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Abstract

Neutrophil gelatinase associated lipocalin (NGAL, Lcn2) is the most widely studied biomarker

of acute kidney injury (AKI). Previous studies have demonstrated that NGAL is produced by the
kidney and released into the urine and plasma. Consequently, NGAL is currently considered a
tubule specific injury marker of AKI. However, the utility of NGAL to predict AKI has been
variable suggesting that other mechanisms of production are present. IL-6 is a proinflammatory
cytokine increased in plasma by two hours of AKI and mediates distant organ effects. Herein,

we investigated the role of IL-6 in renal and extra-renal NGAL production. Wild type mice with
ischemic AKI had increased plasma IL-6, increased hepatic NGAL mRNA, increased plasma
NGAL, and increased urine NGAL; all reduced in /L-6 knockout mice. Intravenous IL-6 in normal
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mice increased hepatic NGAL mRNA, plasma NGAL and urine NGAL. In mice with hepatocyte
specific NGAL deletion (Lcnzhep—/-) and ischemic AKI, hepatic NGAL mRNA was absent,
and plasma and urine NGAL were reduced. Since urine NGAL levels appear to be dependent

on plasma levels, the renal handling of circulating NGAL was examined using recombinant
human NGAL. After intravenous recombinant human NGAL administration to mice, human
NGAL in mouse urine was detected by ELISA during proximal tubular dysfunction, but not in
pre-renal azotemia. Thus, during AKI, IL-6 mediates hepatic NGAL production, hepatocytes are
the primary source of plasma and urine NGAL, and plasma NGAL appears in the urine during
proximal tubule dysfunction. Hence, our data change the paradigm by which NGAL should be
interpreted as a biomarker of AKI.
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Introduction

Results

Acute kidney injury (AKI) is a common complication in hospitalized patients occurring in
up to 20% of hospital admissions and 30 to 50% of intensive care unit (ICU) admissions.
AKIl is an independent risk factor for death, with mortality rates as high as 50% in the ICU.
1 The development of biomarkers that can identify AKI early and more reliably than serum
creatinine rise has been a translational research priority for over a decade with the premise
that early recognition may lead to improved care and the development of new therapies. 2

Neutrophil gelatinase-associated lipocalin (NGAL) (also known as lipocalin 2) is one of the
most widely studied AKI biomarkers having been tested in thousands of patients. 3-8 NGAL
has been considered an advantageous AKI biomarker / because it is reported to be a kidney
specific marker of AKI that produced by the kidney during tubular injury, 8 not influenced
by systemic diseases, and appears in the plasma and urine within 2 hours of injury after
being released by injured tubules. © The performance of NGAL to predict AKI has been
variable, however, possibly because it is produced by cell types outside of the kidney or in
response to other stimuli such as systemic inflammation and circulating cytokines. 10

IL-6 is a proinflammatory cytokine that increases by 2 hours in the plasma in patients and
mice after AKI 1112 and thus might play a role in NGAL production. In the present study,
we investigated the role of IL-6 in extra-renal NGAL production during AKI.

IL-6 deficient (IL-6/") mice have reduced plasma and urine NGAL after sham (surgery
alone), ischemic AKI, and bilateral nephrectomy (BNXx).

To determine the effect of IL-6 on plasma and urine NGAL levels during AKI, wild

type (WT) or /L-6"~ mice were subjected to sham (surgery/laparotomy), ischemic AKI
(laparotomy with bilateral renal pedicle clamping) or BNx (laparotomy with removal of both
kidneys). Normal mice were studied as a control for all three procedures.
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No kidney injury occurred after sham in either WT or /L-67/; kidney injury was similar
after ischemic AKI in WT and /L-67~ (as previously reported 12); BUN and plasma
creatinine were similar in WT and /L-6"~ with BNx (Figure 1). Plasma IL-6 was increased
in WT 4 hours after sham, AKI and bilateral nephrectomy, and absent in /£-67/~; plasma
NGAL was increased in WT and reduced in /L-6~ versus WT at both 4 and 24 hours after
sham, AKI, and BNx; urine NGAL was increased 4 and 24 hours after sham and AKI in WT
and reduced in /-6~ versus WT at both time points and in both conditions in (Figure 2).

Together, these data demonstrate that IL-6 plays a key role in NGAL production after sham,
ischemic AKI and bilateral nephrectomy.

NGAL production occurs predominantly in the liver after sham, ischemic AKI, and bilateral
nephrectomy (BNx), and is significantly reduced in IL-67/".

To determine the sources of IL-6-mediated NGAL production after sham, AKI and Bnx,
NGAL mRNA levels were determined in the liver, kidney, lung and spleen in WT and
IL-67I~ (Figure 3)

In the liver, NGAL mRNA levels were increased 4 and 24 hours after sham, AKI and BNX,
and were significantly reduced at both time points and in all three conditions in /L-67". In
the kidney, NGAL mRNA increased at 4 and 24 hours post AKI, and was not affected in
/L-67"=. In the lung and spleen, NGAL mRNA were minimally affected.

NGAL protein accumulates in the liver, kidney, lung, and spleen after sham, ischemic AKI
and bilateral nephrectomy.

Intravenous

To determine the sites of NGAL accumulation in organs, protein levels of NGAL were
measured in the liver, kidney, lung, and spleen 4 and 24 hours after sham, AKI and bilateral
nephrectomy and immunofluorescence was examined 24 hours after ischemic AKI.

Unlike mRNA, NGAL protein levels were elevated in all the organs after sham, AKI and
bilateral nephrectomy and was reduced in /L-67/~ (Figure 4). NGAL localizes to both the
proximal and distal tubule after AKI (Supplemental Figure 1).

The relative contribution of organ production (mMRNA) and accumulation (protein) of NGAL
after ischemic AKI is graphically represented in Figure 5.

Altogether, the data in Figures 1 to 5 demonstrate that IL-6 contributes to hepatic NGAL
production which results in an increase in plasma NGAL levels in all three conditions tested:
(sham) surgery, ischemic AKI and bilateral nephrectomy.

IL-6 administration induces hepatic NGAL production.

Since the increase in plasma IL-6 corresponded to an increase in hepatic NGAL production
after sham, ischemic AKI, and bilateral nephrectomy, we hypothesized that circulating IL-6
was acting at the liver to induce NGAL production in hepatocytes. Since hepatocytes contain
the IL-6 receptor, a direct effect of IL-6 on hepatocytes is plausible. Therefore, to test
whether circulating 1L-6 mediates hepatic NGAL production, IL-6 was administered IV
every hour for 3 hours to WT mice and endpoints were determined 1 hour after the last
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IV injection (Figure 6). After IL-6 injection, hepatic NGAL production (mRNA) increased
as did plasma and urine NGAL protein levels. NGAL mRNA levels did not increase in the
kidney, lung, or spleen. IL-6 did not affect kidney function; plasma IL-6 was increased in the
IL-6-treated mice, as expected.

Similarly, IV IL-6 to IL-67I~ with AKI increased liver NGAL mRNA levels and plasma
NGAL, but not kidney, lung, or spleen NGAL mRNA levels (supplemental Figure 2).

Since the only source of IL-6 after IV injection is the plasma, these data demonstrate that
circulating IL-6 mediates hepatic NGAL production that leads to increased plasma NGAL
levels.

IL-6 mediates hepatic NGAL production within 2 hours, in vitro.

To determine the onset of IL-6 mediated hepatic NGAL production, recombinant human
IL-6 was added to human (HepG2) hepatocytes and NGAL mRNA levels were determined
in cells, and NGAL protein levels were determined in the supernatant at 1, 2, and 4

hours (Figure 7). NGAL mRNA significantly increased in the cells by 1 hour, and in the
supernatant by 2 hours.

The effect of dose and time on NGAL levels in response to 1L-6 was assessed, in vitro,

and duration of IL-6 exposure (24 hours) had a much greater effect on supernatant NGAL
levels than dose (Supplemental Figure 3). In vivo, the effect of various renal ischemia times
on plasma IL-6 and NGAL levels was assessed and demonstrated that plasma IL-6 levels
peaked at 4 hours while plasma and urine NGAL levels peaked at 24 hours (Supplemental
Figure 4). These data demonstrate that NGAL production persists up to 24 hours after 1L-6
exposure.

IL-6 mediates NGAL production in the liver and hepatocytes via phosphorylation of the
transcription factor STAT3, in vivo and in vitro.

Many cytokines, including IL-6, mediate their effects through the phosphorylation and
activation of the transcription factor STAT3. To assess the role of IL-6-mediated STAT3
activation after ischemic AKI, pSTAT3 was determined in nuclear and cytosolic fractions of
the liver and kidney 4 and 24 hours after AKI in WT and /L-67~ (Figure 8A-D). In the liver,
but not the kidney, /L-6"~ had reduced pSTAT3 and absent translocation to the nucleus;

in the liver in WT, translocation peaked at 24 hours, correlating with the peak of NGAL
production.

In vitro, vehicle, IL-6, or IL-6 plus Stattic (an inhibitor of STAT3 phosphorylation) was
added to murine (AML12) or human (HepG2) hepatocytes. The increase in NGAL in the
supernatant after IL-6 treatment was completely suppressed in the Stattic-treated group; IL-6
levels were not affected (Figure 8E-H).

Together these data demonstrate that STAT3 activation is required for IL-6 mediated NGAL
production in hepatocytes.
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Plasma and urine NGAL levels are reduced in mice with deficient hepatocyte NGAL
producing capacity after ischemic AKI.

To confirm that the liver is the major source of NGAL production after AKI, ischemic

AKI was performed in WT and Lcn2HeP~/~ mice (Figure 9). Hepatocytes are specifically
unable to produce NGAL in the £cn27eP~~ mice, while NGAL production capacity in all
other cells remains intact. 13 24 hours post AKI in Lcn2HeP~/= plasma and urine NGAL
levels were significantly reduced versus WT. NGAL mRNA was absent in the liver and not
affected in the kidney, lung or spleen. NGAL protein levels were significantly decreased in
the liver, but not the kidney, lung or spleen; kidney function/injury and plasma IL-6 levels
were similar to WT.

Neutrophils are not a source of plasma or urine NGAL levels after ischemic AKI.

Since NGAL is constitutively expressed in neutrophils, 7 we tested whether /L-67~ mice
might have also had lower plasma and urine NGAL levels due to an effect on neutrophils by
subjecting neutrophil depleted mice to ischemic AKI (Figure 10). Neutrophil depleted mice
with AKI had a similar level of kidney function/injury. Neutrophil depletion did not affect
plasma NGAL, urine NGAL, or NGAL mRNA levels in the liver, kidney, lung or spleen.
Organ accumulation of NGAL was similar in the liver and kidney, but significantly reduced
in the spleen (24 hours) and lung (4 and 24 hours). Since lung neutrophil accumulation
occurs after AKI1,12:14.15 the reduction in lung NGAL in the neutrophil depleted mice likely
reflects a reduction in lung neutrophil recruitment and a similar mechanism may be at play
within the spleen.

Renal handling of circulating NGAL.

Since our data suggest that urine NGAL is predominantly derived from the plasma, we
assessed the renal handling of circulating NGAL by determining the fate of intravenously
administered recombinant human NGAL (hNGAL) in six different conditions with varying
degrees of renal impairment or tubular injury in which glomerular filtration rate (GFR) was
known (Figure 11). hNGAL is homologous to murine NGAL, and is handled similarly by
the kidney, but shows no cross reactivity to murine NGAL by ELISA and does not affect
endogenous murine NGAL levels (data not shown).

GFRs were as follows (percent of vehicle): 1) vehicle treatment: 100%, 2) mild prerenal
azotemia: 92%, 3) severe pre-renal azotemia: 30%, 4) PT injury due to maleic acid: 29%, 5)
ischemic AKI: 1%, and 6) bilateral nephrectomy: 0% (not measured). Maleic acid is a toxin
specifically affects the proximal tubule and induces Fanconi syndrome. 16 Plasma and urine
hNGAL were determined 1 hour after 1V injection (Figure 12).

Plasma and urine levels of hNGAL were low in mice with normal kidney function. Plasma
and urine hANGAL were similar to normal in mild pre-renal azotemia; plasma hNGAL

was slightly, but significantly, higher in severe prerenal azotemia, although urine hNGAL
levels were similar to normal. In contrast, both plasma and urine hNGAL were elevated

in PT injury and ischemic AKI and plasma levels were increased in mice with bilateral
nephrectomy.
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In order to account for plasma levels and PT function in the assessment of urine excretion
of NGAL, we calculated the fractional excretion of ANGAL (FE-hNGAL) as follows:
FE-hNGAL = ((urine [nNNGAL] x plasma creatinine)/(plasma h[NGAL] x urine creatinine))
x 100. FE-hNGAL was less than 1% in normal mice, mild pre-renal azotemia, and severe
pre-renal azotemia, and was greater than 20% in maleic acid-treated and ischemic AKI.
Endogenous (murine (m)) levels of plasma and urine NGAL, and FE-mNGAL were also
determined, with similar results to hNGAL.

Taken together, these data indicate that circulating NGAL is normally filtered, and then
resorbed and metabolized/degraded by the proximal tubule. Excretion of the intact protein
is not a normal mechanism of NGAL elimination since urine levels were very low in mice
with normal kidney function. With PT dysfunction, filtered NGAL is not resorbed and
metabolized, and appears in the urine. FE-NGAL distinguishes between severe pre-renal
azotemia and proximal tubular injury (maleic acid treated) in mice with similar GFRs.

Discussion.

NGAL is the most widely studied AKI biomarker, having been tested in thousands of
patients for its potential to diagnose AKI early. Based on early studies demonstrating that
NGAL is produced by the injured kidney and is then released into the urine and plasma,8
NGAL has been classified and studied specifically as a tubular injury biomarker.1” In the
present study, we systematically examined renal and extra-renal production of NGAL, the
influence of the proinflammatory cytokine IL-6, and the renal handling of NGAL. The major
novel findings of our report are that 1) IL-6 mediates hepatic NGAL production during
AKI, 2) the liver — not the kidney — is the primary source of both plasma and urine NGAL
levels during AKI, and 3) circulating NGAL appears in the urine during AKI associated
with proximal tubular dysfunction. These data change the paradigm by which NGAL should
be interpreted as a biomarker of AKI and extend the known role of IL-6 in the systemic
response after AKI.

To date, pre-clinical studies that have examined NGAL during AKI have focused on its
role as an AKI biomarker & 18 and in kidney function recovery.1® 20 Independent of AKI,
ongoing studies have clarified the systemic functions of NGAL in a variety of settings. In
particular, it is now recognized that NGAL is part of the hepatic acute phase response
(APR).13 The hepatic APR is characterized by the hepatic production of acute-phase
proteins (APPs) that collectively function to prepare the body to battle infection, minimize
tissue injury, and initiate wound repair.2l NGAL participates in the hepatic APR as a
bactericidal agent via the sequestration of iron, and works in conjunction with other iron
regulatory hepatic APPs such as hepcidin, 22 haptoglobin, 23 and ferritin.24 Since bacteria
require iron for growth, iron sequestration is a key defense against infection. The important
role of NGAL during infection is highlighted by studies demonstrating that NGAL knock-
out mice that have increased susceptibility to infection.25: 26

IL-6 is a major mediator of the hepatic APR and induces hepatocyte production of virtually
all acute phase proteins. 27 IL-6 production is triggered within minutes by numerous
systemic insults such as surgery, trauma, and sepsis as part of the systemic inflammatory
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response syndrome (SIRS) — which also occurs during AKI. In mice and patients with AKI,
plasma IL-6 increases by 2 hours.28 29 The production and renal handling of IL-6 during
AKI is well characterized. Notably the kidney is not a major source of IL-6 production

as evidenced by the fact that plasma IL-6 increases after bilateral nephrectomy. 28:30 |n
contrast, the spleen and liver are the major organ sources of IL-6 in AKI 31 and the major
cell source is the macrophage. 32 Clearance of IL-6 is decreased during AKI, largely as

a result of decreased proximal tubular resorption and metabolism.1! Since normal kidney
function is necessary to eliminate plasma IL-6, conditions associated with both SIRS and
AKI would be expected to have increased levels of plasma IL-6, as has been shown after
cardiopulmonary bypass surgery.29: 33

Although IL-6 is a known mediator of the hepatic APR, and I1L-6 levels are increased during
AKI, the role of IL-6 mediated NGAL production during AKI has not been previously
examined. With multiple lines of evidence, we demonstrate that circulating IL-6 mediates
hepatic NGAL production during AKI. Notably, /L-6"~ mice with ischemic AKI had
significantly reduced plasma NGAL levels that were associated with a reduction in hepatic,
but not renal, MRNA NGAL. Plasma NGAL and hepatic NGAL levels were also reduced
/L-67"~ mice with bilateral nephrectomy:; data in the bilateral nephrectomy model also
highlight the fact that the kidney is not necessary for NGAL production since plasma
NGAL levels were very high in wild type mice. We are aware of one other study that

has examined the role of IL-6 in hepatic NGAL production, /7 vivo;, in this study, IL-6
receptor deficient mice were subjected to bacterial infection and partial hepatectomy and had
reduced plasma NGAL.13 As with our study, I1L-6 hepatic NGAL production was mediated
by phosphorylation of STAT3.13

An important finding of our study is the rapidity by which IL-6 can induce hepatic

NGAL production. /n vivo, our novel data with 1V administration of IL-6 to normal

mice demonstrated that both hepatic NGAL production (mMRNA) and plasma NGAL were
increased within 4 hours. /n vitro, addition of IL-6 to hepatocytes increased NGAL levels by
2 hours, while previous studies have examined much later time points (8 and 24 hours).13
The rapidity of this response is biologically plausible, since NGAL production is part

of the hepatic APR, which occurs rapidly after diverse injuries. Whether other APPs are
similarly affected during AKI by has not been investigated, but our data would predict

that IL-6 mediated production of other APPs such as ferritin and hepcidin would also be
affected during AKI. Our results also predict that most conditions associated with SIRS

or an increased in plasma IL-6 would also be associated with a rise in plasma NGAL —
independent of AKI - as we observed after sham (surgery) in the present study. Indeed,
there are multiple examples of clinical conditions in which both plasma IL-6 and NGAL are
known to be elevated and include sepsis,34-37 pancreatitis,38: 3° myocardial infarction, and
cardiopulmonary bypass surgery.2%: 33

The rapidity of the effect of IL-6 on the liver during AKI aligns with our previous

studies of systemic effects of IL-6 during AKI. For example, circulating IL-6 mediates

lung inflammation and neutrophil accumulation that is observed 4 hours after the onset

of ischemic AKI. 4041 |L-6 also mediates IL-10 production in the spleen within 4 hours
which functions to limit sustained inflammation. 14 Together, these data highlight the diverse
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systemic effects of IL-6 which may be viewed as a coordinated innate immune response that
primes the host to battle infection. It is also important to note that while IL-6 initiates many
responses early after AKI, plasma IL-6 levels are diminished by 24 hours post-AKI. With
regard to NGAL, our data demonstrate that IL-6 initiates hepatic NGAL production within
4 hours but it is unknown whether other factors contribute to sustained NGAL production
since hepatic NGAL production and plasma levels are dramatically increased 24 hours post
AKI, when plasma IL-6 levels are low. In this regard, our data demonstrate that STAT3
activation is required for IL-6 mediated NGAL production in hepatocytes and suggest that
the delay in complete translocation of STAT3 to the nucleus (24 hours) may explain the
observation that NGAL production continues to increase 24 hours after IL-6 exposure.
Together, these observations highlight the importance of examining early and later time
points during AKI, and that AKI characteristics can change substantially over time.

Our data in the Lcn2HeP~/~ mice with ischemic AKI definitively demonstrated the role

of hepatocyte NGAL production during AKI and demonstrated that hepatocyte NGAL
production accounts for the majority of plasma NGAL levels, which — in turn — accounts
for the majority of urine NGAL levels at 24 hours. Previous studies examining the source
of urine NGAL during AKI demonstrated that NGAL is produced by the kidney and then
released into the urine and plasma from damaged tubules; in these studies, however, the
contribution of plasma NGAL to urine NGAL levels during AKI was not assessed, plasma
NGAL during AKI was not determined, and extra-renal production of NGAL via mRNA
and protein levels during AKI were not systematically examined.8: 18 Our report then builds
on this foundation of previous work demonstrating that urine NGAL appearance in AKI is
also due to impaired PT resorption and degradation of circulating NGAL — thus explaining
the utility of urine NGAL as a biomarker of AKI, despite being predominantly produced by
the liver.

Since a key novel finding our study is that a major source of urine NGAL is the plasma,

a major implication is that plasma levels of NGAL should be considered when interpreting
urine NGAL levels as a biomarker of AKI. To account for plasma NGAL levels, we
calculated the fractional excretion of NGAL (FE-NGAL). In clinical practice, this formula is
an estimate of the % of a filtered substance that is excreted in the urine and may be used to
indirectly infer tubular function, with a low percent corresponding to a high level of tubular
resorption and a high percent corresponding to a low level of tubular resorption. Since

our data demonstrate that circulating NGAL appears in the urine as a result of impaired
proximal tubule resorption and degradation of circulating NGAL, a method to assess for
tubular function and resorption would be predicted to be useful in the interpretation of urine
NGAL levels. Indeed, in mice with normal proximal tubular function — including severe
pre-renal azotemia - FE-NGAL was less than 1 % in all examples measured; in mice with
proximal tubular dysfunction from maleic acid or ischemic AKI, FE-NGAL was greater
than 10% in all examples tested. Of note, after IV injection, the FE of ANGAL was greater
than 100% in maleic-acid treated; since the only source of hNGAL is that which was
administered intravenously, renal production or secretion cannot be the explanation for this
high percent, rather we interpret this result to indicate that during PT dysfunction, NGAL
may transiently accumulate in the PT but then back-leak into the urine due to a failure of
degradation. This explanation is in line with previous reports demonstrating that intravenous
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NGAL normally localizes to the proximal tubule, 2019 with uptake thought to be due to
endocytic delivery of NGAL via megalin and degradation due to lysosomes (LAMP) within
proximal tubules®. We anticipate that there are many caveats to consider with the potential
use and interpretation of this formula in clinical (and pre-clinical) practice, for example,
since some urine NGAL is released into the urine during AKI, this would “falsely” increase
the FE-NGAL level - yet the increase would still favor the diagnosis of tubular injury. In
sum, calculation of FE-NGAL demonstrates that a method that accounts for plasma NGAL
levels and PT function has the potential improve the utility of urine NGAL as a biomarker
of AKI — especially to distinguish pre-renal azotemia from acute tubular injury, which is a
longstanding clinical conundrum.

Since previous studies have interpreted urine NGAL as a kidney tubule specific injury
marker versus a marker of systemic inflammation and proximal tubule dysfunction, we
suggest that studies that have utilized NGAL as a tubular specific marker of AKI may need
to be reinterpreted and/or reanalyzed. There are a number of cases where this is especially
true; for example, studies that had identified sub-clinical AKI (tubular injury without a rise
in serum creatinine) based on urine NGAL may not have been detecting tubular injury,

but causes of systemic inflammation and increased plasma IL-6 — as would be associated
with sepsis and other causes of SIRS. Conversely, NGAL levels should be interpreted with
caution in situations where inflammation is suppressed, as evidenced by our studies in
/L-67"~ mice which plasma and urine NGAL were markedly reduced without a true change
in kidney injury/function.

Although our study has many strengths, there are a number of important limitations and
unanswered questions. First, it is important to comment that AKI is an extremely complex
systemic disorder and that marked variability on the systemic response may occur depending
on the cause of AKI and the timing at which measurements are assessed. While we studied
multiple models of AKI, the majority of our studies were during ischemic AKI, and at 4

and 24 hours. The fate of NGAL and its metabolism by PT or other nephron segments

was not specifically examined. Better characterization of NGAL production and handling
may be warranted during other causes of AKI — particularly sepsis — and at additional time
points. The renal handling of NGAL during proximal tubule recovery was not investigated.
Although this is the first study to identify a specific mediator of NGAL production during
AKI, other mediators of hepatic NGAL production besides IL-6 are present since the
reduction in plasma NGAL was incomplete; thus IL-6 dependent and independent effects on
the hepatic production of NGAL - and other APPs - during AKI merits investigation.

Conclusions.

The major findings or our report are that hepatic NGAL production is the primary source of
plasma and urine NGAL during AKI, and that IL-6 is a major mediator of hepatic NGAL
production. Our data extend the known role of IL-6 in the systemic response after AKI

and change the paradigm by which NGAL should be interpreted as a biomarker of AKI:
specifically, NGAL is a marker of tubular function, and plasma levels should be accounted
for in its interpretation. With this approach, the diagnostic utility on NGAL may be greatly
improved, particularly to distinguish prerenal azotemia from acute tubular injury.
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Brief Methods (Additional details for all methods are in Supplemental
Methods)

Mice.

10-12 week old male wild type C57BI1/6J (WT), I1L-6 deficient IL6™M1KoPT (7 -67/=)42,
hepatocyte specific Lcn2 deficient (Len2'®P~/7), and cre-negative floxed littermates mice
were used as previously described.13 WT and /£-67~ were purchased from The Jackson
Laboratories; the IL-6—/— mice are on a C56BI/6J background (JAX stock 002650).
Lcn2"*P~!~ breeding pairs were provided by Dr. Bin Gao, M.D., Ph.D. NIH, Bethesda, MD.

Surgical procedures.

Ischemic AKI was induced by bilateral clamping of renal pedicles for 5, 10, 15, 23, 27 or
29 minutes on a bath heated platform 38°C via abdominal approach. Sham and bilateral
nephrectomy were performed as previously described.12

Kidney function, histology, immunofluorescence staining, RNA Isolation and Quantitative
RT-PCR, IL-6 injection, neutrophil depletion, and STAT3 (Phospho/Total) expression.

See supplemental methods.

In vitro studies.

AML12 (hepatocyte mouse cell line) and HepG2 (hepatocyte human cell line) were
purchased from ATCC® (CRL-2254, HB-8065). See supplemental methods.

Flow cytometry to assess neutrophil depletion was performed as previously described
15 using the following strategy to identify neutrophils by cell surface markers: CD45+,
CD11b+, CD11c—, MHCII-, CD24+, and Ly6g+.

Transcutaneous glomerular filtration rate (GFR).

Transcutaneous GFR (tGFR) was measured and performed as we have previously reported.
43 GFR measurements were obtained at baseline, and then after the pre-specified time
point in mice treated with vehicle, furosemide or maleic acid or after ischemic AKI.

The NIC-Kidney device (MediBeacon Inc, Amtsgericht, Germany) was utilized for tGFR
measurements per manufacturer’s instructions. 44

Study approval.

All animal experiments were conducted with adherence to the NIH Guide for the Care and
Use of Laboratory Animals. The animal protocol was approved by the Animal Care and Use
Committee of the University of Colorado at Denver.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational statement.

Acute kidney injury is the most common inpatient consultation to nephrologists, and

is associated with increased morbidity and mortality. Current tools to identify and
classify AKI are inadequate. Herein, we extensively characterize the production and renal
handling of one of the most widely studied AKI biomarkers — NGAL- and demonstrate
several new insights into its production and renal handling that may improve its accuracy
to identify AKI and distinguish between prerenal azotemia and acute tubular injury,
which have major differences in the approach to clinical care. Since we demonstrate that
the major source of urine NGAL is the plasma and increases during proximal tubule
dysfunction, future studies should incorporate methods to account for plasma NGAL
levels and proximal tubule function in patients with adjudicated pre-renal azotemia and
acute tubular injury.
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Figure 1. IL-6 deficient (I L-6‘/') mice have similar kidney function and injury after sham
(surgery alone), ischemic acute kidney injury (AKI) or bilateral nephrectomy (BNXx).

Kidney injury was determined in normal (unmanipulated) mice, and after sham, AKI or BNx
at 4 and 24 hours in wild type (WT) and /L-6"~ mice. No kidney injury occurred after
sham (surgery alone) in either WT or /L-67~ as judged by (A) BUN, (B) plasma creatinine,
(C) kidney KIM-1 mRNA, and (D) ATN score with (E) representative PAS images. Kidney
injury was similar at 4 and 24 hours after AKI between WT and /L-6~ mice as judged

by (F) BUN, (G) plasma creatinine, (H) kidney mRNA KIM-1, and (I) ATN scores with
(J) representative PAS images. Wild type and /L-6"~ mice with bilateral nephrectomy had
similar levels of (K) BUN and (L) plasma creatinine. N=3 to 12 mice per group from

3 experiments. Results are expressed as mean £SEM and analyzed by t test: WT versus
/L-67"~ at the same time point (indicated above the bar) and versus normal WT (indicated
below the bar: *P<0.05; **P<0.01, ***P < 0.0001). Scale bar: 100 um.
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Figure 2. Plasma NGAL is reduced in IL-6 deficient | L-67"" mice after sham (surgery alone),
ischemic acute kidney injury (AKI) or bilateral nephrectomy (BNx) at 4 and 24 hours post-
procedure.

Plasma IL-6, plasma NGAL, and urine NGAL were determined in normal (unmanipulated)
mice, and after sham, ischemic AKI or BNXx at 4 and 24 hours in wild type (WT) and /L-67/~
mice. Plasma IL-6 was increased in WT 4 and 24 hours after (A) sham, (B) AKI, and (C)
BNXx. Plasma NGAL was significantly reduced in /L-67/~ at 4 and 24 hours after (D) sham,
(E) AKI and (F) BNx. Urine NGAL was reduced after sham and ischemic AKI in /L-67/~
(G-J). N=3 to 12 mice per group from 3 experiments. Results are expressed as mean +SEM
and analyzed by t test: WT versus /L-6"~ at the same time point (indicated above the bar)
and versus normal WT (indicated below the bar: *P<0.05; **P<0.01, ***P < 0.0001).
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Figure 3. NGAL production (MRNA) occurs predominantly in the liver after sham (surgery
alone}, ischemic acute kidney injury (AKI) and bilateral nephrectomy (BNx), and liver NGAL
mRNA is reduced in IL-67"mice.

MRNA NGAL levels were determined in the (A-C) liver, (D, E) kidney, (F-H) lung, and
(1-K) spleen in normal (unmanipulated) mice, and 4 and 24 hours after sham, AKI or BNx
in wild type (WT) and /L-6"~ mice. N=3 to 12 mice per group from 3 experiments. Results
are expressed as mean +SEM and analyzed by t test: WT versus /L-67~ at the same time
point (indicated above the bar) and versus normal WT (indicated below the bar: *P<0.05;
**P<0.01, ***P < 0.0001).
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NGAL: 24 hours after AKI

wT
O e+

Figure 4. NGAL protein accumulates in the liver, lung, spleen, and kidney at 4 and 24 hours after
sham (surgery alone), ischemic acute kidney injury (AKI) or bilateral nephrectomy (BNXx).

NGAL protein levels (ELISA) were determined in normal (unmanipulated) mice, and 4
and 24 hours after sham, AKI and BNx in wild type (WT) and /-6~ mice in the (A-C)
liver, (D-E) kidney, (F-H) lung, and (I-K) spleen. (L) Immunofluorescence staining for
NGAL was performed 24 hours after AKI in WT and /L-67~ in the liver, kidney, lung,
and spleen (representative images). N=3 to 12 mice per group from 3 experiments. Results
are expressed as mean +SEM and analyzed by t test: WT versus /L-67~ at the same time
point (indicated above the bar) and versus normal WT (indicated below the bar: *P<0.05;

**p<0.01, ***P < 0.0001). Scale bar: 100 pm.
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Relative NGAL accumulation (protein) in the liver, kidney,
lung and spleen 4 and 24 hours after ischemic AKI
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Figure 5. Relative NGAL_P_rod_uction (mRNA) and accumulation (protein) after ischemic AKI in
wild type (WT) and IL-6"'" mice.

(A,B) NGAL production (mRNA) in liver, kidney, lung, spleen is expressed as % organ
production and demonstrates that the liver is the major organ source of NGAL production

4 and 24 hours post-AKI in WT mice after ischemic AKI; in /L-67", the kidney is the
major source of NGAL production. Thus, IL-6 is a mediator of hepatic, but not renal, NGAL
production. (C, D) NGAL protein levels in the liver, kidney, lung, and spleen are expressed
as % organ levels and demonstrate that after AKI, NGAL accumulates predominantly
within the kidney, lung, and spleen (total protein was determined within organs, thus, organ
accumulation does not distinguish free NGAL from NGAL contained within neutrophils). A
similar distribution of NGAL accumulation was observed in /-6~ mice. (The size of the
pie chart were adjusted to indicate relative production and accumulation between WT and
/L-67"=.) The differences in mRNA and protein highlight that while the liver is the primary
site of organ production, NGAL accumulation is widely distributed.
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Plasma IL-6 (pg/mL)

Figure 6. Intravenous (1V) administration of IL-6 to normal WT mice induces NGAL production

(mRNA) in the liver and increases plasma NGAL.

200 ng of recombinant murine IL-6 or 0.1% BSA was administered IV every hour for 3
hours to healthy WT mice; endpoints were determined 1 hour after the last IV injection.
MRNA NGAL expression was significantly increased in the (A) liver, but not the (B) kidney,
(C) lung, or (D) spleen in IL-6-treated. Protein NGAL levels were significantly increased in
the (E) plasma, (F) liver, and (G) kidney but not the (H) spleen, or (1) lung in IL-6-treated.
Urine NGAL was significantly increased (J), but not when corrected for urine creatinine (K)
in IL-6-treated. Kidney injury did not occur after IL-6 administration as judged by similar
levels of (L) BUN, (M) plasma creatinine and (N) kidney KIM-1 mRNA expression. (O)
Plasma levels of IL-6 were increased in mice receiving 1V IL-6, as expected. Data were
analyzed by t test, *~< 0.05, **P< 0.01 and ***P < 0.001, Vehicle vs IL-6. Results are
expressed as mean =SEM of expression values for 6 mice per group from 1 experiment,

n=6).
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Figure 7. IL-6 mediates NGAL production by 1 hour in hepatocytes, in vitro.
Vehicle (Veh) or 50 ng/mL of human recombinant IL-6 was added to human (HepG2)

hepatocytes. (A) NGAL mRNA was increased in hepatocytes at 1, 2, and 4 hours after
IL-6 addition. (B) NGAL protein levels in the media increased at 2 and 4, hours after I1L-6
addition **P< 0.01 and ***P < 0.001 vs vehicle treated at the same time point by t test.
n=2-5 for each condition.
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Figure 8. IL-6 mediated NGAL production in the liver and hepatocytes is dependent on
phosphorylation of STAT3.

Nuclear and cytosolic fractions were isolated from the liver and kidney from normal wild
type (WT) mice and at 4 and 24 hours after AKI in WT and /-6~ mice and total and
phosphorylated STAT3 (pSTAT3) was determined by ELISA. (A, B) In the liver. pSTAT3
increased and completely translocated to the nuclei at 24 hours in WT, but not /-6~ mice,
with AKI. (C, D) In the kidney, pSTAT3 increased and translocated to the nucleus in both
WT and /-6~ mice at 4 and 24 hours. IL-6 and an inhibitor of STAT3 phosphorylation
(STATTIC) was added to murine (AML12) and human (HepG2) hepatocyte cell lines /in
vitro. IL-6 was added 1 hour after addition of Stattic; media NGAL was determined 4 hours
after adding IL-6. (E-H) NGAL was increased with addition of 1L-6 and reduced with
IL-6+STATTIC in AML12 and HepG2. IL-6 was unchanged by STATTIC in AML12 and
HepG2. Data represent the expression values for 3 to 5 mice per group from 1 experiment.
Results are expressed as mean £SEM. Data were analyzed by t test, *~< 0.05, **~< 0.01
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and ***P < 0.001 vs. WT normal (uninjured) mice or vs. vehicle in cell culture experiments.
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Figure 9. Hepatocyte-specific Lcn2 (NGAL) deficient mice have reduced plasma and urine
NGAL after ischemic AKI.

Normal mice (no procedure), sham (surgery alone) and ischemic AKI were studied in
hepatocyte specific Lcn2 deficient (LcnZ'®P~) mice, Cre-negative floxed littermates were
used as controls (Lcn2'eP**). (A, B, C) Plasma and urine NGAL were dramatically

reduced in Lcn2eP~/= versus LcnZHePH* . As expected, Liver mMRNA NGAL expression
was decreased in Lcn2'®P~/~ versus Lcn2eP**; NGAL mRNA was similar in the (B) kidney
and (C) lung in Lcn2HeP=/= versus Len27eP*+: (D) spleen mMRNA NGAL was reduced after
AKI in Len27eP~I= versus LcnZHeP* NGAL protein levels were reduced in LcnZ'eP=/-
LenZHeP=I= versus Len2€P*!* in the (E) liver, and (K) kidney, but not the lung and spleen in
AKI. Kidney function with AKI was similar as judged by (L) BUN, (M) plasma creatinine
and (N) kidney mRNA KIM-1 expression. (O) Plasma 1L-6 levels were similar in AKI.
Results are expressed as mean xSEM; N = 4-6 mice per group from 3 exDeriments.
Analyzed by t test. *£< 0.05. **P< 0.01 and ***P < 0.001, Lcn2eP** vs. Lcnhep/-,
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Figure 10. Ly6G+ cells are not the source of plasma or urine NGAL after ischemic acute kidney
injury (AKI).
Normal mice (NI), and mice with and without depletion of Ly6G+ cells were studied 4 and
24 hours after ischemic AKI. Ly6G is predominantly expressed on neutrophils. There was
no change in kidney function/injury after AKI with Ly6G+ cell depletion as judged by (A)
BUN, (B) plasma creatinine and (C) kidney Kim1 mRNA. Neither (D) plasma nor (E,F)
urine NGAL were affected by Ly6G+ cell depletion. (G) Liver, (H) kidney, (1) spleen, and
(J) lung NGAL production was not affected by Ly6G+ depletion. NGAL protein levels in
the liver and kidney (K and L) were not affected by Ly6G+ cell deletion. NGAL protein
was reduced in the spleen at 24 hours in the lung at 4 and 24 hours after AKI with Ly6G+
cell depletion (N). Neutrophil depletion was confirmed by flow cytometry of the spleen (O).
Results are expressed as mean £SEM; 2 separate experiments. Analyzed by t test, Ly6G+
versus Ly6G— at the same time point. (N=4-10)
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Figure 11. Models of AKI.
(A) Transcutaneous GFR was measured in 5 groups: 1) mice treated with vehicle (saline),

2) mice treated with 0.5 mg furosemide (1x furosemide) to induce mild prerenal azotemia,
3) mice treated with 4 mg furosemide for 2 doses (8x furosemide) to induce severe prerenal
azotemia, 4) mice treated with maleic acid to induce proximal tubular injury and Fanconi
syndrome, and 5) mice subjected to ischemic AKI. GFR was determined 6 hours after
vehicle, furosemide, and maleic acid treatment, and 4 hours after ischemic AKI. GFR was
analyzed by one way ANOVA, comparing all groups. *P < 0.01 versus Vehicle and 1x
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furosemide, **P < 0.001 versus all other groups. Results are expressed as mean £SEM.
n=3-6. (B) BUN and (C) plasma creatinine were determined 6 hours after vehicle, 6 hours
after 1x furosemide, 6 hours after 8x furosemide, 6 hours after maleic acid, 4 hours after
ischemic AKI, and 4 hours after bilateral nephrectomy. GFR as a percentage of vehicle
treated is indicated for reference (GFR was not measured in the bilateral nephrectomy group,
but is assumed to be “0” since both kidneys are removed). BUN and plasma creatinine were
analyzed by t test versus vehicle: *P<0.05; **P<0.001, ***P<0.0001. Results are expressed
as mean +SEM. n=5-12 (groups include mice that directly had GFR measured, as well as
additional mice).
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Figure 12. Intravenously administered recombinant human (h) NGAL increases in the urine of
mice with maleic acid administration and ischemic AKI to a greater extant than during pre-renal
azotemia (furosemide administration).

rhNGAL was administered intravenously(IV) 6h after vehicle, furosemide, and maleic acid;
and 4 hours ischemic AKI and bilateral nephrectomy (BNx). Endpoints were determined 1
after IV hNGAL administration. (A) hNGAL was significantly increased in the plasma after
severe prerenal azotemia (8x furosemide), maleic acid administration, ischemic AKI, and
bilateral nephrectomy versus vehicle. (B) Urine hNGAL was significantly increased after
maleic acid treatment and ischemic AKI versus vehicle. (C) Fractional excretion (FE) of
hNGAL was less than 1% in vehicle, mild prerenal azotemia (1x furosemide), and severe
prerenal azotemia (8x furosemide), and was greater than 10% after maleic acid treatment
and ischemic AKI. (D-F) Endogenous murine (m) NGAL was determined in the plasma
and urine, and FE-mNGAL was calculated. Analyzed by t test versus vehicle, *P<0.05,
**P<0.01, ***P<0.001. n=5-12 (groups include mice that directly had GFR measured, as
well as additional mice; GFR for each model relative to vehicle is indicated below for
reference).
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