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“History followed different courses for different peoples because of differences

among peoples’ environments, not because of biological differences among peoples

themselves.”

—Jared Diamond, Guns, Germs, and Steel: The Fates of

Human Societies1

Twenty years ago, studies in a model of acute kidney injury (AKI) provided the first

demonstration of the protective effects of heme oxygenase-1,2 an inducible enzyme now

known to interrupt diverse pathways of injury (Figure 1).3–5 These studies emerged from an

environment and tradition in nephrology that have long sought to understand renal responses

in health and disease, and that hark back to the nineteenth-century physiologist Claude

Bernard and his famous concept.6 Bernard wrote that “the constancy of the internal

environment is the condition that life should be free and independent,” and “far from the

higher animal being indifferent to the external world, it is on the contrary in a precise and

informed relation with it, in such a way that its equilibrium results from the continuous and

most delicate composition established as by the most sensitive of balances.”6 Bernard’s

internal milieu was the forerunner to Cannon’s homeostasis,7 and, together, these elemental

concepts have long imbued the study of the kidney, an organ that serves as one of “the most

sensitive of balances.” Indeed, Homer Smith begins The Kidney: Structure and Function in

Health and Disease by emphasizing the role of renal functional responses in maintaining

homeostasis and the constancy of the internal environment.8

The nature of renal responses when the kidney itself is injured is also of long-standing and

obvious clinical interest. A body of experimental work, extending more than a hundred

years, has explored renal responses following exposure to a single insult, concomitant

exposure to different insults, or sequential exposure to the same or different insults. The

synergistic and adverse effects of such insults on renal function are well recognized and,

indeed, underlie the current view that clinical AKI is commonly a multifactorial process.
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Less well appreciated is the fact that a given insult can condition the kidney to render it

resistant to a subsequent insult; ironically, such acquired renal resistance was described a

century ago by Suzuki in studies of the kidney exposed to uranyl salts.9 Subsequent studies

confirmed this phenomenon and examined how the kidney can be conditioned against, or

sensitized to, injury depending on the nature of the imposed insults (ischemic or

nephrotoxic) and their relative severity, timing, and frequency.10,11 This led to the

recognition that an acute ischemic insult may render the kidney resistant to subsequent

ischemia,12 and such ischemic preconditioning is now broadly studied for insights it

provides into the biology of cytoprotection.

By the late 1980s, studies of rodent models of AKI along with in vitro approaches

substantially advanced the understanding of AKI and increasingly uncovered strategies that

protected against renal injury.13,14 Such cytoprotective strategies encompassed, among

others, the following: amino acids such as glycine; antioxidants such as glutathione;

mitigation in elevations in intra-cellular calcium; augmentation of cellular purine nucleotide

levels; the ameliorative effects of reducing temperature or pH; the administration of

prostaglandin species, natriuretic peptides, or peptide growth factors; the eliciting of the

heat-shock response; and the redressing of the vasoactive imbalance by inhibiting vasocon-

stricting species, or by augmenting endothelium-dependent/endothelium-independent

relaxation.13–15 The ambience of the AKI field at the time encouraged the search for renal

cyto-protective strategies.

An insight relevant to renal cytoprotective strategies in AKI appeared in studies in chronic

kidney disease (CKD) that proposed the hyper-filtration hypothesis.16 These studies not only

substantiated a self-perpetuating mechanism for CKD but also categorized renal responses

as either adaptive or maladaptive, on the basis of their sequential and integrated effects. For

example, increased single nephron glomerular filtration rate (SNGFR) in nephrons surviving

after subtotal renal ablation lessens the acute reduction in whole-kidney glomerular filtration

rate (GFR). However, glomerular hemodynamic alterations that augment SNGFR can, in

time, damage glomeruli, with consequent reduction in SNGFR and, ultimately, whole-

kidney GFR.16 Thus, in the aftermath of renal injury, seemingly adaptive renal responses

may ultimately prove maladaptive, a concept germane not only to putative pathways of

protection in AKI, but also, given its current interest, to the transition from AKI to CKD.

In the 1980s, reactive oxygen species (ROS) were increasingly invoked as a mechanism of

kidney injury.17,18 Responses to, and defenses against, ROS were also of interest, and such

studies focused on antioxidants (such as glutathione) and enzymes that metabolize

superoxide anion or hydrogen peroxide. ROS and other insults were known to induce a 32-

kDa protein, which was eventually identified as heme oxygenase (HO);19 HO had become

the focus of growing attention ever since its discovery in 1968 as the heme-degrading

enzyme in microsomes.20–22 To account for the ubiquitous induction of HO in stressed

tissue, Keyse and Tyrrell speculated that this response protected against ROS by producing

bile pigments,19 metabolites shown previously to scavenge ROS in vitro.23 Stocker

subsequently suggested that HO induction would also be salutary because of clearance of

heme, a potentially toxic species released from destabilized heme proteins in injured cells.24

Nath Page 2

Kidney Int. Author manuscript; available in PMC 2014 August 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



In 1991 Tyrrell’s group again demonstrated the inducibility of HO in ROS-exposed cells,

but observed that “…the functional evidence for a protective role is still lacking.”25

This question regarding the functionality of HO was appealing because of ongoing interest

in the role of endogenous antioxidant systems in protecting against AKI.26 However, it was

quite unclear that induction of HO-1 would succor the injured kidney: degradation of heme

by HO liberates iron, and the injurious effect of iron acting as a Fenton catalyst was, at the

time, one of the major issues in the ROS field. Induction of HO-1 in the injured kidney may

thus represent a maladaptive response rather than an adaptive response that mitigates the

severity of such injury.

To examine the functional significance of HO, a strategy was based on a model of heme

protein–induced AKI. Heme proteins appearing in plasma in large amounts are filtered and

metabolized by the kidney, thus exposing the latter to large amounts of heme. By the

dictates of the constancy of the internal environment and homeostasis, the presence of heme

proteins in plasma and heme in copious quantities in the kidney would necessitate clearance

of heme by increased renal HO activity.27 In this setting, the significance of HO activity in

heme protein–induced renal injury could thereby be examined.

Interest in heme protein–induced human AKI dates back to the recognition of this syndrome

in 1925 as a consequence of mismatched blood transfusions and attendant hemolysis, and in

1941 as a consequence of the crush syndrome as described during the London Blitz.28 An

experimental model was subsequently introduced in which hypertonic glycerol was injected

either subcutaneously to induce hemolysis, or intra-muscularly so that both hemolysis and

rhabdomyolysis occurred.

Based on a multidisciplinary approach, studies of HO were undertaken in the glycerol model

of AKI, the latter exhibiting robust induction of HO-1 mRNA and increased HO activity,

measured by the generation of either bilirubin or carbon monoxide.2 Other antioxidant genes

were not induced, underscoring the specificity of HO-1 induction. Inhibition of HO activity

by a competitive inhibitor exacerbated AKI, thus indicating that loss of HO activity

sensitized the kidney to heme proteins.2 A complementary approach used a nontoxic dose of

hemoglobin to induce HO-1 in the kidney prior to AKI; such HO-1 induction conferred

marked resistance to AKI.2 To address the fate of iron released by HO activity, the kidney

content of ferritin, the principal iron-sequestering protein, was assessed. Ferritin expression

was linked to HO activity, the former increasing with the prior induction of HO activity, and

declining with inhibition of HO activity.2 This coupled response thus degraded heme,

generated antioxidants, and chelated iron.2 Evidence for the cytoprotective effects of ferritin

in heme-induced oxidative stress was subsequently demonstrated in endothelial cells in vitro

by Balla et al.29

These studies on HO-1 and AKI, as emphasized here, drew on a rich tradition of research on

mechanisms of renal injury. This long line of basic research in nephrology is clinically

relevant, as cytoprotection and preconditioning adumbrate therapeutic strategies applicable

to human disease. Receptivity to the question regarding the functional significance of HO-1

was developed by exposure to certain salient and emphasized themes in nephrology:
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Bernard’s constancy of the internal milieu, Cannon’s homeostasis, sensitivity and resistance

to renal injury, the need for renal cytoprotective strategies, adaptive and maladaptive

responses in the injured kidney, and ROS and catalytically active iron as pathways of renal

injury. Thus, an appreciation of Bernard’s environment, and an environment created by the

community of nephrology and its teachings, nurtured these studies that addressed the

functional significance of HO-1 in tissue injury.
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Figure 1. Overview of the biology of HO-1
(a) Degradation of heme by heme oxygenase (HO). (b) Biologic processes relevant to tissue

injury that are influenced by HO-1 and its products.
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