 18 hrs post injections, a massive (∼20 fold) increase in renal cortical 

haptoglobin protein levels was observed in response to N-Mgb-SnPP injection. However, 

the haptoglobin protein levels were comparably increased with N-Mgb alone at the 18hr 

time point.. This implies that it was the N-Mgb component of the combined therapy that 

drove the 18 hr haptoglobin protein elevations. [Given this massive increase, it is 

conceivable that no added increase could be induced by the combination therapy]. 

Additional haptoglobin mRNA (18 hrs) and protein data (4 hrs) are presented in Table 1.

Impact of IV N-Mgb alone, SnPP alone, and N-Mgb+SnPP on the severity of the glycerol 
AKI model

As shown in Fig. 5, pre-treatment with SnPP alone had virtually no effect on the severity of 

glycerol- induced AKI. N-Mgb alone induced modest protection, as judged by BUN/

creatinine levels. However, when N-Mgb+SnPP were used together, complete functional 

protection was observed (BUN/creatinine levels remained at normal values). Coinciding 

histologic protection was also observed (3.5±0.25 vs. 1.25±0.25 histologic scores for the 

glycerol vs. the N-Mgb+SnPP treated group; p<0.05). In this regard, the untreated glycerol 

group manifested widespread tubular necrosis and cast formation, as previously depicted 

(42). These changes were virtually absent in the N-Mgb+SnPP pre-treatment group.
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Maleate AKI model

As depicted in Fig. 6, maleate injection caused severe renal injury, as denoted by marked 

BUN / creatinine increases. Pre-treatment with N-Mgb + SnPP conferred almost complete 

protection against this injury, as denoted by near normal BUN/creatinine levels.

Post-ischemic AKI model

By 2 weeks post ischemia, a 38% reduction in post-ischemic left renal mass was observed in 

the control unilateral ischemia mice (Fig. 7). In contrast, only a 12% reduction was seen in 

the mice which had received prophylactic N-Mgb+SnPP treatment (p<0.005). This reduction 

in renal injury was also denoted by marked reductions in NGAL mRNA and protein levels 

in the N-Mgb-SnPP pre-treatment group ( Fig. 7).

Dose - response relationships between renal cortical and plasma HO-1 / haptoglobin levels 
and degrees of protection against glycerol-induced AKI

As shown in Fig. 8, progressive increases in IP N-Mgb dosages into normal mice produced 

progressive increases in renal cortical and plasma HO-1 and haptoglobin levels. Significant 

correlations between plasma and renal cortical HO-1 and haptoglobin levels were observed 

(e.g. r, 0.82 between renal cortical and plasma haptoglobin levels). Furthermore, these 

increasing N-Mgb doses were associated with progressive (50%; 100%) protection against 

the glycerol AKI model (Fig. 9). Thus, these data imply that the degree of plasma HO-1 or 

haptoglobin increases can serve as biomarkers of N-Mgb-SnPP- induced renal gene 

induction and the degrees of resistance to subsequent ARF. Despite administering 5 mg of 

N-Mgb (+ standard SnPP dose), no evidence renal injury (normal BUNs, creatinines; see 

figure 9, right) was observed.

Liver assessments

Hepatic HO-1, IL-10, and haptoglobin expression in liver in response to N-
Mgb/SnPP injections—The fold increases over control values for HO-1, IL-10 and 

haptoglobin mRNAs (4 hrs) and for protein levels (18 hrs) are depicted in Fig. 10, top. 

Marked increases in each were observed. Individual values for each agent alone or in 

combination are given in Table 2. At 4 hrs post injection, hepatic HO-1, IL-10, and 

haptoglobin mRNA levels were significantly higher with combined N-Mgb+SnPP injection 

vs. either agent alone (Table 2). This translated into greater hepatic HO-1, IL-10 and 

haptoglobin protein increases, as assessed at the 18 hr time point (p<0.001 for each protein, 

vs control tissues).

Hepatic ischemic model—Hepatic ischemia induced marked elevations in plasma ALT 

and LDH concentrations (see Fig. 11). The LDH and ALT increases were reduced by ∼75% 

and 50% respectively with N-Mgb+SnPP pre-treatment (corresponding with the hepatic 

HO-1, haptoglobin, and IL-10 protein increases; Table 2). As shown in Fig. 12, widespread 

necrosis was observed in gross sections of post ischemic liver (A). Pre-treatment with N-

Mgb+SnPP led to a much more normal gross hepatic appearance (B).
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Hepatotoxic injury—As shown at the right hand panel of Fig 11, N-Mgb+SnPP treatment 

also reduced the extent of IP glycerol- induced liver injury, as assessed by plasma ALT 

levels.

Cardiac HO-1, IL-10, and haptoglobin mRNA and protein levels

As shown at the bottom of Fig. 10, combined N-Mgb + SnPP induced 3–4 fold increases in 

HO-1, haptoglobin, and IL-10 mRNAs at 4 hrs, and up to 3–15 fold increases in their protein 

levels at the 18 hr time point. Individual values are given in Table 3. In general, far greater 

mRNA and protein increases were observed with combined agent administration vs. either 

agent alone.

DISCUSSION

In 1992, Nath et al (14) demonstrated that hemoglobin administration in the rat can induce 

marked protection against subsequent (24 hrs later) glycerol-mediated rhabdomyolysis-

induced ARF. This protective response was ascribed to heme- mediated HO-1 up-regulation, 

based on two pivotal observations: 1) heme pre-treatment markedly increased renal HO-1 

mRNA, protein, and enzyme activity; and 2) the glycerol model was markedly worsened by 

administering the potent HO-1 inhibitor, SnPP, at the time of (and after) glycerol injection. 

Since these seminal observations, the role of HO-1 as a potent anti-oxidant / anti-

inflammatory molecule has been well established in multiple models of AKI (e.g. cisplatin, 

renal ischemia, endotoxemia; reviewed in ref. 45). Furthermore, its protective effects have 

been extensively described in diverse forms of extra-renal tissue damage (e.g., brain, liver, 

heart, organ transplantation) (46–52). However, less certain than the existence of HO’s 

protective actions is the exact mechanism by which that protection is effected. Because 

HO-1 cleavage of the prophyrin ring releases highly toxic catalytic Fe (which exerts direct 

adverse effects) (30), it is now believed that secondary consequences of increased HO-1 

activity are involved. These include the generation of the anti-oxidants biliverdin and 

bilirubin, cytoprotective carbon monoxide production, and increased tissue (H) ferritin 

levels, with its great capacity for catalytic Fe binding (13,45). Additional complexities in 

interpreting HO-1 involvement in cytoprotection stem from the fact that HO-1 inducers (e.g. 

heme), also up-regulate a number of other cytoprotective pathways, e.g., haptoglobin (20), 

hemopexin (15), alpha 1 antitrypsin (21), and IL-10 (as shown in the current report). This 

complicates interpretation of HO-1 effects on tissue injury given the presence of multiple 

up-regulated tissue protective proteins.

The interplay of SnPP and HO-1 is also complex. First, as a competitive inhibitor of HO-1, 

SnPP administration can secondarily increase HO-1 mRNA and protein levels either by 

enzyme ‘feedback inhibition’ or by the induction of a mild pro-oxidant state with 

counterbalancing HO-1 production (e.g. ref. 36). Second, the Sn moiety of SnPP may 

independently up- regulate HO-1 via direct pro-oxidant effects (53). Third, whenever 

considering the effects of SnPP, it is important to recognize that secondary HO-1 induction 

could potentially be offset by SNPP- induced HO-1 inhibition. However, it is noteworthy 

that SnPP has a relatively short half-life (∼2–4 hrs; ref. 54). Thus, delayed HO-1 increases 

(e.g. 18 hrs post glycerol administration or N-Mgb-SnPP treatment) should be free to exert 
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its biologic effects due to prior SnPP elimination. This concept is supported by observations 

that at 24 hrs post SnPP administration, up-regulated HO-1 was able to exert a 

cytoprotective effect (e.g., against ischemic ARF; ref. 36, 37).

In light of the above considerations, we hypothesized that a combination of N-Mgb + SnPP 

might induce either additive, or synergistic, increases in HO-1, as well as in other redox 

sensitive cytoprotective proteins (e.g., haptoglobin, IL-10). We tested this hypothesis by 

measuring HO-1, haptoglobin, and IL-10 mRNA and protein levels at 4 and 18 hrs post N-

Mgb, SnPP, or N-Mgb+SnPP injection. As shown in figures 2–4, combined therapy 

generally induced synergistic or additive responses. For example, at 4 hrs post injection, a 

20 fold increase in HO-1 mRNA was observed, more than doubling the increases seen with 

either N-Mgb or SnPP alone. At 18 hrs, this early mRNA increase translated into ∼7 fold 

HO-1 protein increases. Qualitatively similar results were observed with IL-10. Particularly 

noteworthy was a massive (20 fold) increase in haptoglobin protein at 18 hrs post N-Mgb-

SnPP administration. However, in this case, it appeared that it was N-Mgb, rather than an N-

Mgb-SnPP interaction, was largely responsible, given that N-Mgb alone vs. N-Mgb+SNPP 

induced comparable renal haptoglobin increases. Clearly, additional cytoprotective redox 

sensitive proteins, other than HO-1, IL-10 and haptoglobin, may also have been induced by 

our N-Mgb-SnPP protocol (e.g. α1 antitrypsin, hemopexin, hepcidin) (11–23). Thus, it 

seems logical that multiple cytoprotective proteins could act in concert to mitigate cell injury 

responses.

Having observed dramatic renal cortical increases in cytoprotective proteins following N-

Mgb-SnPP administration, we tested the latter’s effectiveness in protecting against three 

forms of AKI. Figure 5 depicts the results in the glycerol model. As shown, SnPP 

administration alone induced no significant reductions in BUN or creatinine levels. When N-

Mgb alone was administered, a modest protective effect was observed. However, when 

administered together, N-Mgb + SnPP pre-treatment evoked essentially complete functoinal 

protection, as indicated by normal BUN and plasma creatinine concentrations at 18 hrs post 

glycerol injection. Furthermore, near normal renal histology was observed. Thus, these 

findings underscore the principle that synergistic increases in cytoprotective proteins can 

translate into synergistic protection against ARF.

To further explore the scope of N-Mgb-SnPP mediated protection, we utilized the maleate 

model of proximal tubular ATP depletion- mediated ARF. Again, dramatic / near complete 

protection was observed (Fig. 6). Because it is now well recognized that AKI can initiate the 

onset of progressive chronic renal disease, we assessed whether N-Mgb-SnPP pre-treatment 

could abrogate this process in our previously published unilateral post ischemic renal injury 

model (41,42) in which an approximate 40% loss of renal mass normally results in 2 weeks. 

As shown in Fig. 7, post ischemic injury was markedly attenuated with N-Mgb-SnPP pre-

treatment, as evidenced by a reduction in renal mass loss from 38% to 12%, and marked 

reductions in NGAL mRNA and protein levels. Thus, in each of three heterogeneous AKI 

models, dramatic protection was observed.

Although the kidney has the largest exposure to the two test agents (e.g. via rapid filtration, 

Mgb endocytosis), virtually all cells are transiently exposed to them following their IV 
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injection. Furthermore, protoporphyrins can bind to and be taken up by a variety of cells 

(55). Thus, we questioned whether our N-Mgb-SnPP regimen might also up regulate 

protective responses in extra-renal organs. Indeed, this was the case, given that both hepatic 

and cardiac tissues manifested HO-1, IL-10 and haptoglobin mRNA/protein increases at 

both 4 and 18 hrs post N-Mgb-SnPP injection (as presented in Tables 2 and 3). That N-Mgb 

alone could induce a response in extra-renal tissues was surprising, given that megalin-

cubulin mediated endocytosis is thought to be a renal specific pathway. This either suggests 

potential extra-renal uptake, possibly via scavenger receptors (56), or that while present in 

the microcirculation, N-Mgb and SnPP are able to activate intracellular cytoprotective 

genes. To test whether extra-renal protection might, we assessed the impact of N-Mgb 

+SnPP pre-treatment on the extent of post-ischemic hepatic injury. As presented in Fig. 10, 

marked reductions in both LDH and ALT plasma concentrations were observed. 

Furthermore, obvious protection was indicated by the gross appearance of post ischemic 

hepatic tissues (Fig. 11). To further test for hepatic resistance to injury, mice were subjected 

to an IP injection of glycerol, which upon reaching the liver through the portal circulation, 

induces modest hepatic damage. Within 4 hrs of IP glycerol injection, increases in plasma 

ALT resulted, which were largely abrogated by prior N-Mgb-SnPP injection. We have not 

yet accessed whether N-Mgb-SnPP treatment also induces protection against myocardial 

ischemia due to the complexity of mouse myocardial ischemia models (57). Thus, the full 

extent of N-Mgb-SnPP’s protective actions remain subjects for future investigation.

We have previously demonstrated that plasma levels of either haptoglobin or HO-1 can 

serve as biomarkers of renal cortical haptoglobin and HO-1 increments in the setting of 

ARF (20,58). Thus, we questioned whether plasma haptoglobin and HO-1 might also serve 

as biomarkers for induction of these proteins in kidney following N-Mgb-SnPP 

administration and for the emergence of the cytoresistant state. This indeed was the case. As 

shown in Figs. 8, increasing doses of N-Mgb-SnPP induced dose dependent increases in 

plasma haptoglobin and HO-1 levels, and these increases directly correlated with renal 

cortical haptoglobin and HO-1 content. Furthermore, striking inverse relationships between 

N-Mgb-SnPP-induced plasma HO-1 / plasma haptoglobin increases, and post glycerol BUN 

concentrations were observed (r, −0.79 / r, −0.71 for BUN vs. plasma HO-1 / haptoglobin 

levels, respectively). Thus, plasma HO-1 / haptoglobin increments would likely confirm 

biologic activity of N-Mgb-SnPP in clinical trials, and the degrees of HO-1 / haptoglobin 

plasma elevation might also be predictve of degrees of resistance to subsequent AKI.

A obvious concern with applying this prophylactic strategy in patients is potential renal 

and/or extra-renal toxicities. However, in this regard, it is noteworthy that SnPP has already 

been shown to be well tolerated in humans (e.g., ref 54,59,60). Furthermore, we have 

previously documented in a cell culture system that nitrition markedly reduces myoglobin’s 

cytotoxic effects by approximately 75% (unpublished data). To assess the potential in vivo 

margin of safety for N-Mgb + SnPP, in data not shown, we tested the maximal amount of N-

Mgb that could be given to mice before nephrotoxicity was observed. Up to 25 times the 

employed N-Mgb dose (with a constant SnPP dose) could be administered (over 2 hrs) 

without induction of nephrotoxicity (normal BUNs and creatinines, 18 hrs later). Finally, 

neither our standard N-Mgb-SnPP dosage (1 mg N-Mgb / 1 umole SnPP), nor 5 mg IP N-
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Mgb (Fig. 9), induced overt renal injury (18 hr BUN/creatinines, or histology), nor did it 

raise hepatic ALT or cardiac troponin levels. In concert, these data suggest the potential for 

clinical application, assuming a similar safety profile exists in normal human subjects and in 

patients with pre-existent renal disease.

Despite the extensive studies reported above, important questions remain to be addressed. A 

partial list of questions includes the following: First, can N-Mgb-SnPP be used as a 

therapeutic, and not just a prophylactic agent, such that its administration after the induction 

of AKI can mitigate disease progression or enhance renal recovery rates? Second, given that 

N-Mgb-SnPP up-regulates a number of cytoprotective proteins, which one(s) are dominant 

in mediating the above described protective effects? Third, what is the full scope of renal 

and extra-renal tissue injuries that can be prevented? For example, might N-Mgb-SnPP 

mitigate radiocontrast toxicity as well as myocardial ischemia-reperfusion injury during 

balloon angioplasty or cardiopulmonary bypass surgery? Fourth, would there be potential 

applications for tissue protection in the setting of renal or extra-renal transplantation? These 

are just some of the basic and translational issues that remain to be defined.

In conclusion, administration of nitrited myoglobin, along with an inhibitor of its 

degradation (SnPP), leads to dramatic increases in a number of cytoprotective proteins in 

kidney. The potency of this response is indicated by observations that the documented renal 

HO-1 protein increases were ∼15x greater than that which has been achieved with 

bardoxolone methyl, a well recognized Nrf-2 mediated HO-1 inducer (61). Within 18 hrs of 

its administration, N-Mgb+SnPP evoked dramatic protection against three diverse models of 

AKI: glycerol-induced rhabdomyolysis, maleate- induced proximal tubule ATP depletion; 

and post-ischemic AKI progression to CKD. Surprisingly, N-Mgb+SnPP administration also 

induced synergistic increases in cytoprotective proteins in liver, leading to dramatic 

protection against hepatic ischemic-reperfusion injury and hepatotoxicity. Finally, N-Mgb + 

SnPP can up-regulate cytoprotective proteins in heart, suggesting the potential for cardiac 

protection, and thus, broad ranging cytoprotective effects. Of note, each of these responses 

was induced in the absence of discernable renal, hepatic, or cardiac toxicity. Thus, these data 

suggest that N-Mgb+SnPP co-administration could potentially develop into a clinical 

prophylactic strategy for protecting against both renal, as well as extra-renal, injuries, such 

as may result during cardiopulmonary bypass, aortic aneurysm repair, or other complex, 

high risk surgeries. Thus, this strategy could potentially meet a number of significant unmet 

clinical needs.
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Figure 1. Renal histology 18 hrs following N-Mgb-SnPP administration
The top two panels are PAS stained kidney sections from a control mouse ( C ) and a mouse 

18 hr post N-Mgb-SnPP treatment (Rx). The tubular epithelium from treated mice maintains 

a normal histologic appearance with a completely intact brush border (dark staining of 

luminal membrane). The bottom two panels depict H and E stained sections. No histologic 

injury is apparent with N-Mgb-SnPP pre-treatment.
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Figure 2. Synergistic induction of HO-1 with N-Mgb-SnPP treatment of normal mice
The left hand panel depicts HO-1 mRNA levels 4 hrs post treatment. Whereas N-Mgb alone 

and SnPP alone induced modest mRNA increases, a 20 fold HO-1 mRNA increase is seen 

with combined agent administration. At 18 hrs post administration, a synergistic HO-1 

protein increase was observed. (p values vs. controls).
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Figure 3. Synergistic induction of IL-10 with N-Mgb-SnPP treatment of normal mice
The left hand panel depicts IL-10 mRNA levels at 4 hrs post treatment. N-Mgb alone and 

SnPP alone evoked either minimal or no IL-10 mRNA increases. However, with combined 

administration, an approximate 10 fold IL-10 mRNA increase was observed. As shown in 

the right hand panel, only the combined treatment induced IL-10 protein increases, as 

assessed at the 18 hr time point. (p values vs. controls).
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Figure 4. Haptoglobin mRNA and protein expression following N-Mgb-SnPP administration to 
normal mice
Combined N-Mgb + SnPP evoked far greater haptoglobin mRNA increases at 4 hrs post 

injection than did either agent alone. However, by 18 hrs post agent administration, N-Mgb 

alone and N-Mgb+SnPP induced comparable haptoglobin protein increases. This suggests 

that N-Mgb accounted for the haptoglobin increases that were produced by combined N-

Mgb + SnPP administration. (p values vs. controls).

Zager Page 19

Transl Res. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Degrees of protection induced by test agents in the glycerol model of rhabdomyolysis- 
induced AKI
Control mice ( C ) developed marked AKI, as denoted by BUN and creatinine 

concentrations. SnPP conferred no significant protection, whereas N-Mgb induced a modest 

protective effect. Conversely, combined N-Mgb-SnPP administration conferred complete 

functional protection, as gauged by normal BUN and creatinine levels at 18 hrs post glycerol 

administration (normal levels are depicted by the solid horizontal line).
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Figure 6. Combined N-Mgb + SnPP (“Rx”) confers marked protection against the maleate model 
of AKI
Maleate injection caused marked BUN and creatinine increases. Combined N-Mgb + SnPP 

conferred a near complete protective effect (horizontal lines represent normal BUN and 

creatinine concentrations). P value vs. no treatment (no Rx).
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Figure 7. N-Mgb+SnPP (Rx) treatment confers protection against unilateral ischemia-
reperfusion (I/R)- induced progressive kidney disease
Mice were subjected to 30 min of left renal ischemia with or without N-Mgb-SnPP pre-

treatment 18 hrs earlier. At 2 weeks post ischemia, I/R led to a 38% reduction in renal mass 

(gauged by kidney weight). Pre-treatment (Rx) conferred significant protection, as gauged 

by only a 12% reduction in renal mass. Protection was also implied by marked reductions in 

NGAL mRNA and protein levels in the 2 week post ischemic left kidneys.
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Figure 8. Dose - response relationship between increasing doses of N-Mgb (with a fixed dose of 
SnPP, 1 umole) and HO-1 / haptoglobin protein levels in renal cortex and plasma
Increasing doses of N-Mgb, administered IP, led to increasing levels of each protein in 

plasma and renal cortex. The correlation coefficients for plasma vs. renal concentrations 

were 0.57 and 0.82 for HO-1 and haptoglobin, respectively. The correlations between the 

dose administered and plasma protein levels were r, 0.85 and r, 0.75 for HO-1 and 

haptoglobin, respectively.
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Figure 9. Dose – response relationship between administered IP dose of N-Mgb vs. BUN / 
creatinine concentrations at 18 hrs post glycerol administration
Increasing doses of N-Mgb (with a fixed dose of SnPP; 1 µmole) led to increasing degrees 

of protection against glycerol- induced AKI. When analyzed with the results given in Figure 

8, strong direct relationships between plasma and renal cortical HO-1 / haptoglobin 

concentrations and. degrees of protection against glycerol- induced AKI are apparent. The 

horizontal lines indicate normal BUN and creatinine concentrations. As shown at the right, 

the administered doses were well tolerated by the kidney, as evidenced by maintenance of 

normal 18 hr plasma creatinine concentrations across the tested dosage range.
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Figure 10. Up-regulation of HO-1, haptoglobin (hapto), and IL-10 gene expression in liver and 
heart with combined N-Mgb/SnPP treatment
The degrees of elevation with treatment, expressed as a fold increase over control values are 

presented. Each was increased in both liver (top two panels) and heart (bottom two panels). 

Individual values are given in Tables 2 and 3.
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Figure 11. Preconditioning with N-Mgb-SnPP mitigates post- ischemic liver injury and 
hepatotoxic injury
Degrees of hepatic ischemic-reperfusion injury were judged by plasma lactate 

dehydrogenase (LDH) and alanine aminotransferase (ALT) levels. Pre-treatment with N-

Mgb-SnPP significantly decreased both LDH and ALT concentrations (left and middle 

panels). It also decreased the extent of hepatotoxic injury induced by intraperitoneal glycerol 

injection (right hand panel).
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Figure 12. Gross appearance of liver sections obtained at 18 hr post ischemia without (A) and 
with (B) N-Mgb-SnPP pre-treatment
Liver ischemia evoked extensive gross necrosis, as evidenced by whitish-grey liver 

appearance (A). However, with N-Mgb-SnPP pre-treatment, the liver retained a near normal 

appearance (B).
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Table 1

Indvidual renal cortical mRNA and protein levels induced by the test agents administered alone or in 

combination at 4 hrs (Table 1a) and 18 hrs (Table 1b) post injection.

a. Kidney mRNA and protein values 4 hrs post Rx

Kidney mRNA Control N-Mgb SnPP SnPP+N-Mgb

HO-1 0.61±0 1 3.38±0.38 4.38±0.28 10.5±1.23 <0.0001

Haptoglobin 0.20±0.06 1.94±0.31 0.19±0.01 5.45±1.16 <0.005

IL-10 0.56±0.20 1.45±0.6 0.39±0.15 5.18±1.23 <0.005

Kidney Protein Control N-Mgb SnPP SnPP+N-Mgb

HO-1 protein 13.3.±1.3 36.1±2.9 22.9±2.6 55.5±3.7 <0.001

Haptoglobin 7.9±1.9 17.6±1 13.1±1.3 18.9±2.7 <0.001

IL-10 304±29 265±54 550±86 838±63 <0.001

b. Kidney mRNA and protein values 18 hrs post Rx

Kidney mRNA
cortex

Control N-Mgb SnPP SnPP+N-Mgb

HO-1 0.61±0 1 0.58±0.18 0.63±0.06 1.45±0.61 (NS)

Haptoglobin 0.20±0.06 0.24± 0.04 0.23±0.08 0.4±0.19 (NS)

IL-10 0.56±0.20 0.43±0.10 0.18±0.09 0.57±0.13 (NS)

Kidney Protein Control N-Mgb SnPP SnPP+N-Mgb

HO-1 13.3±1.3 30±6 18±2 71±10 <0.001

Haptoglobin 10.3±2.7 183.8±20.4 53.5±17.2 203±8 <0.0001

IL-10 304±29 292±54 454±51 840±60 <0.001
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Table 2

Indvidual liver mRNA and protein levels induced by the test agents administered alone or in combination at 4 

hrs (Table 1a) and 18 hrs (Table 1b) post injection.

a: Liver mRNA and protein levels 4 hrs post Rx

Liver mRNA
4 hrs post Rx

control N-Mgb SnPP SnPP+N-Mgb

HO-1 1.1±0.12 1.83±0.33 3.15±.25 5.66±0.29 <0.001

Haptoglobin 0.5±0.1 0.98±0.1 0.32±0.02 1.01±0.12 <0.01

IL-10 0.06±0.0.02 0.67±0.46 0.14±0.1 1.12±0.64 <0.001

Liver protein
4 hrs post Rx

control N-Mgb SnPP SnPP+N-Mgb

HO-1 protein 10.2±1.2 17±2 7.4±0.7 15.1±1.4 <0.025

Haptoglobin 115.3±9.6 359.5±39.6 130.0±8.9 351.0±40.7 <0.001

IL-10 314±36 286±32 485±47 412±34 =0.1

b: Liver mRNA and protein levels 18 hrs post Rx

Liver mRNA
18 hrs post Rx

control N-Mgb SnPP SnPP+N-Mgb

HO-1 1.1 ±0.12 0.82±0.07 2.56±0.21 2.86±0.4 <0.001

Haptoglobin 0.5±0.1 0.91±0.07 0.65±0.17 1.19±0.4 <0.05

IL-10 0.06±0.02 0.06±0.02 0.05±0.01 0.06±0.02 (NS)

Liver protein
18 hrs post Rx

control N-Mgb SnPP SnPP+N-Mgb

HO-1 protein 10.2±1.2 14.9±0.3 18±2.5 22.9±1.2 <0.0001

Haptoglobin 115.3±9.6 358.8±32.8 212.0±63.6 410±64.3 <0.001

IL-10 314±36 5988±549 8198±725 8015±225 <0.001
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Table 3

Indvidual cardiac mRNA and protein levels induced by the test agents administered alone or in combination at 

4 hrs (Table 1a) and 18 hrs (Table 1b) post injection.

a: Cardiac mRNA and protein levels 4 hrs post Rx

Cardiac mRNA
4 hrs post Rx

Control N-Mgb SnPP SnPP+N-Mgb

HO-1 0.07±0.01 0.09±0.01 0.14±0.01 0.3±0.01 <0.001

Haptoglobin 0.31±.0.07 0.75±0.10 0.52±0.21 1.32±0.22 <0.002

IL-10 0.36±0.10 0.86±0.11 0.58±0.16 0.96±0.22 <0.04

Cardiac protein
4 hrs post Rx

control N-Mgb SnPP SnPP+N-Mgb

HO-1 1.50±08 1.64±0.19 1.310.13 1.54±0.09 (NS)

Haptoglobin 15.6±5.0 40.4±8.6 19.1±2.1 29.4±4.1 <0.1

IL-10 8.1 ±5 21±12 15.8±10 41±14 <0.035

b: Cardiac mRNA and protein levels 18 hrs post Rx

Cardiac mRNA
18 hrs post Rx

control N-Mgb SnPP SnPP+N-Mgb

HO-1 0.07±0.01 0.08±0.01 0.09±0.03 0.24±0.07 <0.005

Haptoglobin 0.31±.0.07 0.53±0.21 0.59±0.17 1.28±0.2 <0.002

IL-10 0.36±0.10 0.67±0.10 0.53±0.10 0.64±0.14 =0.1

Cardiac protein
18 hrs post Rx

control N-Mgb SnPP SnPP+N-Mgb

HO-1 1.5±0.08 1.9.7±0.37 2.67±0.4 4.2±.98 <0.01

Haptoglobin 15.6±5.0 249.6±15.0 96.1±36.2 250.7±37.8 <0.001

IL-10 8±5 14.5±10 23.4±14 51.4±19 <0.035
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