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Chronic kidney disease (CKD), the progressive worsening of kidney function resulting from the
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million end stage renal disease patients by 2010 places a substantial burden on global health care
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CHAPTER I
REVIEW OF RELATED LITERATURE

Sepsis: a life threatening condition and a worldwide heath care problem

Sepsis is a characteristic set of systemic reactions to overwhelming infection.
Sepsis, severe sepsis, and septic shock are defined according to established criteria
(see introduction Chapter 1). Discovery of antibiotics has dramatically improved the
morbidity and mortality of the infectious diseases for the last decades; indeed antibiotics
and volume resuscitation are the first line of sepsis treatment strategy [45]. However,
overwhelming inflammatory response accompanied by depression in immunological
function causes multiple organ injury and determines clinical outcomes. In addition to
inflammation and immunological dysregulation, a number of different mechanisms
contribute to sepsis at different phases (Figure 6). For instance, systemic
hemodynamics evolves from an early hyperdynamic (“warm shock”) state to a late
hypodynamic (“cold shock”) state. A multitude of potential drug targets have been
identified in animal models of sepsis; however, translation from animals to humans has
been exceedingly difficult. Several reviews have pointed out that the failure to translate
results from animals to humans has been attributed to disease characteristics of sepsis
(complexity and heterogeneity), inappropriate clinical trials (study of ineffective drugs,
inadequate clinical trial designs), and animal models that do not fully mimic human

sepsis [11-14].

Requirements for animal models of sepsis

Human sepsis is currently hypothesized to consist of at least two stages: an
initial pro-inflammatory burst responsible for hypotension and organ dysfunction,
followed by a compensatory anti-inflammatory immune response that leads to an
immunosuppressed state often called immune depression or immune dysfunction;
however, these stages may overlap temporally (Figure 6) [46]. The latter consists of
altered monocyte antigen presentation, decreased lymphocyte proliferation and
responsiveness, and lymphocyte apoptosis and anergy, which accounts for nosocomial

infections and late deaths in sepsis. Animal models of sepsis need to reproduce the
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complexity of human sepsis and its treatment in the ICU. Ideally, animal models should
mimic the pace and severity of human sepsis, reproduce key hemodynamic (warm
shock followed by cold shock) and immunologic (pro-inflammatory stimulation, anti-
inflammatory counter-regulation, i.e., immune depression) stages, mimic histology
findings in key organs (lung, liver, spleen, kidney, etc.) that are frequently modest, and

perhaps counter- intuitively for animal modelers - exhibit variability among animals.

Figure 6. Simplified clinical course of sepsis. Progression of disease is complex,
nonlinear, and varies from one patient to another. Shown is an outline of selected
landmark events and processes that appear to be common among patients and some

animal models. DIC, disseminated intravascular coagulation.

Standard animal models of sepsis

Sepsis animal models can be divided into three categories: (i) exogenous toxin
injection (e.g., LPS); (ii) alteration of the animal’s endogenous protective barrier, such as
intestinal leakage [e.g., cecal ligation and puncture (CLP) or colon ascendens stent

peritonitis (CASP)], and (iii) infusion or instillation of exogenous bacteria (Table 2) [46].

Table 2. Frequently used animal model of sepsis



17

LPS-induced inflammation models. Endotoxin, a component of the outer
membrane of Gram-negative bacteria, is involved in the pathogenesis of sepsis, and a
LPS infusion/injection model has been widely used for sepsis research. LPS
administration induces systemic inflammation that mimics many of the initial clinical
features of sepsis, including increases of proinflammatory cytokines such as TNF-OL and
IL-1, but without bacteremia. Treatment of LPS-injected animals with neutralizing
antibody against TNF-OL or IL-1 resulted in improved outcomes for this model [47, 48]. A
case report describes a patient who self-administered a large dose of LPS and the full
clinical manifestations of septic shock developed [49]. LPS infusion also causes renal
injury, including decreased GFR, increased blood urea nitrogen (BUN) and increased
renal neutrophil infiltration [50-52].

Several clinical trials of anti-TNF-OL and anti-IL-1 therapy were performed based
on the promising results in LPS animal studies; however, these trials failed to improve
survival of septic patients [53, 54]. LPS causes much earlier and higher peak levels of
cytokine expression compared with levels observed in human sepsis, with the notable
exception of meningococcal sepsis, a rare, pathogen- and site-specific form of sepsis
where cytokine levels are comparable to those observed in LPS animal models [55-57].
Also, some features of LPS infusion such as renal hypoperfusion and increased BUN are
alleviated by volume replacement, which is routinely performed in clinical management
of sepsis [58, 59]. Nevertheless, LPS infusion remains a useful tool to interrogate a
simpler subset of the complex trajectory of sepsis. The LPS dose can be titrated to
mimic early sepsis without hemodynamic compromise, which has been useful for
studying systemic and renal responses during the initial phases of sepsis; doses of LPS

typically used induce systemic hypotension and decrease glomerular perfusion,
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whereas lower doses of LPS do not cause any systemic hypotension but still decrease

glomerular perfusion [60, 61].

Cecal ligation and puncture (CLP) models of polymicrobial sepsis. CLP is
currently the most widely used animal model of sepsis [12, 62, 63]. CLP surgery is
straightforward: ligation distal to the ileocecal valve and needle puncture of ligated
cecum causes leakage of fecal contents into the peritoneum(Figure 7) [64], with
subsequent polymicrobial bacteremia and sepsis [64]. This surgical manipulation, while
not well standardized, allows the severity to be adjusted by the length of ligated cecum
and the size and/or number of the puncture. Supportive treatment with fluids and
antibiotics is quite variable across laboratories, and almost always inadequate since
typically only a single fluid and/or antibiotic dose is given [65]. Multiple species of
bacteria are found in the blood stream and progressive systemic inflammatory response
syndrome followed by septic shock and multi-organ injury ensues. Mice subjected to
CLP generally became severely hypotensive without an apparent hyperdynamic phase,
although more vigorous fluid resuscitation can result in an early hyperdynamic phase
detected by echocardiography [66]. CLP-induced sepsis models show a similar
cytokine profile to human sepsis [565, 56] and anti-TNF-Ql treatment fails to alleviate
sepsis in CLP models as in human sepsis [56, 67]. As described above, human sepsis
is considered to have two immunologically different stages; a pro-inflammatory phase

and a compensatory anti-inflammatory phase.
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Figure 7. Critical steps in the CLP procedure in mice. (a) Disinfection of the abdominal
area after shaving. (b) Skin midline incision.(c) Exposure of the cecum, which can be
mostly found in the lower left area of the abdominal cavity. (d,e) Ligation of the cecum at
designated positions as the major determinant of sepsis severity. For the induction of
mid-grade sepsis resulting in survival rates of 40%, the cecum is ligated (indicated by
dotted green line) at half the distance between distal pole and the base of the cecum
(black dotted line). (f,g) High-grade sepsis (100% lethality) comprises ligation of 75% of
the cecum (dotted red line). The basis of the cecum is indicated by the yellow line. (h,i)
Cecal puncture (‘through-and-through’) from mesenteric toward antimesenteric direction
after medium ligation. (j,k) Needle puncture of the cecum under the conditions of high-
grade sepsis (large ligation). () Wound closure by applying simple running sutures to

the abdominal musculature and metallic clips to the skin.

CLP-induced sepsis increased lymphocyte apoptosis, which mimics
immunosuppression at the later phase of human sepsis [68-70]. In this respect CLP-

induced sepsis is completely different from LPS infusion—induced sepsis and more
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closely mimics human sepsis. The standard CLP model encompasses more clinical
features and drug responses of human sepsis than the LPS model, but is still missing
some key features, especially kidney and lung injury. Additionally, the severity of sepsis
can be adjusted by the length of ligated cecum and size of the punctured needle
(Figure 8), the larger needle, the more sepsis severity. The difference in anatomy and
the tolerance to the surgical procedures between rat and mice will require different

surgical techniques (Figure 8)[64].

Figure 8. Anatomy of rodent cecum. (a,b) Schematic illustration of characterized
positions of cecal ligation to induce mid-grade sepsis (medium ligation; dotted green
line) or high-grade sepsis (large ligation; dotted red line) in (a) mice and (b) rats. The
yellow line represents the basis of the cecum immediately below the ileocecal valve,
which should be used as a reference to estimate the length of the cecum to be ligated.
A major difference between mice and rats is that in rats a membrane stretches at the
mesenteric site of the cecum (yellow area in b), which needs to be dissected before
cecal ligation and which is not found in mice. In addition to medium and large ligation,

small ligation (dotted blue line) comprising 10% of the cecum is presented for rats in (b).
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Bacterial infusion or instillation model. Whereas models such as CLP and CASP
are helpful in understanding polymicrobial sepsis, human sepsis may also be caused by
a single pathogen. Bacterial infusion models can approximate introduction of a single
pathogen in a controlled manner, allowing reproducible infection. These models have
been translated to larger animals for the study of systemic and organ-specific
hemodynamics (see below). Similarly, instillation can be useful for simulating
pneumonia, especially as a nosocomial infection_[70]. These models provide

complementary information that is likely to be pathogen-specific.

Large animal sepsis models. Large animal sepsis models have been developed
using LPS infusion, CLP surgery, and bacterial infusion and inoculation. Since these
larger animals can be fully instrumented to measure circulatory parameters and
continuously infuse fluids and therapeutic agents, ICU fluid management protocols can
be used, and hemodynamic status can be documented. Fink et al. implanted a fibrin
clot containing live Escherichia coliin the peritoneal cavity of dogs, which increased
cardiac output and decreased blood pressure and systemic vascular resistance (SVR)
[71]. This canine sepsis model has been used for drug evaluation[66-68]. Recently a
new canine sepsis model, induced by intra-bronchial Staphylococcus aureus
administration, has been developed [72]. In this model, treatment with mechanical
ventilation, antibiotics, fluids, vasopressors, sedatives, and analgesics were adjusted
based on algorithms similar to the care provided for human sepsis. Renal dysfunction
evaluated by serum creatinine and BUN was found in acute non-survivors (<24 h) and
decreased urine output in subacute non-survivors (24-96 h). In a baboon model, a
hyperdynamic state is pre-activated by injection of killed bacteria, followed by injection
with live Escherichia coli; renal dysfunction was also demonstrated [73-75]. It is of note
that renal histological changes including tubular epithelial cell injury, fibrin deposits, and
inflammatory cell infiltration, were found in this model.

Additionally, Failure of the renal circulation is thought to be a crucial factor for
developing sepsis-induced AKI; despite lack of demonstrated efficacy, low dose

dopamine is often administered to preserve renal blood flow (RBF). However, in recent
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reports with a large animal sepsis model, AKI developed even with increased RBF. In
sheep infused continuously with live Escherichia coli, serum creatinine increased
despite a more than doubling of RBF [76]; notably, the expected redistribution of
intrarenal circulation between cortex and medulla (measured by implanted Laser
Doppler flow probes) was also absent [77]. On the other hand, rodent sepsis models of
LPS infusion or CLP developed renal microcirculatory failure, as evaluated by more
precise methods, including intravital two-photon video microscopy [78-81]. It should be
noted that these rodent sepsis models might have insufficient fluid resuscitation. In
septic humans, microcirculatory derangements can be detected by orthogonal
polarization spectral imaging [82]. Indeed, mortality was better predicted by
microcirculatory failure than systemic hemodynamics [83, 84]. Further investigation is
necessary to clarify the relative contribution of global renal blood flow and
microcirculation to sepsis and sepsis-induced AKI, and whether defects in one of these

vessel beds can be treated without compromising the other.

Classification of sepsis animal models by sepsis clinical syndrome

The limitation in patient histopathology in sepsis leads to extensive animal
studies in different models. We should understand the limitation and the representative
of each model to properly interpret the study results. The extensive reviews on the detail
of sepsis animal models mentioned previously including benefit and limitation [46, 85].
In this part, to match with sepsis definition (varies in the severity) and the adaptation to
human conditions, we divided models into 4 categories;

(a). Model for systemic inflammatory response syndrome (SIRS): models in this
groups aim to trigger the inflammatory response by endotoxin (lipopolysaccharide: LPS)
injection refer to as gram negative bacterial sepsis [86], Lipoteichoic acid (LTA) injection
as gram positive bacterial sepsis [87] or killed/ live bolus bacterial injection [88-91].
These models show SIRS as measured by alteration in vital sign and complete blood
count but no evidence of infection. The live bacterial injection in lethal [88] or non- lethal
dose [77] results in rapid decrease in blood pressure however the 12- 24 h study period

might not enough to create actual infection. Additionally, the bolus bacterial injection
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does not typically neither colonized, replicated in host nor regularly cause bacteremia
as human sepsis [85] except staphylococcal injection [92]. However, the dissemination
of microabcess in multiple organs might leads to organ dysfunction independently from
SIRS. Then the staphylococcal injection model is the model specific to mimic specific
condition such as staphylococcal endocarditis more than sepsis model. Nevertheless,
renal dysfunction caused by severe SIRS from high dose bacterial toxic substance (LPS,
LTA) might not mediate through SIRS but via direct renal cell receptor activation [93].
Moreover, the rapid exposure of LPS, LTA or bacteria might suddenly verwhelm host
defense mechanism which is different from patient sepsis pathophysiology [94]. Despite
less sepsis mimicry, the models in this category are more relate to sepsis condition than
other SIRS models (eg. smoke inhalation, multiple fracture, burns, acute pancreatitis,
etc.) [85, 94-98] and are tremendously useful for understanding SIRS from bacterial
components.

(b) Models for sepsis, severe sepsis or septic shock: models in this group
mimics real infection in the different organs using several methods eg. cellulitis [99],
pneumonia [70], peritonitis [100, 101] or the continuous live bacterial infusion [76].
There are SIRS with documented infection in these models then the local infection will
progress into sepsis, severe sepsis and septic shock. In the continuous bacterial
infusion, the presence of bacteria in blood mimics sepsis definition with or without real
infection. The most widely used model in this category is the peritonitis model using
either large animal such as ruptured appendix model [101], fecal peritonitis model or
smaller animal such as cecal ligation and puncture (CLP), colon ascendance stent
peritonitis (CASP) model [85]. The investigator can choose the proper time point in these
models to explore sepsis (without organ failure) or severe sepsis (with organ failure) or
septic shock (with low blood pressure). However, if the insults are less severe then there
will be no shock in model with lower mortality. Thus, it might be more practical to
determine these different severity syndromes by the survival which more commonly
presented in most studies than cardiovascular parameters. We purposed as sepsis,
mortality less than 5- 10%; severe sepsis, mortality less than 50% and septic shock,

mortality more than 50%. We used 50% as the cutting point due to human sepsis
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mortality is around 50%. The main mechanisms of sepsis injury in these 3 clinical
syndromes might be different with some overlaps. Hence, the translation from animal
models to the matched reciprocal patient categories might lead to more success patient
studies [102].

(c) Models for refractory septic shock: models in this category are the same as
previous category but need to administer vasopressor and fluid to maintain blood
pressure. The “refractory” will be determined by the high dose of vasopressor to
maintain BP. Some of the animals in specific experimental groups in several studies are
in this category which might be the most resembles human sepsis conditions. Most of
the large animal studies use vasopressors and fluid resuscitation in the experiments
[103]. However, the study that selectively studies only “refractory shock” is lacking. The
high cost of large animal maintenance, manipulation and monitoring limits number of
studies in this group.

(d) Models of sepsis with pre- existing underlying diseases: the investigators
recently try to mimic patient sepsis which mostly complicated with pre-existed
underlying disease such as pneumonia, burn or fracture [15, 70, 104, 105]. We
introduced sepsis with pre-existed chronic kidney disease by folic acid injection and 5/6
nephrectomy [15] which showed different result with sepsis in healthy animal.

The stratification of the sepsis studies might be easier for interpretation and
translation from the current extensive and increasing number of sepsis studies.
However, the current definition of sepsis might still not perfect despite has been used for
decade [106]. The interpretation of animal model studies should always develops along
with the clinical definition to mimic specific human clinical syndrome.

Considering the mimicry to sepsis patient, the CLP model should be the most

appropriate model for our sepsis in CKD study.

The modification of CLP model in current sepsis study

Animal models of sepsis differ from human sepsis because of age, comorbidity,
and use of supportive therapy [13]. Starting from a clinical perspective, we reasoned

that within practical limitations animals should receive treatment comparable to the
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supportive therapy that is standard for ICU patients. This is essential to enable us to test
if a therapy has additional benefit beyond that supplied by conventional fluid and
antibiotic therapy. We also hypothesized that the CLP model could be improved by
simulating one or more underlying baseline conditions typically present in septic
patients, such as advanced age or chronic disease.

Age, resuscitation, and antibiotics. Since the incidence of sepsis dramatically
increases with age, and elderly patients are especially prone to sepsis and sepsis-
induced AKI [107], our first modification of standard CLP models was to employ older
mice, i.e., retired breeders. We and others found that aged mice (16 to 50 weeks old)
were more susceptible to CLP and LPS than young mice around 8 to 16 week old [59,
108, 109]. In standard mouse CLP models, animals are typically given a small amount of
fluid resuscitation and perhaps a dose of antibiotics immediately after surgery, but fluid
and antibiotic treatment are not continued. Because volume resuscitation can reverse
LPS-induced renal injury in aged mice [59], we added volume resuscitation and
antibiotic treatment to the standard CLP model. Animals became clinically ill at 5-6
hours after surgery, at which time they had evidence of liver damage; kidney damage
was evident by MRI early [110], but serum creatinine and BUN did not significantly
increase until 12 hours after surgery [111]. With these additions, consistent histological
renal damage with significant increase of serum creatinine were observed, not because
fluids and antibiotics were harmful to the kidney, but because the animals could survive
long enough to develop AKI [59, 112]. Acute tubular necrosis is found in ischemic and
toxic AKI, but is not present in any of our mouse CLP models; in contrast, we observed
areas of proximal tubular cells that contain prominent intracellular vacuoles of unknown
composition (Figure 9) [111]. Although a similar tubular vacuolization is found in
cyclosporine nephropathy [113], its significance and relevance in sepsis still needs to

be clarified[114].
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Figure 9. Histology of AKI in a clinically relevant model of CLP-induced sepsis.
Periodic acid-Schiff (PAS) staining of mouse kidney cortex 24 hours after CLP surgery
(A) or sham surgery (B). Pink staining of brush border is visible in sham cortical tubules,
and loss of brush border is evident, as is mild dilation, after CLP. Vacuolization is seen
after CLP in almost all tubules, most prominently in two tubules in the upper-right corner

(circled). Original magnification, x400. Scale bar: 200 pym.

Genetic heterogeneity. We next developed a CLP model in aged outbred rats
(Sprague Dawley strain). We originally switched to rats because serum and urine are
difficult to collect from mice [115]. In contrast to the mouse CLP model, which
consistently develops multi-organ injury, the rat CLP model showed heterogeneous
responses, with a wide spectrum of degrees of organ injuries. This model demonstrated
early but not late increases in IL-6 levels that corresponded with development of kidney

injury, similar to those seen in septic patients [116].
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Could the variability and sensitivity to AKI be attributed to the outbred Sprague
Dawley strain? We shifted our CLP mouse model to the outbred CD-1 strain, and found
that CD-1 mice developed sepsis AKI at a young age [112]; whereas the inbred C57BL6
strain developed AKI only at an advanced age [59]. The reason for this difference in
susceptibility is unknown, but the genetically heterogeneous human population should
be more accurately represented by outbred mice, reducing the bias found in inbred
strains that might contain or lack recessive disease susceptibility loci, depending on
selective pressures [102, 117].

Late stage immunosuppression. Despite a focus on the proinflammatory aspects
of sepsis, most deaths in sepsis occur from nosocomial infections during a late
prolonged immunosuppressed state, even in the face of successful early, supportive
therapies. Septic patients have defects in innate and adaptive immunity, including
altered monocyte antigen presentation, decreased lymphocyte proliferation and
responsiveness, and lymphocyte apoptosis and anergy [11, 70]. Prevention and/or
treatment of this immune deficiency should be a focal point for novel treatments;
immunostimulatory therapies such as IFN-Y and GM-CSF are being tested in early
phase clinical trials [118], However, this dimension of sepsis has been
underrepresented in animal models; simple CLP models have splenic apoptosis, but
generally die too early before later immunosuppression fully develops. More complex
models have been developed recently. A ‘two-hit’ model of CLP followed by instillation of
bacteria (Pseudomonas aeruginosa or Streptococcus pneumoniae) mimics nosocomial
infections that result from immune depression [70, 119]. In these animals, pro-
inflammatory cytokines (e.g., IL-6) were decreased, anti-inflammatory (e.g., IL-10)
cytokines were increased, bacteria clearance was reduced, and profound lymphocyte
apoptosis was observed. An alternative model for late hypoimmune events involves CLP
in mice and subsequent removal of the necrotic cecum, which can lead to a complete
recovery. Peritoneal macrophages isolated from CLP mice that had cecectomy four
days after sepsis induction had lower IL-6 production, indicating a hypoimmune state
[120]. IFN-Y production by splenocytes was suppressed in CLP mice but was reversed

by cecectomy and IL-10 injection [121]. Recently, serum cytokine analysis in a
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community-acquired pneumonia cohort showed that mortality was not predicted by
either pro-inflammatory IL-6 or anti-inflammatory IL-10, but high levels of both cytokines
were more predictive. Thus, by the time of hospital admission, high levels of IL-6 and IL-
10 portend the worst mortality; either the early pro-inflammatory phase had passed, or
the early and late phase are coincident [7], which requires further investigation.

Additional clinically relevant factors. We must be cautious about species
differences in terms of susceptibility to pathogenic factors. For instance, rodents are
much less sensitive to LPS than humans [113]. We also need to consider that microbial
toxins can accelerate sepsis. Alverdy and colleagues [122] performed a 30%
hepatectomy, which allowed exotoxin A to be disseminated systematically after direct
injection of P. aeruginosa into the cecum. The mortality rate of this sepsis model could
be increased to 100% by modifying the virulence of bacteria.

Predisposing co-morbid conditions. Animal studies typically examine sepsis and
related organ failure in otherwise healthy animals, despite numerous epidemiological
studies of human sepsis that show the importance of pre-existing co-morbid conditions
[1, 123]. Severe sepsis occurs frequently in patients with underlying chronic diseases
(co-morbidities) including chronic kidney disease (CKD), liver disease, and diabetes,
and has an extremely high mortality rate [1, 123]. CKD is found in approximately 30% of
AKI patients in the ICU [7, 124]. Patients with CKD also have an increased risk of
morbidity and mortality from sepsis [21, 125-127]. These findings suggest that clinical
sepsis and sepsis-induced AKI are dramatically influenced by underlying diseases,
which may help explain why simple animal models of sepsis do not mimic human
sepsis, and do not predict human response to therapeutics. We recently established a
two-stage mouse model of pre-existing renal disease with subsequent sepsis (CKD-
sepsis) to mimic the complexity of human sepsis; mice were given folic acid to induce
renal fibrotic injury, then subjected two weeks later to CLP surgery [15]. This CKD-
sepsis model showed increased vascular permeability and decreased bacteria
clearance compared with sepsis animals without the comorbidity of CKD. Combination
therapy with soluble FMS-like tyrosine kinase 1 (FLT1; also known as VEGF receptor 1)

and chloroquine, which block vascular and immunological dysfunction, respectively,
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showed the best survival rate. Both drugs were effective individually in simple CLP
models, but neither drug alone was effective in the more complex CKD/CLP model,
suggesting that multiple therapeutic interventions (“combination chemotherapy”) may be
required for the treatment of sepsis complicated with co-morbidity. The complex models
including several underlying conditions of age, fluid, antibiotics, and chronic co-
morbidity may be an improvement for testing therapeutics because the models may
ultimately predict human drug responsiveness more accurately. However, they appear
to alter and complicate the underlying pathophysiological mechanisms. Therefore it is
important to compare the complex models with the simpler models systematically to
distinguish between core vs amplifying factors in sepsis, in hopes of discovering new
methods to better classify septic patients into informative subgroups with a more uniform

set of pathophysiological mechanisms.

CKD model and renal fibrosis model

In order to study sepsis in pre-existing chronic kidney disease (CKD), the review
of CKD and/or renal fibrosis is necessary. The animal models of CKD initially aim to have
renal fibrosis and/or albuminuria which mostly lack the progression of disease. There are
4 large categories of CKD model in the literature (i) kidney remnant model (eg. 5/6
nephrectomy model) (i) podocyte injury model (eg. puromycin, nephrotoxic serum
nephritis model) (iii) tubulointerstitial fibrosis model (eg. folic acid injection model) (iv)
other genetic modification mice (eg. six2 deficiency [128], COL4A3 deficiency [129]).
The unilateral ureter obstruction (UUQO) also caused renal fibrosis in obstructed kidney
but did not show kidney injury because of contralateral normal kidney. The UUO model

does not count as CKD model category.

Kidney remnant model. The principle of this model followed the observation of
CKD progression in patient which occurred after nephron loss more than 50%. The
histopathology of this model mimics focal and segmental glomerulosclerosis (FSGS).
The different insults were used for reduce nephron number and subsequently cut one
kidney. The model can be done as 1 stage operation (kidney injury along with unilateral

nephrectomy) or 2 stage operation (kidney injury then unilateral nephrectomy later).
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Most of the model in this category followed 2 stage operations because of higher
mortality rate after 1 stage operation. The insults for initiate kidney injury are including
renal artery ligation, upper and lower pole kidney resection, physical injury to renal
cortex (using electro cautery, thermal, cold). The anterior division of renal artery
responsible for 5/6 of kidney mass (Figure 10). The ligation of this branch is the standard
protocol for kidney remnant in rat but not in mouse. The anatomical variation and the
small size of artery lead to the technical difficulty [130, 131]. The physical injury has the
reproducible problem because of the difficulty in controlling the depth of injury [132-
134].

Figure 10. Anatomy of renal vascular. The anterior division of renal artery nourishes 5/6

of kidney and posterior division responsible for 1/6 of kidney mass

The kidney pole resection seems to be the appropriate approach for this model.
However, there are no standard of the amount of resected kidney mass and mostly no
progression showed in several literatures [135].

Podocyte injury models. Several models are included in this category such as
the nephrotoxic serum nephritis model mimics anti- glomerular basement membrane
[136] disease, chronic puromycin injection mimics FSGS progress from minimal change
disease (MCD) and chronic LPS model [137] (table 3). Most of the models in this group

are a result follow podocyte injury. Podocytes are vulnerable to many forms of injury.
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Immune-mediated processes include immune complex deposition with subsequent
complement activation, as seen in membranous nephropathy, as well as cellular
mechanisms characteristic of MCD or FSGS. Nonimmune injury includes hemodynamic
insults (systemic hypertension, states of reduced nephron mass) and metabolic
(diabetes mellitus), infectious (human immunodeficiency virus), toxin-mediated
(puromycin, adriamycin), and genetic mutations essential to slit diaphragm assembly

(nephrin, CD2AP, PLC-1, podocin).

Table 3. The rodent models of podocyte injury

However, the study of sepsis on these models might be too specific to the
representative patients.

Tubulointerstitial fibrosis models. There is less study on this group due to lower
incident of pure tubulointerstitial fibrosis in CKD patient. We are the pioneer in this study
using cecal ligation and puncture (CLP) sepsis model on top of the folic acid injection
[15]. The result of the study mentioned previously. The folic acid activates folate
receptors in endothelial cell within several organs. Kidney has more injury due to the
tubular reabsorption and secretion lead to rapid tubulointerstitial fibrosis. However, the
kidney injury in this model is no or very slow progression which differ from CKD
characters. Then we seek for better models.

Other genetic modification models. Models in this group do not have the
abnormality in podocyte but involve in other mechanisms. The example of models in this
group is including six 2 deficiency and COL4A3 deficiency. The six 2 deficiency mice

show the abnormality in oropharyngeal area with less embryogenic nephron numbers.
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These mice develop FSGS (Figure 11) in various periods from several months to year

due to the variation of nephron number [128].

Figure 11. FSGS lesion in Six 2 deficient mice. Six 2 deficient mice showed small
irregular kidney (B) with enlarge glomeruli (D arrow head) and tubule (t) compare with

normal kidney (A, C).

The COL4A3 gene encodes for the O3 chain of type IV collagen, the
gene deficient mice was mimic Alport syndrome [129]. These mice lack normal
composition of A3 (IV), 04 (V), and 05 (IV) type IV collagen chains in glomerular
basement membrane (GBM). The renal disease is initially as spliting GBM then
crescentic glomerulonephritis and severe renal fibrosis. The end stage renal disease
developed around 14 wk in 129 Sv background and 32 wk in C57BL/6 back ground. The
sepsis study in these mice are interesting but the genetic deficiency might affect other

unknown immune function and difficult to use as translation.
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In conclusion, considering the representative to patient condition in each
model, we interested in using kidney remnant model as a CKD model then use cecal

ligation and puncture model (CLP) as the sepsis insults.



CHAPTER IlI
MATERIALS AND METHODS

Animals and animal models

Animal care followed the National Institutes of Health (NIH) criteria for the use and
treatment of laboratory animals. Male mice, 6-8 weeks CD-1 (Charles River Laboratories,
MA); C57BL/6 and129S3 (also known as 129S1/SvimJ/Cr; NCI-DCT, Frederick, MD) had
free access to water and chow. Morbidly ill animals were euthanized per animal
protocol.

Chronic kidney disease (CKD) models

There are 3 insults for nephron reduction part of chronic kidney injury (CKD) models
then unilateral nephrectomy at 5-14 days later;

1. The 5/6 nephrectomy (5/6 Nx) was performed in two stages under isoflurane
anesthesia (Figure 12). At the first stage (wk-1), the left kidney was decapsulated to
avoid ureter and adrenal damage, then the upper and lower poles were partially
resected via a left flank incision. Bleeding was controlled by microfibrillar collagen
hemostasis (Avitene, Davol, Cranston, RI). The upper and lower poles were weighed.
One week later (week 0), the entire right kidney was removed via a right flank incision
and weighed. Animals with insufficient kidney resection [as determined by the ratio of
removed left kidney weight (at week -1) to the removed right kidney weight (at week 0) <

0.55] were euthanized.

Figure 12. Schema of the 5/6 nephrectomy procedures. The upper and lower
poles of left kidney were resected and weighed. Then right nephrectomy was done 1
week later. Mice with ratio of resected left kidney/ right kidney (W1/W2) more than 0.55

were selected.
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The mortality rate in the first week after right nephrectomy was 10% in CD-1, 6% in 129
S3 and 9% in C57BL/6. In preliminary studies, we found that adequate resection of the
left kidney (weight ratio between 0.55-0.72) in CD-1 caused significant albuminuria at 4
weeks [trace dipstick proteinuria or albumin creatinine ratio (ACR) > 700 pg/mg] in most
of the mice (data not shown). In the sham surgery control mice, a left flank incision was
performed at week 1, both poles of kidney were identified, then the flank incision was
closed; a subsequent right flank incision was performed at week 0; the right renal artery
was identified, then the flank incision was closed. In the partial nephrectomy (2/6 Nx)
control mice, the upper and lower poles of left kidney were cut in week -1 and the right
renal artery was identified at week 0. The bilateral nephrectomy surgery in C57BL/6 for
testing angiotensin Il effectiveness was done under isoflurane anesthesia via bilateral
flank approach.

2. Folic acid-induced tubulointerstitial fibrosis (FA) was performed as previously
described [15]. Briefly, mice were administered FA (Sigma-Aldrich, St. Louis, MO, USA)
250 mg/kg in vehicle (0.2 ml of 0.3mM NaHCO3) or given vehicle alone intraperitoneally
at week -1. Two days later, 60-70% of the mice developed AKI (defined as BUN=100
mg per 100 ml) as previously described. In all experiments, we used animals only with
sufficient acute renal damage (BUN=100 mg per 100 ml) at 48 h after FA injection. Then
right nephrectomy was operated via right flank incision at week 0 as schema of 5/6 Nx
above. The control mice were injected by vehicle (NaHCO3) and follow as experimental
group.

3. Chronic post-ischemic reperfusion injury with contralateral nephrectomy
(chronic post-I/R) was performed in two stages, a modification of previously reported
methods [138-140]. In the first stage (week -1), the left renal artery was clamped for 35
min via a left flank incision under ketamine anesthesia on a 37°C heated operation table.
One week later (week 0), the right nephrectomy was performed under isoflurane
anesthesia via a right flank incision. The clamping time more than 35 min or clamping
both renal artery for 35 min cause more than 70% mortality rate which is too high to use
as a model (data not showed). On the other hand, the clamping less than 35 min was

not enough to cause kidney fibrosis even after 3 months of observation (data not
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shown). FA mice were euthanized after 2 weeks; 5/6 Nx mice were euthanized after 4-16
weeks, and chronic post-I/R mice were euthanized 12-16 weeks after surgery.
Additionally, the unilateral ureter obstruction was performed as the control model for
kidney fibrosis. The left ureter was ligated via left frank incision at week 0 then follow- up
along with other models

Sepsis models

Cecal ligation and pucture model (CLP) was performed as previously described
[111]. In short, we ligated the cecum at 12 mm in length and punctured twice with a 21-
gauge needle then gently squeezed to express a small amount of fecal material and
returned to the central abdominal cavity. In sham-operated animals, the cecum was
isolated, but neither ligated nor punctured. Pre-warmed normal saline (30 ml/kg) was
immediately given intraperitoneally after surgery and antibiotic was given
subcutaneously (imipenem/cilastatin; 14 mg/kg in 1 mL of normal saline) 6h later.
Eighteen hours after surgery, blood was collected by cardiac puncture for measurement
of serum markers of organ injury and cytokine response. Kidneys, liver and spleen were

fixed in 10% neutral buffered formalin for histology

Measurement of blood pressure

Mean arterial pressure (MAP) was measured by radiotelemetry as previously
described[141]. A telemeter transmitter (model TA11PA-C10, Data Sciences
International, St Paul, MN) was implanted in a subcutaneous pocket on the left flank and
the tip of the catheter was inserted into the aortic arch via the carotid artery one week

before subsequent operations (e.g., week -2 of the 5/6 Nx model).

Drug administration

Val5- Angiotensin Il (Ang Il) 0.75 pg/kg/min (Sigma- Aldrich, St. Louis, MO) in normal
saline (NSS) or vehicle (NSS alone) was infused by subcutaneous osmotic minipump
(Alzet model 1004, Cupertino, CA). The osmotic minipump was inserted under isoflurane
anesthesia at 3 days after right Nx or sham surgery of right Nx in 5/6 Nx experiment, and

immediately after bilateral Nx. Alternatively, a deoxycorticosterone acetate (DOCA)
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pellet (Innovative Research of America, Sarasota, FL) (50 mg per pellet for 21 day
release) or placebo was implanted subcutaneously 3 days into C57BL/6 mice after right
Nx and at the beginning of wk4 to increase blood pressure [142]; all mice were given
0.9% NSS as drinking water upon drug pellet implantation. In sepsis experiments,
recombinant human soluble Flt-1 domain D1-3 (sFLT-1: Cell Sciences, Canton, MA,
USA) 1 mg per 30 g mouse (or an equal volume of NSS for sham treatment) was
injected intravenously every 3 h (four doses), started immediately after CLP [15]. A
single dose of anti-HMGB1 neutralizing antibody or neutralizing purified mouse IgG
(Sigma- Aldrich, St. Louis MO) for sham treatment, was injected intraperitoneally (3.6
mg/kg) [143] 6 h after CLP in CD-1 mice either untreated (“normal”) or 4 weeks after 5/6
Nx . To reduce the CKD severity and spleen apoptosis, animals were treated with the
selective angiotensin receptor blocker (ARB) Olmesartan (100 mg/kg) or placebo mixed

with mouse chow (Bio-Serv, Frenchtown, NJ) starting 3 days after kidney surgery [144].

Blood chemistries, BW and urine measurements

Atweek 0, 1, 2, 4, 8, 12 after surgery, 60 pl of blood was collected by retro-orbital
approach under isoflurane anesthesia and the body weight (BW) was recorded. The
following measurements were obtained: hematocrit (Hct) by the microhematocrit method
with micro capillary reader, serum creatinine (Scr) by high-performance liquid
chromatography (HPLC) [59], blood urea nitrogen (BUN) by colorimetric assay
(QuantiChrom Urea assay kit DIUR-500, Hayward, CA) and erythropoitin (EPO) by
enzyme-linked immunosorbent assay (ELISA: R&D Systems, Minneapolis, MN). Spot
urine at 9:00- 10:00 AM was collected for albumin creatinine ratio (ACR) measured by
ELISA (Albuwell M, Exocell, Philadelphia, PA). ACR measurement was confirmed by 24h
urine albumin using mouse metabolic cages (Hatteras Instrument, Cary, NC). In sepsis
experiments,

at week 0 (immediately before 2" stage operation: 1 week after both pole resection), 1,
2,4, 8, 12 after CLP surgery, 60 ul of capillary tube blood was collected by retro-orbital
approach under isoflurane anesthesia then centrifuged at 1,000 x g for 8 min to remove

cells. VEGF, TNF-Q, IL-6, IL-10 (R&D Systems, Minneapolis, MN) and HMGB1 (Shino-
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Test Corporation, Kanagawa, Japan [145] were measured by ELISA. Aspartate
transaminase (AST), alanine transaminase (ALT), was measured by an autoanalyzer

(Hitachi 917, Boehringer Mannheim, Indianapolis, IN).

Blood collection and plasma renin determination

Mice were kept in separate cages overnight before starting the experiment. Blood was
collected from conscious mice by puncturing the submandibular vessels with a
Goldenrod animal lancet and collecting about 20-40 ul of the emerging blood into an
EDTA-containing microhematocrit tube. Red cells and plasma were separated by
centrifugation for 3 minutes at 12000 rpm; the plasma was ejected into an Eppendorf
tube and frozen until used for renin determinations. Plasma renin concentration (PRC)
was measured in a 20-fold dilution as generation of Ang | following addition of excess
rat substrate, with final plasma dilutions around 1:120. Ang | generation was determined
for a 1-hour incubation period at 37°C and expressed as ng Angl/ml/hr. Substrate
without plasma was incubated for the same time, and any background Ang | formation
was subtracted from the plasma-containing samples by taking an aliquot from the same
sample before it was incubated at 37°. A radioimmunoassay kit (DiaSorin CA1553,

Stillwater MN) was used to determine the amount of angiotensin | in each sample.

GFR measurement in conscious mice

The fluorescein isothiocyanate (FITC)-labeled inulin clearance was used for GFR
measurement as previously described (see appendices)[15, 146], Briefly, a single dose
of FITC-inulin (3.7 ml/g bodyweight) was injected intravenously then blood samples were
collected 10, 15, 35, 55, and 75 min later from the tail vein. Serum fluorescence was
measured by a Nanodrop-ND-3300 fluorescence spectrometer (Nanodrop
Technologies, Wilmington, DE). GFR was calculated using a two compartment model
(SigmasStat 3.1, Systat Software, Inc., Point Richmond, CA) as previously described [15,
146].
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Pharmacokinetics (PK) of cytokines

Cytokine clearance was studied in CD-1 mice. A single dose of recombinant cytokine
was injected intravenously immediately after sham surgery in normal, 5/6 Nx at 4 weeks
and immediately after bilateral Nx: mouse TNF-Q., IL-6, IL-10, VEGF (eBioscience, San
Diego, CA) and recombinant human HMGB1 (R&D Systems, Minneapolis, MN) at the
dose 0.03 pg; 3 pug; 0.3 pug; 0.03 pg and 6 mg/kg respectively. Each dose of cytokine
was validated to have no effect on mice (symptoms and endogenous cytokine
production: data not shown). Sixty ul of capillary blood collected via retro-orbital sinus >
1 day before injection as a baseline and at 5 min, 0.5, 1, 3, 5, 8, or 24 h after injection
were used to measure an individual cytokine. Area under the concentration time curve
from 0-24 hours (AUC,,,, ) was calculated by trapezoidal rule [147]. Elevated levels of
HMGB1 and VEGF after 5/6 Nx were assumed to be in steady state, and PK parameters
were calculated after subtraction of the baseline level. Previously described equations
[148, 149]; were used for pharmacokinetic parameters 1) K, = maximal concentration/

AUC 2) half-life (t,,) = 0.693/K, 3); volume of distribution (V,) = known injected

0-24 hr
dose/maximal concentration; 4) Clearance (CL) = 0.693*V / t, ,. The cytokine level 5 min

after injection was used as maximal concentration.

Morphologic evaluation of kidney and heart

Kidney and heart specimens (4 mm) fixed in 10% formalin, paraffin-embedded, and
stained with Masson'’s trichrome and Periodic acid-Schiff (PAS) reagent (Sigma-Aldrich)
(see appendices). Semi-qualitiative histologic changes were assessed by a masked
observer. The total numbers of kidney glomeruli were counted, and the degree of
glomerular damage was estimated at 400X magnification from the degree of mesangial
expansion in PAS stained tissue as follow: <25%, 25-50%, 50-80%, >80% [150]. Kidney
interstitial fibrosis was estimated at 200X magnification on Masson’s trichrome-stained
sections using 10 randomly selected fields for each animal by the following
semiquantitative criteria: O, area of damage <5%; 1, areas of damage 5-10%; 2,

damage involving 10-25%; 3, damage involving 25-50%; 4, >50% of the area being
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affected [151]. The cardiac fibrosis area was determined at 200X magnification in
Masson’s trichrome stained sections using Imaged 1.36b (National Institutes of Health,

USA).

MicroCT imaging

The formalin fixed kidney specimens were stained using Numira Biosciences protocol
(Salt Lake City, UT) for microCT based Virtual Histology™" (microCT), submicron
resolution imaging which can be differentially stained using heavy metal elements and
explore several aspect of tissue without actually destroying tissue specimens to achieve
physiological distinction in a 3D data of structures in different directions [152].

In brief, kidneys were stained to saturation overnight in a solution of 0.1 M sodium
cacodylate (pH 7.2), 1% glutaraldehyde, and 1% osmium tetroxide rocking at room
temperature, then transitioned viaby a series of gradients to 100% ethanol, then stained
with a proprietary cocktail (Numira Biosciences). prior to scanning. High-resolution
volumetric CT imaging of kidneys was performed at 6 um3 isometric voxel resolution
using an SCANCO uCT 40 (SCANCO Medical, Zurich, Switzerland). eXplore Locus SP
MicroCT specimen scanner (GE Healthcare, London, Ontario, Canada): 6 um isometric
voxel resolution at 200 ms exposure time, 2000 views and 10 frames per view. The
platform-independent parameters of current, voltage, and exposure time were kept
constant at 100 IA, 80 kVP, and 4,000 ms, respectively. Images were reconstructed with
the SCIRun software (University of Utah Scientific Computing and Imaging Institute) for
false color image processing to generate a 3-dimensional reconstruction of volume

rendering (VR: red color) and spinning sagittal sections (DS: blue- green color) picture.

Statistical analysis

Differences between the groups were examined for statistical significance by student t-
test or analysis of variance (ANOVA) with an appropriate multiple comparison correction
(SigmasStat 3.1, Systat Software, Inc., Point Richmond, CA); longitudinal blood pressure

measurements were analyzed by Repeated Measures ANOVA to test time- and strain-
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dependent interactions (SAS, Cary, NC). A P value < 0.05 was accepted as statistically

signific



CHAPTER IV
RESULTS

The study on sepsis in pre- existing chronic kidney disease (CKD) needs to
develop CKD model with progressive kidney dysfunction. Then we will use that model
for sepsis experiments. The results will separate into the CKD development part and

sepsis in CKD part.

The CKD model development part

The 5/6 nephrectomy (5/6 Nx) model was the appropriate model for chronic kidney

disease

The loss of nephron more than 50% causes progressive kidney injury and CKD.
We used 3 different insults to reduce nephron mass then cut one kidney out to allow less
than 50% functional nephron in CD-1 mice as the pilot experiments. We found that only
our modified method 5/6 Nx model showed highly progressive albuminuria as measured

by urine albumin creatinine ratio (Figure 13).

Figure 13. Time course of albuminuria after different insults. Time course of
albuminuria after different insults with nephrectomy. Urine albumin creatinine ratio (urine

ACR) of ischemic reperfusion injury with nephrectomy (I/R Nx) and folic acid injection
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with nephrectomy (FA Nx) were in microscopic level (large graph). Urine ACR of 5/6 Nx

model reached macroscopic level after 1 week. (n = 4-6/ group)

All of the mice in different models showed albuminuria but the severity of
albuminuria reach macroscopic level only by 5/6 Nx model. Urine ACR increase more
than 1000 pg/g as early as 1 week after surgery and increasing. The 5/6 Nx model

should be the appropriate model for further experiments.

CD-1 and 129S3 but not C57BL/6 mice develop progressive chronic kidney disease

following 5/6 nephrectomy.

We then compared the development of renal and extra-renal manifestations of
chronic kidney disease in three mouse strains (Fig 2). The other inbred strain might be
important for sepsis experiments. We select C57BL/6 and 129 S3 as selected inbred
strains due to the commonly used as wild type. One week after 5/6 Nx, kidney function
was appropriately low in all three mouse strains (C57BL/6, 129S3, and CD-1 mice) as
determined by increases in BUN and serum creatinine (SCr), but did not change in
normal, sham surgery, nor 2/6 Nx control mice (Figure 14A, B). The kidney injury
progressed fastest in CD-1 mice, more gradually in 12953, and remained stable after
the initial jump in C57BL/6 mice, consistent with previously reports [131, 153]. The
glomerular filtration rate (GFR) determined in conscious mice showed parallel changes
(Figure 14C). Urine albumin excretion, as spot urine albumin/creatinine ratio (ACR),
dramatically increased more rapidly in CD-1 mice than 129S3 (Figure 14D). In contrast,
the ACR remained stable in C57BL/6 mice after 5/6 Nx. Thus, CD-1 and 129S3 showed
strain-dependent susceptibility to progressive CKD; whereas C57BL/6 mice were
resistant. Induction of 5/6 nephrectomy in susceptible mouse strains caused mesangial
expansion and glomerular fibrosis detected with Periodic acid-Schiff (PAS) stain and
interstitial fibrosis detected with Masson’s trichrome stain (Fig 15, 16). In contrast,
glomerular damage was much less severe, without progression, in C57BL/6, even after
16 weeks. Tubulointerstitial fibrosis also appeared more rapidly after 5/6 Nx in CD-1

mice (Fig 16).
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Figure 14 Strain-specific characters of kidney injury. Strain-specific temporal changes
in kidney function and albuminuria following reduction of renal mass. Time course of
renal function as determined by BUN (A) or serum creatinine (B) and albuminuria as
determined by spot urine albumin/creatinine ratio (ACR) (D) in composite normal control
(n=6), composite 2/6 Nx control (n=6), 5/6 Nx in C57BL/6 (n=5-9), 12983 (n=5-11) and
CD-1 (n=5-12) strains. The GFR (C) of C57BL/6, 129S3 at wk10 and CD-1 at wk4 with
normal sham surgery control, 2/6 Nx control and 5/6 Nx (n=4/group). *, P<0.05 5/6 Nx in
CD-1 vs C57BL/6; #, P<0.05 5/6 Nx in 129S3 vs C57BL/6; +, P<0.005 5/6 Nx in CD-1 vs
129S3 in the same time point; §, P<0.001 urine ACR at specific time point vs wkO0; §§,

P<0.05 urine ACR at specific time point vs wk0
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Figure 15: Changes in glomerular injury following 5/6 nephrectomy. Representative
images of sections stained by periodic acid-Schiff (left panels) and Masson’s trichrome
(right panels) after 5/6 Nx in C57BL/6 at wk16 (A), 129S3 at wk12 (B) and CD-1 at wk4

(C) (original magnification 400x).



Figure 16: Glomerular injury scoring and tubulointerstitial fibrosis following 5/6
nephrectomy. Semi-quantitative measures of glomerular injury assessed by mesangial
expansion in periodic acid-Schiff stain (upper panel 400x original magnification) and

tubulointerstitial fibrosis score from Masson’s trichrome stain of composite normal

46
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control at wk16 (n=5), composite 2/6 Nx at wk16 (n=5), 5/6 Nx in C57BL/6 at wk4 (n=4),
wk16 (n=8), 5/6 Nx in 129S3 at wk4 (n=5), wk12 (n=7) and 5/6 Nx in CD-1 at wk4 (n=10
(middle panel). The representative Masson’s trichrome stain of tubulointerstitial fibrosis

pictures were showed (lower panel). See Methods section for details. *, P<0.05 5/6 Nx in

CD-1 wk4 vs 129S3 wk4

Clinically relevant characteristics validation of the 5/6 nephrectomy model of chronic
kidney disease

Weight loss, hyperphosphatemia anemia with low erythropoietin are common
clinical consequences of chronic kidney disease[16, 17]. Normal 7-9 week old mice
gain weight as they grow; in contrast, 12953 and C57BL/6 mice did not gain weight,
whereas CD-1 mice lost weight after 5/6 nephrectomy (Figure 17A). Control 2/6
nephrectomy mice had a non-significant, transient decrease in body weight after
surgery but then resumed normal growth within 2 weeks. Within one week of the 2/6 Nx
surgery (both 2/6 Nx and 5/6 Nx groups, 0 weeks) mice were anemic with
corresponding high (>10,000-fold increase) erythropoietin (EPO) levels, reflecting a
compensatory increase that occurs clinically within 1 week after acute anemia [154,
155]. Mice subjected to only 2/6 Nx were able to recover from their anemia, with a
corresponding return to baseline EPO levels (Figure 17B, C). All mouse strains
subjected to 5/6 Nx had a further decline in hematocrit after the right kidney was
removed at 0 weeks, and EPO levels declined precipitously within 1 week, with only a
modest increase at two weeks, relative to the progressing anemia. The rate of
development of anemia and hyporesponsiveness of EPO level paralleled the serum
creatinine increase. Mice subjected to 2/6 Nx rapidly resolved their surgical anemia
eventually returning their transiently elevated EPO levels to normal (Figure 17C). All 3
mouse strains developed hyperphosphatemia after 5/6 nephrectomy, although the
degree of hyperphosphatemia was worse in CD-1 and 129S3 strains; amylasemia was
elevated in all three mouse strains, with 129S3 and CD-1 slightly higher than C57BL/6
(Figure 17D). Therefore, several non-renal manifestations of CKD observed in patients

are replicated in this 5/6 nephrectomy mouse model.
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Figure 17. Changes in chronic kidney disease characters following 5/6 nephrectomy.
Strain-specific temporal changes in body weight (BW), anemia, erythropoietin (EPO),
and serum phosphate following reduction in renal mass. Temporal changes in (a) BW,

(b) hematocrit (Hct), and (c) serum erythropoietin (EPO). Number of animals for body
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weight ((CD-1 with normal sham surgery control (n=7), 2/6 Nx control (n=4), and 5/6 Nx
(n=12)), (12983 and C57BL/6 with normal sham surgery control (n=5), 2/6 Nx control
(n=8), 12983 5/6 Nx (n=12), and C57BL/6 5/6 Nx (n=9)), Hct and serum EPO
(composite normal sham surgery control (n=6), 2/6 Nx control (n=6), CD-1 5/6Nx (n=12),
129 Sv 5/6 Nx (n=12), and C57BL/6 5/6 Nx (n=9)), (d) serum phosphate and (e)
amylase (composite normal sham surgery control at week 16 (n=6), composite 2/6 Nx
control at week 16 (n=6), C57BL/6 5/6 Nx at week 16 (n=4), 12953 5/6 Nx at week 12
(n=4) and CD-1 5/6 Nx at week 4 (n=4)). *P<0.001 CD-1 5/6 Nx vs 2/6Nx; T P<0.005 5/6
Nx at specific time point vs week 0; 11 P<0.05 5/6 Nx at specific time point vs week 0;
#P00.001 5/6 Nx in 129S3 vs composite 2/6 Nx; ##P00.005 5/6 Nx in C57BL/6 vs

composite 2/6 Nx; +P<0.001 5/6 Nx vs composite 2/6 Nx; ++ P<0.001 composite 2/6

Nx vs hormal; +++P<0.05 composite 2/6 Nx vs normal; §P<0.05 5/6 Nx vs composite

2/6 Nx; §§P<0.001 5/6 Nx vs composite 2/6 NXx.

The progressive hypertension following 5/6 nephrectomy as the validation of CKD

characters and strain-selective differences in baseline mean arterial pressure

Elevated mean arterial pressure (MAP) is one of the important CKD clinical
characters. We then inserted radiotelemetry catheter in the carotid artery for measured
conscious mouse MAP which more accurate than tail cuff measurement. After 5/6
nephrectomy, MAP in CD-1 and 12953 mice increased progressively as early as 2
weeks after surgery, and the differences in MAP between all three strains expanded
over time, p < 0.0001 (Fig 6B-D). In contrast, the MAP in C57BL/6 was only moderately
elevated 1 week after 5/6 nephrectomy, and then stabilized (Figure 18B, E). As a result,
the MAP in CD-1 and 129S3 strains, even baseline values, were higher than C57BL/6 at
every time point. The circadian variation (daytime dipping during sleep) was not altered
by 5/6 nephrectomy (Figure 18A, C-E), differs from CKD patients. Additionally, the
baseline MAP in CD-1 and 129S3 were significantly higher than C57BL/6 mice (Figure

18A, B) which might responsible for the rapid progression of CKD in CD-1 5/6 Nx. In any



case, the progressive increase MAP is very promising in this model. Interstingly, the

cardiac fibrosis also paralleled with the severity of MAP (Figure 19).

50
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Figure 18: Changes in mean arterial pressure following 5/6 nephrectomy. Systemic
blood pressure measured by telemetry. Diurnal changes in baseline (A) mean arterial
pressure (MAP; n = 11-13/group), temporal changes in MAP following 5/6 Nx (B; n = 4-
5/group), and diurnal changes in MAP following 5/6 Nx in C57BL/6, 129S3, and CD-1
mice (n = 4-5/group) (C-E). Black bars = night time. ; * P<0.001 CD-1 vs C57BL/6**,
P<0.05 CD-1 vs C57BL/6; # P<0.005 129S3 vs C57BL/6; ##, P<0.05 129S3 vs C57BL/6;
+, P<0.05 CD-1 vs 129S3; 1, P< 0.001 MAP at specific time point vs baseline; T,

P<0.05

Figure 19: Cardiac fibrosis following 5/6 nephrectomy. Typical images of Masson’s
trichrome stained cardiac sections after 5/6 Nx in C57BL/6 at wk16 (A), 129S3 at wk12

(B), and CD-1 at wk4 (C) (original magnification 20x). *, P<0.05, **, P<0.001.

The induction of hypertension by Angiotensin Il but not deoxycorticosterone acetate

induced CKD in C57BL/6 CKD- resistance
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We proposed that C57BL/6 resisted to CKD progression after kidney remnant
injury from lower blood pressure. Then we induced hypertension in C57BL/6 5/6 Nx mice
by several drugs; norepinephrine, midodrine, angiotensin Il by osmotic minipump or
deoxycoticosterone acetate with salt water (DOCA- salt). Unfortunately, the epinephrine
and midodrine increase blood pressure very slightly but mainly elevated heart rate (data
not shown). However, angiotensin Il and DOCA increase blood pressure significantly

(Figure 20).

Figure 20. Mean arterial pressure and albuminuria after 5/6 nephrectomy with
hypertension induction in C57BL/6 chronic kidney disease resistance. MAP (left) and
albuminuria (right) 4wk after 5/6 Nx or sham surgery controls (sham) in C57BL/6 mice
followed by angiotensin Il (Ang Il) or DOCA-salt (normal saline substituted for drinking
water) administration or normal saline (NSS) control. *, P<0.005 drug administration vs
control in each group; **, P<0.05 drug administration vs control in each group; #,

P<0.005

Angiotensin Il (Ang Il) infusion induces hypertension in experimental animals [156, 157],
and increases CKD progression in the rat 5/6 nephrectomy model [158], although it not
been studied in mice after 5/6 nephrectomy. Infusion of Ang Il by osmotic minipump
(0.75 pg/kg/min) increased blood pressure in both normal and 5/6 Nx C57BL/6 mice
within 1 week (Figure 20); by 4 weeks the blood pressure had raisen. Ang Il infusion

rapidly induced albuminuria within 1 week in both 5/6 Nx and sham surgery control
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mice, although the ACR was 15-fold higher in 5/6 Nx group throughout the 4 weeks of
administration. Daily (24 hr) albumin excretion was similarly increased by 9-fold. Ang Il
further reduced kidney function as measured by elevated BUN and serum creatinine
and decreased GFR (Figure 18F,G) and caused glomerular and tubular injury (Figure
19A-D) in mice subjected to 5/6 nephrectomy but not in sham controls. Ang Il infusion

also caused other signs of chronic kidney disease including polyuria (Figure 21).

Figure 21: Effect of angiotensin Il administration in C56BL/6 and 5/6 nephrectomy. MAP

change of C57BL/6 mice following 5/6 Nx (5/6 Nx) or sham surgery controls (sham) with
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Angiotensin Il (Ang Il) administration or normal saline (NSS) control (A). Effect of
Angiotensin Il or NSS control on MAP at wk4 (B), increase in spot urine
albumin/creatinine ratio (ACR) (C), 24h urine albumin at wk4 (D), 24h urine volume at
wk4 (E), progression in BUN, Scr (F), GFR at wk4 (G) in C57BL/6 mice subjected to 5/6
Nx vs. sham surgery control treated with NSS or Angiotensin Il; (n=4-6/group).
*,P<0.005 5/6 Nx + Ang Il vs sham + Ang II; **, P<0.05 5/6 Nx + Ang Il vs sham + Ang
I, #, P<0.001 5/6 Nx + NSS vs sham + Ang I, ##, P<0.05 5/6 Nx + NSS vs sham + Ang
[I; +, P<0.001 Ang Il vs NSS; ++, P<0.005 Ang Il vs NSS; +++, P<0.05 Ang Il vs NSS; T,
P< 0.001 value at specific time point vs baseline; T1, P< 0.05 value at specific time

point vs baseline

After short term (2 weeks) administration of Ang Il albuminuria and histological
damage was still present even 2 weeks after discontinuation of Ang Il (data not shown),
consistent with a durable, irreversible effect. In summary, the C57BL/6 resistance to
CKD could be only overcome by the combination of reduced kidney mass and Ang |-
induced hypertension. On the other hand, DOCA-salt which elevated MAP to the same
extent as angiotensin Il (Figure 8), but caused only modest albuminuria (Figure 20)
relative to angiotensin I, consistent with a largely blood pressure-independent effect of
angiotensin Il to convert C57BL/6 mice from CKD resistant to CKD susceptible after 5/6
Nx. This further supports a primarily blood pressure-independent role for angiotensin |
in our 5/6 Nx CKD model. Subsequently, we created the model of CKD in C57BL/6 with
pre- existing 5/6 Nx which originally resisted to CKD progression by Ang Il
administration. This model can be used in sepsis experiments in case the inbred mouse

background is needed.

Global changes in renal architecture visualized ex vivo by contrast-enhanced microCT
The regional differences in kidney injury were implied upon histological staining
of sections at low magnification, but serial sections are impractical. To complement the
detailed, cellular level view provided by histology, we used MicroCT imaging to gain a
more global view of kidney damage in moderate detail to compare some of our models

(Figure 22). Changes in renal structures are difficult to discern in the original microCT
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images, but digital rendering with false coloring of subtle differences in staining
revealed gross changes in morphology. In normal kidneys the surface is clearly smooth,
in contrast to irregular surface of the fibrotic kidney after folic acid treatment (Figure 22
A B3 column). The bumpy surface was more subtle in the chronic post-I/R kidney
(Figure 22 A, B 4" column) and bumpy contours were not evident on the non-resected
surfaces of the 5/6 nephrectomized kidney (Figure 22A, B 2" column), consistent with a
lower severity in fibrosis. The interior of the kidney also revealed some striking
differences. The difference of the density in organ was digitally transformed into 3-
dimensional digital soft tissue images with the volume rendering (VR) and the spinning
sagittal sections (DS) technique. There were more clump of hazy red color in VR picture
(Figure 22A) and more dense yellow/ orange in DS picture (Figure 22B) in 5/6 Nx and
Chr I/R than in normal and 2/6 Nx (Figure 22) which reciprocal to albuminuria in the
model (table 4). In the normal kidney large branched structures could be traced to the
renal pelvis, indicating a predominant staining of renal collecting ducts (Figure 22 A, B
1% column); a stellate structure in the renal medulla is also visible, only in normal kidney.
Kidneys from the folic acid model (Figure 22 A, B 3th column) and 2/6 nephrectomy
controls (Figure 22 C, D left panel) were similar in their largely transparent appearance,
lack of fine structure, and prominence of apparent large branches of collecting ducts,
which were fewer in number, relative to normal (Figure 22 A, B 1° column). The most
severely injured kidneys from the 5/6 Nx (Figure 22C, D right panel) and chronic post-I/R
(Figure 22 A, B 4th column) models had very dense staining that corresponds roughly
with the level of albuminuria (Table 4). The density of staining and the non-contiguous
nature of the branched structures made it impossible to distinguish between vasculature
and tubules; notably absent were clearly visible glomeruli, which would be useful
landmarks to define nephrons. Some spherical staining can be spotted, especially in
kidneys from the chronic post-I/R model, but staining of a truncated vessel or tubule
could not be ruled out. Although regional differences in fibrosis, especially seen in the
folic acid model, were not directly reflected in staining of affected areas, these
differences appeared to coincide with the drop-out of staining of major collecting duct

structures.
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Figure 22. Micro CT pictures in different mouse models. Three-dimensional rendering of
mouse kidney acquired through microCT based Virtual HistologyTM from normal, 5/6 NXx,
folic acid injection and chronic post-I/R. Renderings from serial microCT sections from
CD-1 mice in volume rendering technique (VR) (A) and spinning sagittal sections (DS)
technique (B) in different model and 5/6 Nx with 2/6 Nx control picture in VR (C) and DS
(D) technique were demonstrated. The digital sagittal sections of the 3-dimensional

image from sham normal kidney showed smooth surface and clear cortical area (A, B 7
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column), 2/6 Nx control demonstrated mild irregular surface but clear cortical area (C, D
left panel), in contrast, dense opaque yellow color was found in 5/6 Nx model (A, B 2"
column) reciprocal with very high proteinuria. The severe irregular surface with clear
cortical area in folic acid model (A, B 3" column) correlated with severe interstitial
fibrosis without albuminuria in this model. Moderately dense yellow color in cortical area

of chronic post I/R (A, B 4" column) corresponded with moderate albuminuria.

It was possible that this clumping hazy red color in VR picture was the results from
hyperfiltration in nephron and patchy yellow/ orange in DS picture represented
albuminuria or secondary change. In any case, the difference in 5/6 Nx and 2/6 Nx
control were easily distinguished (Figure 22) which demonstrated the potential of this

technique as the new study tool.

Table 4. Characteristics of kidney injury in different renal fibrosis model. (use UUO as a

control group).
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The sepsis experiment part

Then we used new developed CKD model in sepsis experiment. The severity of

CKD in different mouse strains was confirmed before used in sepsis experiment (Figure

23).
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Figure 23. The 5/6 Nephrectomy in different mouse strains before sepsis experiment.

The 5/6 Nx in different mouse stain before sepsis experiment confirmed the result in

previous model development section

Strain-specific severity of sepsis after 5/6 Nx

Because the severity of sepsis was comparable among different control groups

(sham surgery or 2/6 nephrectomy in each mouse strain) the data was combined into a

composite control group. We performed CLP at the time of advanced CKD: 4 weeks

after 5/6 Nx in CD-1 mice, 12 weeks after 5/6 Nx in 12953 mice and compared the

severity of sepsis with C57BL/6 mice subjected to 5/6 Nx, which do not develop CKD

even at 16 weeks [144].
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Figure 24. Severity of sepsis in pre-existing chronic kidney disease in mouse. Severity
of mouse CKD-sepsis-induced organs injury corresponds with strain-specific severity of
CKD (5/6 Nx). Outcomes in CLP were not strain-dependent in normal (non-CKD) mice,
so these data were combined (composite control). CKD was induced by 5/6Nx in CD-1,
129S3, or C57/BL6 mice and CLP surgery was performed in 4, 12, or 16 weeks later,
respectively. Organ injury was measured at 18 h after sham (white bar) or CLP (black
bar) surgery. Renal function was determined by serum Cr (A) and BUN (B), liver function
was determined by ALT (C), AST (D), inflammation was determined by serum cytokine
levels (TNF-QL, IL-6, IL-10) (E-G), renal injury was determined by semi-quantitative

measurement of renal vacuolized tubules (H), and splenic apoptosis was measured by
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activated caspase 3 (I) in composite normal mice with sham 5/6 Nx at 16 weeks (n= 7-9
in sham and CLP), C57BL/6 5/6 Nx at 16 weeks (n= 5-6 in sham and CLP), 12933 5/6
Nx at 12 weeks (n=6-7 in sham and CLP) and CD-1 5/6 Nx at 4 weeks (n=6-7 in sham
and CLP). *, P<0.05 CLP after 129S3 5/6 Nx or CD-1 5/6 Nx vs. CLP after C57BL/6 5/6
NXx

Figure 25. Tubular vacuolization in chromic kidney disease with and without sepsis.
Strain-specific severity of 5/6 Nx and sepsis on renal tubular vacuolization.
Representative images of periodic acid- Schiff-stained renal cortex image of renal cortex
in normal (C57BL/6 sham 5/6 Nx at 16 weeks as a typical example in of the composite

normal control group) (A, B), C57BL/6 5/6 Nx at 16 weeks (C, D), 129S3 5/6 Nx at 12
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weeks (E, F) and CD-1 5/6 Nx at 4 weeks (G, H) in sham (left panel) and CLP (right

panel). (400X original magnification 400x)

Figure 26: Spleen apoptosis in chromic kidney disease with and without sepsis.
Representative images of spleen stained for activated caspase3d in normal (C57BL/6
sham at 16 weeks as a typical example of the composite control group) (A, B), C57BL/6
5/6 Nx at 16 weeks (C, D), 129S3 5/6 Nx at 12 weeks (E, F) and CD-1 5/6 Nx at 4 weeks

(G, H) in sham (left panel) and CLP (right panel). (400X magnification)
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CD-1 mice and 129S3 mice showed more severe sepsis at 18 h after CLP compared
with C57BL/6 mice as measured by kidney injury (Scr, BUN, and renal tubular
vacuolization), liver injury (ALT, AST), serum inflammatory cytokine levels (TNF-QL, IL-6,
IL-10), and spleen apoptosis (Figure 24-26). Surprisingly, 5/6 Nx almost uniformly
increased this broad set of organ-specific and systemic manifestations of sepsis: the
extent of which correlated with the degree of kidney injury after 5/6 Nx, prior to the CLP

insult (Figure 23).

Strain-specific increases in spleen apoptosis, serum HMGB1 and VEGF after 5/6 Nx
Spleen apoptosis is a well documented characteristic of sepsis that is associated with
increased mortality in mouse models, and also in humans [159]. The greater degree of
spleen apoptosis in 5/6 Nx + CLP in the CKD-susceptible strains, (CD-1 and 129S3) vs.
normal/CLP (Figure 24, 26) or the CKD-resistant C57BL6 strain (Figure 24, 26) could be
due to underlying, CKD-dependent spleen apoptosis, but there were no reports in the
literature. Therefore, we measured spleen apoptosis (by activated caspase 3 staining)
at different times during the course of CKD. The amount of spleen apoptosis
progressively increased in 129S3 and CD-1 (without sepsis) and corresponded to the
severity of CKD (Figure 27A). The composite 2/6 Nx control did not demonstrate spleen
apoptosis, the healing process from the resected kidney wounds was not enough to
increase serum HMGB1 (Figure 27A). Because VEGF and HMGB1 increase in human
CKD [44, 160, 161], and splenic apoptosis is associated with systemic accumulation of
HMGB1 [114, 162], we measured both VEGF and HMGB1. Serum HMGB1 and VEGF
progressively increased after 5/6 Nx with a faster time course (CD-1 > 129S3 >
C57BL/6) that paralleled the strain-specific progressive renal function decline and
albuminuria seen previously [144]. VEGF was elevated more rapidly than HMGB1 (as
early as 1 week) after 5/6 Nx, consistent with a faster response of VEGF to injury. In
contrast, other inflammatory cytokines (TNF-QL, IL-6, IL-10) were not elevated at early
time points (data not shown) nor showed strain specificity, however, they were elevated

only at the last time point in each strain (Figure 27D-F). Thus, Spleen apoptosis, HMGB1
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and/or VEGF, but not other inflammatory cytokines (TNF- O, IL-6, IL-10), paralleled the
strain specific differences in CKD and could be important factors of sepsis severity after

5/6 Nx.
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Figure 27. Cyokines and spleen apoptosis of chronic kidney disease. Data from the
three strains were not different (splenic apoptosis, A, TNF-QL, D, IL-6, E, IL-10, F), and
normal and 2/6 Nx groups were also not different, so data were combined in a single
composite control group. Data from the three strains were not different, but normal and
2/6 Nx groups were different (HMGB1, B, VEGF, C) then data were combined into
composite normal and composite 2/6 Nx groups. Semi- quantitative measurement of
activated caspase3 positive cell in spleen of composite control at 16 weeks (n=9);
C57BL/6 5/6 Nx at 16 weeks (n=4); 129S3 5/6 Nx at 4, 8, 12 weeks (n= 4/group); CD-1
5/6 Nx at 2, 4 weeks (n=4/group) (A); time course of serum HMGB1 (B) and VEGF (C)
comparing composite normal, composite 2/6 Nx, C57BL/6 5/6 Nx, 129S3 5/6 Nx and
CD-1 5/6 Nx (n=4-6/group); accumulation of serum TNF-Q (D), IL-6 (E), IL-10 (F)
comparing composite control at 16 weeks, C57BL/6 5/6 Nx at 16 weeks, 12953 5/6 Nx
at 12 weeks and CD-1 at 4 weeks (n= 4-6/group). * P<0.05 CD-1 5/6 Nx vs C57BL/6 5/6
Nx, ** P<0.005 CD-1 5/6 Nx vs C57BL/6 5/6 Nx, # P<0.05 129S3 5/6 Nx vs C57BL/6 5/6
Nx, ## P<0.005 129S3 5/6 Nx vs C57BL/6 5/6 Nx, § P<0.05 composite 2/6 Nx vs
composite normal, T P<0.05 value at specific time point vs baseline, 11 P<0.005 value

at specific time point vs 0 week, + P<0.05 5/6 Nx vs composite 2/6 Nx

Influence of kidney injury or removal on cytokine production after sepsis

Inflammatory cytokines, including VEGF and HMGB1, have been implicated as markers
and/or pathogenic mediators responsible for the severity of sepsis [62, 114, 162-164].
To determine the dynamic changes of these cytokines in chronic kidney injury and
sepsis, CD-1 mice were used because of the rapid nature of CKD progression.
Additionally, bilateral nephrectomy was employed to determine the renal-specific
contribution. Serum HMGB1 increased late after CLP alone or after bilateral Nx plus CLP
(Figure 28A). In contrast, in 5/6 Nx mice, HMGB1 was elevated at baseline, and
progressively increased early after CLP (Figure 28A). Other cytokines (VEGF, TNF-QL, IL-
6, IL-10) were increased at 6h in CLP alone, 5/6 Nx plus CLP and bilateral Nx plus CLP
(Figure 28B-E). The cytokines were often higher in bilateral Nx because of increased

cytokine production and/or less renal elimination, as described by others [165, 166].
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Figure 28. Time course of cytokines in sepsis with pre-existing chromic kidney disease.
Serum HMGB1 (A), VEGF (B), TNF-QL (C), IL-6 (D) and IL-10 (E) at indicated time points
in CD-1 mice with normal/CLP, 5/6 Nx/CLP and bilateral Nx/CLP. (n=4-5/time point) *
P<0.05 5/6 Nx vs normal, # P<0.05 bilateral Nx vs normal, + P<0.05 value at specific

time points vs at 0 h, ++ P<0.005 value at specific time points vs at 0 h

To determine if kidney function was important for cytokine elimination, bilateral
Nx or 5/6 Nx was performed, then exogenous cytokines were intravenously injected and
measured frequently to calculate cytokine clearance and half-life values. The half-life of
HMGB1 increased by 60% and the half-life of TNF-@, IL-6, IL-10 increased by 2-3 fold in
5/6 Nx compared to normal (Figure 29). The pharmacokinetics of VEGF in bilateral Nx
could not be calculated because endogenous VEGF increased as early as 30 min after
bilateral Nx (Figure 30). The rapid accumulation of VEGF after bilateral Nx implies that
the kidney is the dominant organ of VEGF elimination. Cytokine accumulation in sepsis
with pre-existing impaired kidney function, was a result, in part, of impaired renal

cytokine elimination which can contribute to the higher sepsis severity after 5/6 Nx.
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Figure 29. Clearance and half- life of exogenous cytokines injection. The clearance/
half-life of cytokines after injection of exogenous recombinant HMGB1 (A), VEGF (B),
TNF- AL (C), IL-6 (D) or IL-10 (E) serum cytokine concentration were measured at
different times for area under the curve (AUC), clearance, and half-life calculations.
(n=4-5/group) * P<0.05 5/6 Nx or bilateral Nx vs. normal, ** P<0.03 5/6 Nx or bilateral Nx

vs. normal , # P <0.05 5/6 Nx vs bilateral Nx
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Figure 30. VEGF time course after injury. The VEGF increase after splenectomy (splx),
bilateral nephrectomy (BiNx) or sham surgery (bilateral frank incision. Serum VEGF
increase tremendously after BiNx and mildly after Splx but not sham surgery. The
intensive operation cause VEGF elevation might be due to wound injury- repair process.
However, in case of BiNx the production- excretion mismatch caused very high level of

VEGF.* P<0.05 vs sham, # P < 0.001 vs sham

Neutralizing HMGB1, but not VEGF, attenuated sepsis severity in mice with pre-existing
CKD (5/6 Nx)

To compare the early VEGF or late HMGB1 contributions to the severity of sepsis after
5/6 Nx, we administered neutralizing antibodies in normal and 5/6 Nx CD-1 mice.
Soluble FLT-1 (sFLT-1), an endogenous, circulating VEGF receptor splice variant [167],
was used to counteract the decreased clearance of VEGF. sFLT-1 administered
immediately after CLP, then every 4h, attenuated sepsis severity in normal mice as
described previously [15, 62, 163] but was not effective after 5/6 Nx-CLP (Figure 31),
similar to our previous report using a folate kidney fibrosis model combined with CLP
[15]. In contrast, a single dose of anti-HMGB1 at 6h after CLP attenuated sepsis severity
in 5/6 Nx mice but not in normal mice, as measured by kidney injury (Scr, BUN), liver
injury (ALT, AST), and inflammatory cytokines (TNF-Q, IL-6, IL-10), but not splenic

apoptosis (Figure 32). Furthermore, a single dose of anti-HMGB1 also improved
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systemic hemodynamics and delayed sepsis mortality in pre-existing 5/6 Nx with CLP

(Figure 33).

Figure 31. Anti-VEGF (sFLT-1) treatment in sepsis and sepsis with chronic kidney
disease. sFLT-1 attenuated sepsis severity in normal/CLP but not in 5/6 Nx/CLP mice.
Anti VEGF (sFLT-1) intravenously injection every 4 h started immediately after CLP
attenuated sepsis severity in CD-1 normal but not 5/6 Nx as measured by renal injury
(Scr, BUN) (A, B), liver injury (ALT, AST) (C, D), inflammatory cytokines (TNF-QL, IL-6,
IL-10) (E-G), and splenic apoptosis (H) compared with control normal saline treatment.
(n=4-6/ group) * P<0.05 anti VEGF vs. control normal saline, # P<0.05 control normal

saline in normal vs. control normal saline in 5/6 Nx
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Figure 32. Anti-HMGB1 attenuated sepsis in 5/6 Nx but not normal mice.

Anti-HMGB1 single dose intraperitoneally injection at 6 h after CLP (n = 4-6/ group)
attenuated sepsis severity in CD-1 5/6 Nx but not in normal mice as measured by renal
injury (Scr, BUN) (A, B), liver injury (ALT, AST) (C, D) and inflammatory cytokine (TNF-QL,
IL-6, IL-10) (E-G) compared with control rabbit IgG injection; however, anti-HMGB1 did
not decrease splenic apoptosis in either group * P<0.05 anti-HMGB1 vs. control rabbit

IgG, # P<0.05 control mouse IgG in normal vs. control mouse 1gG in 5/6 Nx
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Figure 33. Anti-HMGB1 and cardiovascular effect. Anti-HMGB1 improved sepsis-
induced hypotension, bradycardia and survival after 5/6 Nx and sepsis. Telemetric
recording of conscious mean arterial pressure (MAP) (A) and heart rate (HR) (B) of
normal (red, pink) or 5/6 Nx mice (blue, black) subjected to CLP, and after 6 hours
injected with rabbit IgG control (red, blue) or anti-HMGB1 (pink, black) (n=4/group).
Survival curve (C) of 5/6 Nx mice subjected to CLP, then 6 hours later treatment with
rabbit IgG control (gray) or anti-HMGB1 (black) (n = 7/group). * P<0.05 anti-HMGB1 vs.

mouse IgG control
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Spleen apoptosis as an important source of serum HMGB1 in both sepsis and CKD
(5/6 Nx)

Spleen apoptosis has been shown to be the source of serum HMGB1 both in vitro and in
vivo following sepsis [114, 162]. Splenectomy performed during CLP surgery reduced
serum HMGB1 acutely by 42% in normal mice as previously described [114, 143]. To
determine if spleen apoptosis correlated with serum HMGB1 in the chronic setting of 5/6
Nx, we treated a CKD-resistant strain (C57BL/6) with angiotensin Il (Ang Il) and treated
a CKD-susceptible strain (CD-1) with olmesartan for 4 weeks then measured serum
HMGB1. Ang Il (0.75 pg/kg/min by osmotic minipump for 4 weeks) induced progressive
kidney injury, proteinuria and splenic apoptosis in C57BL/6 (CKD-resistant strain) after
5/6 Nx but not in normal mice (Figure 34, 35). When CD-1 (CKD susceptible strain)
mice were subjected to 5/6 Nx, olmesartan treatment for 4 weeks reduced kidney injury,
proteinuria and splenic apoptosis (Figure 35 upper panel, 36). Serum HMGB1 increased
in proportion to splenic apoptosis in C57BL/6 5/6 Nx treated with Ang Il and decreased
in parallel to splenic apoptosis in CD-1 5/6 Nx treated with olmesartan (Figure 22B). We
also studied 5/6 Nx in the 129S3 strain, which has a slower rate of CKD progression,
allowing temporal study of splenic apoptosis and HMGB1. In 129S3 an increase in
splenic apoptosis was observed at 8 weeks after 5/6 Nx, which preceded the increase
in serum HMGB1 at 12 weeks (Figure 16A, B). Recombinant HMGB1 administration (6
mg/kg) did not induce splenic apoptosis even after bilateral Nx (data not shown).
Moreover, the splenectomy reduced serum HMGB1 in CLP both in previously healthy
mice and pre-existing bilateral nephrectomy (Figure 35 lower panel, 37). Therefore, our
data supports a model whereby increases in serum HMGB1 occur downstream of
splenic apoptosis in both sepsis and 5/6 Nx, and spleen is a dominant source of

systemic HMGB1 in both conditions.
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Figure 34. Angiotensin Il (Ang Il) induced CKD in C57BL/6 5/6 Nx resistant strain and
Olmesartan (Olm) improved CKD in CD-1 5/6 Nx. Angiotensin Il (Ang Il) induced CKD
progression in C57BL/6 (CKD resistance strain) after 5/6 Nx as demonstrated by
increased Scr (A) and albuminuria (B). Olmesartan (Olm) reduced CKD progression in
CD-1 (CKD susceptible strain) after 5/6 Nx as shown by Scr (C) and albuminuria (D). * P
< 0.05, ** P < 0.03, *** P< 0.001
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Figure 35. Spleen apoptosis was the source of serum HMGB1 in sepsis and 5/6 Nx.
Spleen apoptosis and corresponding serum HMGB1 of C57BL/6 (CKD resistant strain)
normal mice with Angiotensin Il or normal saline (n=4/gr), C57BL/6 5/6 Nx mice with
Angiotensin Il or normal saline (n=4/gr), CD-1 (CKD susceptible strain) normal mice with
Olmesartan or vehicle (n=4/gr) and CD-1 5/6 Nx with Olmesartan or vehicle (n=4/gr)
was demonstrated (upper). Spleen apoptosis and corresponding serum HMGB1 of CLP
mice in normal sham (n=4), normal CLP (n=5), splenectomy CLP (n=5), bilateral Nx
sham (n=4), bilateral Nx CLP (n=6), and bilateral nephrectomy with splenectomy CLP

(n=6) was showed (lower). # P<0.05 non splenectomy vs splenectomy
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Figure 36. Spleen apoptosis in C57BL/6 5/6 Nx with Angiotensin Il and CD-1 5/6 Nx
with Olmesartan treatment. Representative picture of spleen activated caspase3 in
C57BL/6 5/6 Nx with normal saline (Angiotensin Il control) (A) or Angiotensin Il injection
(B) and CD-1 5/6 Nx with vehicle (C) or Olmesartan (D) for 4 week. (original

magnification 400x)



Figure 37. Spleen apoptosis of normal or bilateral Nx mice with CLP.
Representative picture of spleen activated caspase3 in normal (upper panel) and
bilateral Nx (lower panel) with sham surgery (left panel) or CLP (right panel). (original

magnification 400x)
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CHAPTER V
DISCUSSION

We aimed to study sepsis in pre- existing chronic kidney disease (CKD)
because the sepsis in pre-existing folic acid kidney fibrosis (FA) showed different
natural history of sepsis in previously healthy mice [15]. Unfortunately, FA model is non-
appropriate chronic kidney disease (CKD) model due to no progression of kidney injury.
Then we need more appropriate CKD model. Chronic kidney disease (CKD) is the
results of different pathophysiologic processes associate with progressive decline in
glomerular filtration rate (GFR) which leading to uremic syndrome (weight loss, anemia,
cachexia, cardiomyopathy, etc) [16, 17]. The renal injury can be demonstrated grossly
by radiology (small size, irregular surface) and by histology (glomerulosclerosis,
interstitial fibrosis) [168]. Although a mouse CKD model would allow dissection of
pathophysiological mechanisms using knock-out/ transgenic approaches and require
smaller amount of therapeutic agents with lower cost of maintainance, the number of
publications using mouse models of CKD is limited, in part, because of a concern that
mice do not develop renal fibrosis in response to reduction in kidney mass[153], and
because of difficulties in surgical nephrectomy due to inter-species differences in
arterial supply to the kidney. The proper mouse CKD model will be a tremendously
benefit to the scientific progression in this topic including our sepsis study. Then we
seek the proper method for CKD model. Most of the literatures report 5/6 nephrecctomy
using an anterior renal artery branch ligation with contra-lateral nephrectomy as a
standard method in rat but not mouse, in part, because of arterial vascular supply is
quite different than in the rat [130]. The reports on mouse kidney remnant model consist
of contralateral nephrectomy with the initial nephron removal by different methods
including anterior or posterior renal arterial branch ligation, electro cautery or heat of
cold injury on kidney surface and upper- lower pole resection [132-134]. We selected an
alternative approach employing removal of the left upper/ lower pole with adequate
hemostatis [169] follow with right nephrectomy at 1 wk later. It is interesting that using

this procedure in C57BL/6 did not showed progressive kidney injury and no weight loss
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leading to the conclusion that C57BL/6 resisted to CKD progression [153]. However, we
postulated that the resistance might due to inadequate kidney removal then the
remained nephron still higher than 50% after insults. To the best of our knowledge, there
is no control method to demonstrate the adequacy of kidney mass removal in mouse
kidney remnant model. Then we measured the “removed kidney ratio” (see Methods) to
determine the adequacy of surgical resection and use as reference value among
different mouse strains. Additionally, there are other easier, non- complex operative
methods to initiate kidney injury which never been used as a part of CKD models such
as ischemic reperfusion injury (I/R), toxic substances injection (folic acid, cisplatin,
contrast media, mercuric chloride, etc.). Subsequently, we selected other 2 easier
methods (I/R and folic acid injection (FA)) to initiate nephron loss then remove one
kidney to see if we can get easier, less complex operative CKD model. Then we test
these 3 candidate CKD model in CD-1 mice which is bigger and easier for the operation
as a pilot study. Unfortunately, the insults by I/R or FA injection then nephrectomy were
not severe enough to use as CKD model (Figure 1). However, the 5/6 Nx in CD-1

showed very rapid CKD progression as screening by urine albumin creatinine ratio.

The rapid kidney function deterioration in CD-1 glomerulosclerosis

We demonstrate the adequacy of kidney mass removal, by high BUN/ Scr in 5/6 Nx
mice at wk1, resulted in rapid deterioration of kidney function (Figure 2A-B) in 129S3
and CD-1 but not in C57BL/6. The level of BUN and Scr of CD-1 5/6 Nx at wk4 was
higher than 129S3 at wk8 but comparable with 129S3 at wk12. The progression of renal
failure was closely parallel to high tubulointerstitial fibrosis histology (Figure 3B)
consistent with patient data[170]. The correspondence between Scr and conscious GFR
was demonstrated by using some representative mice in each group (Figure 2C). The
difference between control and 5/6 Nx was higher with GFR measurement (300-400
pl/min) compare with Scr (0.5-0.6 mg/dl). Scr had the limitation to demonstrate the
severity of kidney injury consistent with previous study [171]. The kidney damage
progression measure by urine protein excretion was very rapid in CD-1 and 129S3 with

5/6 Nx which increased as early as wk2 in both strains but more rapid in CD-1 (Figure
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2D). Urine ACR of C57BL/6 with 5/6 Nx at wk12 was also slightly higher than control at
wk12 (127497 vs 22+10 pg/mg) but non-statistically significant. The numbers of
moderate and severe mesangial expansion glomeruli, parallel to urine protein excretion,
were higher in CD-1 5/6 Nx at wk4 which comparative to 129S3 5/6 Nx at wk12 (Figure
3A, 4). Interestingly, C57BL/6 with adequate kidney resection as measured by rapid
higher of BUN/ Scr at wk1 and confirmed by very low GFR showed no progression of
kidney function, albuminuria and histology (Figure 2-4). We confirmed the resistance to
kidney function worsening of C57BL/6 after 5/6 Nx which might be the results of less

proteinuria or lower blood pressure [172].

The validation of CKD model to CKD patient in weight loss, anemia with relatively low
erythropoietin (EPO) and hyperphosphatemia

In this present study, there were several clinical manifestations that mimic CKD patient.
1). Weight loss: The accumulation of uremic toxin results in nausea, vomiting and weight
loss in CKD patient [16, 173]. Body weight (BW) loss was more prominent, rapid in CD-1
than 129Sv after 5/6 Nx (Figure 5A). C57BL/6 with 5/6 Nx, with no kidney injury
progression, also showed relatively low BW with tendency of weight loss compare with
control mice. The cachexia in C57BL/6 5/6Nx indicated the adequacy of kidney mass
removal in our model. 2). Anemia with relatively low EPO level: EPO, erythropoiesis
glycoprotein hormone mainly from peritubular kidney cell [174, 175], response rapidly
up to more than 10,000 times after acute anemia within 1 week in normal patient [174,
175]. In our present model, 1% stage surgery (Figure1) produced mild anemia in 5/6 and
2/6 Nx at wkO but the 2/6 Nx mice EPO level rapidly raised up to compensate low Hct
level and Hct return to normal at wk2-4 with constantly high EPO level (Figure 5B, C). 3).
Hyperphosphatemia and hyperamylasemia: The excretion failure in CKD results in
hyperphosphatemia is common metabolic complications of CKD. Serum phosphate and
amylase in every mouse strains with 5/6 Nx were higher than control (Figure 5D, E). In
C57BL/6, glomerulosclerosis resistant strain after 5/6 Nx, there were relatively weight
loss, anemia, low EPO and hyperphosphatemia which demonstrated the adequate

kidney mass removal of this model but not parallel to kidney function progression.
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Hence, these parameters alone without kidney function measurement were not
appropriate to follow up CKD patient. The adequate kidney mass reduction in CD-1
showed several mimic CKD manifestations in very short period of time might be the

useful CKD animal model.

The validation of CKD model in blood pressure (BP) progression and cardiovascular

damage

The systemic hypertension initiate CKD is controversial opinion but it is accepted that
high BP can exacerbate all form of CKD [176]. 129S3 mouse (susceptible 5/6 Nx
induced glomerulosclerosis) shows tendency of high baseline BP in some literatures
[131, 169]. However, blood pressure measurement in all mouse 5/6 Nx literature, so far,
uses intermittent tail- cuff method which maneuver trained mice are needed. In this
present study, the radiotelemetry, an alternative method of obtaining the continuous
stress- free physiological measurements from awake and freely moving mice, was used
[15, 112, 177]. Surprisingly, the around- the- clock telemetric records of baseline mean
arterial pressure (MAP) in CD-1 were distinguished higher then 129S3 and MAP in CD-1
and 129Sv were significantly higher than C57BL/6 (Figure 6A). However, elderly normal
CD-1 mice (8 months) did not show spontaneous albuminuria and glomeruloscerosis
(data not shown) but the rapid high BP progression could be found after 5/6 Nx. MAP of
CD-1 and 129S3 5/6 Nx continuous increased from baseline as early as wk2 in both
strains which consistent with previous study with tail- cuff measurement [131, 178]
(Figure 6B). MAP of C57BL/6 5/6 Nx was slightly increased after wk1 but non- significant
difference. Mice are nocturnal creature so BP normally dipping in daytime as circadian
variation. The non- dipping of blood pressure in patient which has been recognized as
the risk factor of more cardiovascular organs damage can be found in CKD[179]. In our
model with severe kidney impairment, there were normal blood pressure dipping in all of
the 5/6 Nx mice (Figure 6C-E). The abnormal in autonomic function might be more
important cause of non- dipping phenomenon then kidney impairment. The exploration
in autonomic function of CKD patients with non- dipping blood pressure is interesting to

study. Although there is normal dipping of BP, the cardiovascular organ damage
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measured by cardiac fibrosis can be demonstrated in this model (Figure 7). The cardiac
fibrosis is one of the uremic cardiomyopathy reported in both patient [180, 181] and
CKD animal model [178, 182, 183] which might cause by rennin angiotensin aldosterone
system (RAS) activation, hyper phosphatemia, parathyroid hormone or oxidative stress
in CKD condition [184]. In our present 5/6 Nx, massive cardiac fibrosis was also found in
both CD-1 at wk4 or 12983 at wk12 but not in C57BL/6 even after wk16 (Figure 7)
despite there was hyperphosphatemia (Figure 5D). The severity of cardiac fibrosis
seems to parallel to the duration of hypertensive state (Figure 6B, 7) more than
phosphate level. High BP might be one of the critical factors for cardiac fibrosis in CKD.
CD-1 5/6 Nx in our model showed rapid BP progression with cardiovascular organ
damage as measured by cardiac fibrosis. The higher baseline BP in CD-1 and 129S3
compare with C57BL/6 might be the important exacerbation factor for more rapid
glomerulosclerosis and albuminuria after 5/6 Nx which leading to more kidney injury

progression.

The new CKD model in inbred mouse strain by angiotensin |l administration but not
deoxycorticosteroid (DOCA)- salt

We postulated that the different in baseline blood pressure in different strains
might be responsible for CKD progression and the inbred mouse experiment might be
needed for further sepsis experiements. Then we increased BP in C57BL/6 5/6 Nx which
resistance to the progression. Angiotensin Il (Ang Il) induce hypertension is widely use
hypertensive model [156, 157]. Ang Il increase BP via 2 main mechanisms; direct
vasoconstriction and renal salt reabsorption from renin activation then higher
aldosterone [185, 186]. Renin is normally excreted from jaxtaglomerular area in hypoxic
or volume depletion condition. In 5/6 Nx mice, renin activity is slightly high despite less
renal mass (data not shown) might due to hypoxia from surgical scar. In any case, the
effect of Ang Il in kidney remnant rat model is demonstrated [158] but in mouse is never
published. Ang Il 0.75 pg/kg/min rapidly increased BP in both normal and 5/6 Nx
C57BL/6 mice within 1 week (Figure. 9A, B). Ang Il slightly increased higher BP in

normal than 5/6 Nx (Figure 8 left panel) might due to more salt reabsorption in normal
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kidney. Additionally, Ang Il increased BP in early phase of bilateral nephrectomy mice
up to 18 h before BP drop from severe uremic condition (data not shown). We
hypothesized that Ang Il have direct vasopressive effect which transiently increase MAP
after bilateral Nx which correspondance to the study in rat [187, 188], however, these
effect might, in part, correlate with less Na reabsorption in kidney remnant function as
mentioned in other studies [156, 186, 189]. There might be the threshold of remnant
kidney function which 2/6 Nx and unilateral Nx can be compensated to reach normal
kidney reabsorption function. Further study on effect of Ang Il in kidney remnant is
needed to answer this question. In any case, we surprisingly found very rapid, high
albuminuria as early as 1 wk after Ang Il administration then constantly high in 5/6 Nx
and significant microalbuminuria (dipstick negative) in normal with Ang Il (Figure 9C, D)
with predicted diuresis response [185] (Figure 9E). The very early albuminuria after Ang
[l administration might responsible from the rapid hemodynamic change or the direct
effect of Ang Il to kidney [185]. The removal of Ang Il after 10 days of administration did
not decrease albuminuria or reduced kidney histology severity at later time point so the
pathological change might occur within 10 days of Ang Il administration (data not
shown). The rapid progression of albuminuria after Ang Il administration also reciprocal
with progressive loss of kidney function (Figure 9F, G), kidney/ cardiac pathology
(Figure 10) and weight loss (data not shown) which mimic rapid natural history in CD-1
with 5/6 Nx (Figure 2-5). However, many characters of C57BL/6 5/6 Nx with Ang I
seems more severe than CD-1 5/6Nx (BUN, Scr, kidney and cardiac histology) which
might be the direct effect of Ang Il in different organs (which demonstrated in normal
with Ang Il; microalbuminuria, diuresis, cardiac injury, high MAP) or the longer exposure
to higher MAP (high MAP start from wk1 in C57BL/6 5/6 Nx with Ang Il (Figure 9A) but
from wk2 in CD-1 5/6 Nx (Figure 6B). It is important to note that Ang Il administration in
normal did not decrease glomerular filtration rate and kidney histology which
correspond to previous study [185] but did increase cardiac fibrosis area (data not
shown), urine volume and urine albuminuria (Figure 9C-E). The Ang Il induced cardiac
fibrosis in normal group might be the result of higher blood pressure compare with 5/6

Nx group (Figure 9A, B), however, there were other non BP factors in 5/6 Nx [178] which
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responsible for more severe cardiac fibrosis in 5/6 Nx. Further studies on uremic
cardiomyopathy in this model will be very interesting. It is interesting that
deoxycorticosterone (DOCA) with salt water caused hypertension in 5/6 Nx C57BL/6
mice (Figure 8) but did not increase urine ACR profoundly and no CKD characters. Ang
Il seems to be more important than BP in CKD progression. However, BP from DOCA-
salt was a little lower than from Ang Il which is non- statistically value. But these
differences might be clinically important as report in patient studies. In any case, the
C57BL/6 5/6 Nx with Ang Il will be the interesting model to explore the importance of

different gene in CKD in several available C57BL/6 knock out/ transgenic back ground.

The kidney fibrosis in different models and microCT approach

Fibrosis is the accumulation of collagenous extracellular matrix results from
inflammation from several initial injury [190-193]. The rapid glomerulosclerosis and
tubulointerstitial fibrosis lesions are inhomogeneous so the method that can explore
kidney as a whole might be useful for studying this topic. We used microCT based
Virtual His’tologyTM (microCT), submicron resolution imaging which can be differentially
stained using heavy metal elements and explore several aspect of tissue without
actually destroy tissue specimens to achieve physiological distinction in a 3D data of
structures in different directions [177], in kidney fibrosis models. Different from other
conventional histological method which tissue has to be cut, stain in only partial part of
organs, microCT explore the whole kidney at the same time so there will be more benefit
in inhomogenous pathology comparison. The different aspects in detail of the structure
can be seen by the 3D reconstruction picture with different technique base on density
difference which can be digitally cut to scoring the interesting parameters from whole
kidney. In this study, we showed, for the first time, microCT pictures of 5/6 Nx at wk4, FA
at wk2, Chr I/R at wk12, control normal and 2/6 Nx kidney (Figure 11). We interpreted
these pictures by matching with clinical characteristics (table 1) and conventional
histopathology in each models. In the VR and DS picture, the clearly smooth kidney
surface and possible vasculature of kidney (VR picture: red) and possible urinary

network (DS picture: blue) shown in normal kidney but the prominent irregular surface
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and obscure structure found in fibrosis kidney (Figure11). The patching or clump of the
red color in VR picture and the patchy yellow/orange lesion in DS picture were found
tremendously in 5/6 Nx, moderately in Chr I/R and none in FA/ 2/6 Nx (Fig 11) correlated
with the severity of albuminuria (table 1). However, there was prominent fibrosis in FA
model histology but no abnormal patchy yellow/ orange colors in FA microCT DS picture
so these yellow/orange lesion in microCT DS picture were not fibrosis scar. We
postulated that the clumping red lesion (VR picture) might be the nephron hyperfiltration
and patchy yellow/orange lesion (DS picture) might be the streak of protein or the
secondary change of high albuminuria. Further studies need to be performed to validate
the interpretation, quantification and application of this interesting technology. In any
case, the difference in 5/6 Nx and 2/6 Nx (Lt. kidney) can easily found in microCT
picture (Figure 11) which demonstrated the possibility to use this tool to compare the
whole kidney difference in future study.

At this point, we initiated new rapid CKD models; 5/6 Nx in CD-1 outbred genetic
background and 5/6 Nx with Ang Il in C57BL/6 inbred genetic background.
Consequently, we use those models for sepsis study in pre- existing CKD. We selected
cecal ligation and puncture (CLP) as sepsis model because of the clinically relevant in
this model from literatures. Then we performed CLP on 5/6 Nx in all 3 mouse strains
when they showed progressive proteinuria and kidney injury. The main interested
groups will be CLP in CD-1 5/6 Nx and 129 S3 5/6 Nx. The C57BL/6 5/6 Nx CLP used as
control kidney injury. We will keep the 5/6 Nx with Ang Il in case we interested in genetic

deficiency mouse later.

Pre-existing chronic kidney disease predisposes mice to more severe sepsis.
We found that the severity of sepsis in C57BL/6 mice, which showed a mild degree of
chronic kidney injury after 5/6 nephrectomy (Scr 0.3-0.4 mg/dl; Fig 11), was similar to
that observed when the composite first stage sham surgery group without CKD was
subjected to CLP-induced sepsis (Figure 12). In contrast, mice with a higher degree of
pre-existing chronic kidney injury (CD-1 and 129S3) developed more severe sepsis

(kidney, liver, and spleen injury; inflammatory cytokines) (Figure 12-14). Thus,
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underlying chronic kidney injury predisposed mice to more severe sepsis (either with
folic acid as previously reported [15] , or 5/6 Nx in this study), consistent with previous
studies of host defense defects in CKD, where a variety of immune cell functions are
impaired, by yet undefined factors that presumably include circulating uremic toxins
[20]. Because serum inflammatory cytokines, VEGF [15, 62, 163], and HMGB1 [114,
162] are all increased following sepsis in healthy mice, we first explored the importance
of these factors in CKD alone, sepsis alone, and the amplification caused by the

combination of pre-existing CKD and sepsis.

Inflammatory cytokines. Human and animal studies have indicated that CKD
includes an inflammatory state, with corresponding increases in inflammatory cytokines
(TNF-QL, IL-6, IL-10) that may enhance protein catabolism, malnutrition and
artherosclerosis [28-30, 194]. We found relatively mild accumulation of these cytokines
in serum (approximately 2-fold above baseline), even at late stages of CKD in 5/6 Nx
(Figure 15D-F). After 5/6 Nx and sepsis, all three strains had relatively similar
accumulations of TNF-Q, IL-6 and IL-10 (Figure 15D-F), despite a dramatic
enhancement of sepsis severity in CD-1 and 129S3 vs. C57BL/6 (Figure 12).
Accumulation of these cytokines seems to be enhanced, in part, because of reduced
renal excretion (Fig 17); 70 -80% of the cytokine elimination was via a renal route. Thus,
neither prototypical pro- (TNF-QL, IL-6) nor anti-inflammatory (IL-10) cytokines could
account for strain-dependent differences in susceptibility to CKD, before or after sepsis.
However, sub-clinical infections could help explain the higher inflammatory cytokine
levels that have been reported in CKD patients [195, 196].

VEGF. VEGF is increased in CKD both in animals and humans [15, 160]. High
levels of VEGF can cause vascular endothelial leakage and have been associated with
a higher severity of human sepsis [197, 198]. VEGF increased very early after 5/6 Nx
surgery and continued to increase in parallel to the rate of CKD progression (Figure
15C). This early increase might promote healing of the surgical wound [199, 200]. Most
exogenously administered VEGF was cleared via the kidney (Figure 17B), suggesting

that the VEGF increase after CKD was primarily derived by decreased renal elimination
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rather than increased production. In contrast to prototypical pro- and anti-inflammatory
cytokines, both VEGF and HMGB1 did differ among strains during the progression of
CKD, and the circulating levels of both mediators corresponded to the severity of CKD.
VEGF increased to very high levels after sepsis, with or without CKD, as previously
described [15, 62, 160, 163, 197, 198].We found that exogenously administered sFLT-1,
an endogenous neutralizing, soluble VEGF receptor, did not attenuate sepsis severity
after CKD by 5/6 Nx (Figure 18) nor after folate-induced fibrotic injury [15], despite
effectiveness of this treatment in mouse CLP sepsis without pre-existing kidney injury
[62, 163]. Hence, the participation of VEGF in CKD progression and sepsis appears to
act independently, rather than synergistically interacting to amplify the severity of sepsis
after CKD.

HMGB1. The pro-inflammatory cytokine HMGB1 is passively released from
dying cells that are either undergoing apoptosis or necrosis [201], and it induces the
release of other cytokines from macrophages and other cell types [43, 202-204].
HMGB1 can induce additional release of HMGB1 in macrophage-like RAW 264.7 cells
[162], thus HMGB1 can exhibit positive-feedback amplification. In sepsis, HMGB1 has
been proposed as a late-appearing pro-inflammatory cytokine, and HMGB1 neutralizing
therapy improved mortality [43, 143, 162, 204, 205], even when it was started 24 hrs
after surgery [143]. We found that serum HMGB1 increased in the late phase of CKD (4
weeks after 5/6 Nx in CD-1 and after 12 weeks in 129S3) and was especially elevated at
the peak of the kidney injury and albuminuria (Figure 15B, 12), similar to what has been
described in a few patients with CKD [44]. This time course suggests that HMGB1 alone
does not drive CKD progression, as HMGB1 levels have probably not reached a critical
mass for positive feedback, but rather accumulates as renal function deteriorates.
Indeed, 50% of HMIGB1 clearance was via renal route (Figure 17A). HMGB1 was
elevated following sepsis, but the timing depended on how much renal function
remained prior to sepsis. In normal and BiNx animals, HMGB1 was a late-appearing
cytokine (increased at 12 h) as previously demonstrated [143, 205]; whereas, in sepsis
following CKD, HMGB1 was an early responding cytokine (6 h) (Figure 16A). From our

data we propose the following framework: because HMGB1 levels are higher during the
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progression of CKD, and the capacity for renal clearance of HMGB1 is reduced, the
small increases in HMGB1 during the early phase of sepsis can now trigger an
autocrine or positive feedback loop where HMGB1 is high enough to induce more
HMGB1 release [143, 205]. This view is supported by a temporal shift in the HMGB1
appearance from late in sepsis alone to early after CKD-sepsis. On the other hand, an
earlier increase in HMGB1 could be an indicator of more severe injury as recently
mentioned in moribund trauma patients [206]. We found that a single dose of anti-
HMGB1 neutralizing antibody started at 6 h after CLP—when HMGB1 increased—
attenuated sepsis severity and improved survival in 5/6 Nx-CLP but not in normal-CLP
mice (Figure 19, 20). Because neutralizing HMGB1, but not VEGF (by sFLT-1), was
effective, the attenuation of pro-inflammatory response might be more beneficial than
decreasing vascular leakage in CKD-sepsis. Alternatively, HMGB1 might drive VEGF,
high levels of VEGF could induce a beneficial adaptation in endothelial cells, and/or
sFLT-1 could have additional toxic effects; whereas high levels of HMGB1 may have
induced only harmful effects, including positive feedback. Since the same dose of anti-
HMGB1 showed effectiveness only in CLP with CKD but not CLP alone (Figure 19),
HMGB1 might only induce tissue damage above a critical threshold. However, co-
induced factors often complicate any simple interpretation. It is interesting that the
higher mean arterial pressure (MAP) in CKD from 5/6 Nx did not help maintain blood
pressure after sepsis. The MAP started to drop as early as 3 hrin both normal and 5/6
Nx mice (Figure 20A). Anti-HMGB1 treatment appeared to maintain cardiovascular
function in the ‘late’ sepsis phase (after 18 hr) (Figure 20A) as previously mentioned
[207-209]. However, some of the mice with improved MAP died after 40-48 hr (Figure
20C), and additional anti-HMGB1 might be needed to maximize efficacy [143]. Thus,
HMGB1 seems to be more central to the ampilification seen in CKD-sepsis. Anti-HMGB1
treatment, which showed therapeutic benefit in previous studies on sepsis from healthy
mice [114, 143, 162], might have a greater impact on sepsis with underlying CKD.
Considering the increasing prevalence of CKD patients with a higher rate of sepsis [20]
and longer lengths of hospital stay [21], anti-HMGB1 is a promising candidate for

combination pre-emption and treatment strategies.
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Role of spleen apoptosis in HMGB1 accumulation in both CKD and sepsis

We then turned to cellular immune defects, since both CKD and sepsis are associated
with immunomodulatory and immune depression defects [210], including uremia-
induced immune cell apoptosis in CKD [22, 211-215]. Because HMGB1 is released from
apoptotic cells [143], we explored the role of the spleen, the largest lymphoid organ
[216-218] and a major site of apoptosis following sepsis [114]. We surprisingly found
spleen apoptosis in CKD (before CLP surgery) that started as early as 4 and 8 weeks
after 5/6 Nx in CD-1 and 129S3 mice, respectively (Figure 14 left panels, Figure 15A).
Although CKD and uremia have been shown to induce immune cell apoptosis, we could
not find any previous animal or human studies of spontaneous cell apoptosis in
lymphoid organs. Interestingly, the susceptibility of mice to 5/6 Nx-induced CKD was
strain-dependent; Ang Il could overcome the resistance to CKD in C57BL/6 mice
whereas olmesartan could diminish the susceptibility to CKD in CD-1 mice (Figure 22).
We found that these maneuvers induced parallel changes in splenic apoptosis and
serum HMGB1 levels; both were increased following chronic Ang Il infusion and
reduced by chronic olmesartan treatment (Figure 23A). These data indicate that there
may be a causal relationship between splenic apoptosis and HMGB1 during the
progression of CKD. Whether Ang Il acts on the kidney, extrarenal sites, or directly on
the spleen [219] is unknown. The slower rate of CKD progression in the 129S3 mouse
strain allowed us to observe a significant increase in splenic apoptosis before HMGB1
increased (Figure 15). Intravenous injection of recombinant HMGB1 (6 mg/kg) did not
cause splenic apoptosis (data not shown). To further test this association, we performed
splenectomy at the same time as CLP surgery. Splenectomy reduced serum HMGB1
after CLP in both normal and 5/6 Nx mice (Figure 23B). Furthermore, HMGB1
neutralizing antibody did not decrease splenic apoptosis (Figure 19H). Collectively, our
results support a pathway where splenic apoptosis is temporally and mechanistically
upstream of HMGB1 during CKD progression, sepsis, and CKD-sepsis.

In conclusion

Successfully translating treatments from pre-clinical animal models to human patients
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has been exceedingly difficult in sepsis. Some of this difficulty may arise because the
animal models do not faithfully reproduce enough features of human sepsis;
alternatively, candidate drugs are typically tested in young healthy animals, whereas a
majority of sepsis occurs in the setting of a pre-existing medical condition. We modified
the standard CLP model to incorporate a common pre-existing condition — progressive
chronic kidney disease, thereby creating a more clinically relevant model that more
closely resembles the complexity of human sepsis. We found that pre-existing CKD
amplified sepsis, and that a major amplification factor was HMGB1 that was released
primarily by apoptotic cells in spleen and could not be cleared by the injured kidney. In
addition, we found that spontaneous spleen apoptosis in 5/6 Nx CKD was largely
responsible for increasing serum HMGB1 level in CKD. A high baseline of HMGB1
levels in CKD can trigger additional HMGB1 release after sepsis, resulting in a positive
feedback loop. Interception with anti-HMGB1 reduced sepsis after CKD but not in
normal animals. Thus, the two-stage CKD sepsis model has dramatically increased
mortality, differing mechanisms, and therapeutic targets than a sepsis model in young
mice. Models that more closely replicate the underlying co-morbidity might be more
suitable for testing biomarkers and therapeutic agents for use in human sepsis.The
interplay between CKD and sepsis is inherently complex, and this initial study will
require extensive follow-up studies to gain further mechanistic insight that can guide
more comprehensive treatment strategies for CKD-sepsis. By comparing both CKD and
sepsis components vs. CKD-sepsis, we can begin to isolate which progression factors
for CKD and sepsis act in concert, which factors act independently, and which factors
may even counteract. For example, routine examination of baseline values of typical
sepsis outcomes post-CKD/pre-sepsis led to our discovery of splenic apoptosis as a
potentially important mediator of CKD progression. This unconventional line of thinking
was made possible by dissecting the complex clinical problem of CKD-sepsis into two
distinct and disparate components, then systematically examining the models for each

component alone or in combination.
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DETAIL PROTOCOL

1. The fluorescein isothiocyanate (FITC)-labeled inulin clearance for GFR measurement
Reagent Preparation:
1. 5% FITC-inulin: dissolved 100mg of FITC-inulin in 2 ml of 0.9% NaCl by heating the
solution in boiling water.
2. 500 mM HEPES buffer: dissolved 59.6g of HEPES in 500 ml of deionized water and
adjust pH to 7.4 using 10N NaOH.
Preparation of 5% FITC-inulin solution:
1. 5% FITC-inulin (Sigma-Aldrich) is dissolved in two ml of 0.9% NaCl -- facilitated by
heating the solution in boiling water.
2. To remove residual FITC not bound to inulin, the solution is filled into a 1000 Daltons
cut-off dialysis membrane (Spectra/Pro 6, Spectrum Laboratories Inc., Rancho
Dominguez, CA).
3. Put the dialysis membrane filled with FITC-inulin into 1000 ml 0.9% NaCl for 24 hours
at room temperature.
4. Prior to use, this dialyzed solution is sterilized by filtration through a
0.22 um filter (e,g, Costar).
Intravenous injection and blood collection:
1. Mice are anesthetized using Isoflurane, which for approximately 20 seconds.
2. 5% FITC-inulin (3.74ul /g body weight) is injected retroorbitally under anesthesia
within 10 seconds.
3. After fully regaining consiousness the mouse is restrained inside a 50 mL centrifuge
tube with large air-holes drilled in the tip.
4. The inner thigh was closely shaven and wiped with 75% ethanol, revealing the
saphenous vein. Approximately 20 ul blood is collected in a heparinized capillary tube
(Fisher Scientific) by venepuncture using a sterile 23 gauges syringe needle. On
average, this yields 10 ul of plasma following centrifugation (4,000 RPM, 10 min).
5. Blood was sampled via the saphenous vein at 3, 7, 10, 15, 35, 55, 75 minutes post
injection of FITC-inulin.

Calculation of GFR:
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A two — compartment clearance model was used for the calculation of GFR. The initial,
rapid decay phase represents redistribution of the tracer from the intravascular
compartment to the extracellular fluid. Systemic elimination also occurs, but the
distribution process is relatively dominant during this initial phase. During the later,
slower decay in concentration of the tracer systemic clearance of the tracer from the
plasma predominates. At any given time (tX), the plasma concentration of the tracer (Y)
equals to Ae™™ +Be'th+ Plateau. The parameters of above equation could be calculated
using a non-linear regression curve-fitting program (GraphPad Prism, GraphPad
Software, Inc., San Diego, CA.). GFR was calculated using the equation: GFR= I/(A/OL +
B/B), where | is the amount of FITC-inulin delivered by the bolus injection; A (Span1)

and B (Span2) are the y -intercept values of the two decay rates, and Ol and B are the

decay constants for the distribution and elimination phases, respectively.

2. Periodic acid-Schiff (PAS) staining
Solutions and Reagents:
0.5% Periodic Acid Solution: Periodic acid 0.5 g with distilled water 100 m|
Test for Schiff reagent: Pour 10 ml of 37% formalin into a watch glass then drop the
reagent. A good Schiff reagent will rapidly turn a red-purple color.
Procedure:
1. Deparaffinize and hydrate to water.
. Oxidize in 0.5% periodic acid solution for 5 minutes.
. Rinse in distilled water.

. Place in Schiff reagent for 15 minutes (Sections become light pink color).

. Counterstain in Mayer's hematoxylin for 1 minute.

2
3
4
5. Wash in lukewarm tap water for 5 minutes (Immediately sections turn dark pink color).
6
7. Wash in tap water for 5 minutes.

8

. Dehydrate and coverslip using a synthetic mounting medium.

3. Masson’s trichrome staining

Solutions and Reagents:



111

Bouin's Solution: Picric acid (saturated) 75 ml with Formaldehyde (37-40%) 25 ml And

Glacial acetic acid 5 ml

Weigert's Iron Hematoxylin Solution: Mixed stock Solution A (Hematoxylin 1 g with 95%
Alcohol 100 ml) with stock Solution B (29% Ferric chloride in water 4 ml with distilled

water 95 ml and concentrated hydrochloric acid 1ml) in equal volume.

Biebrich Scarlet-Acid Fuchsin Solution: 1% aqueous Biebrich scarlet 90 ml with 1%
aqueous acid fuchsin 10 ml and glacial acetic acid 1 ml
Phosphomolybdic-Phosphotungstic Acid Solution: 5% Phosphomolybdic acid 25 ml with
5% Phosphotungstic acid 25 ml

Aniline Blue Solution: Aniline blue 2.5 g with glacial acetic acide 2 ml and distilled water
100 ml

1% Acetic Acid Solution: Glacial acetic acid 1 ml in distilled water 99 ml

Procedure:

—

. Deparaffinize and hydrate

. Bouins Solution: immerse slides for-: 1 hour in oven or overnight at 60 degrees
. Running Water- let slides sit until yellow clears

. Wiegert's Iron Hematoxylin- 10 minutes

. Running Water- 5 minutes

. Beibrich Scarlet-Acid Fushion- 5 minutes

. Wash with distilled water

. Phosphotungstic-Phosphomolybdic Acid:5 minutes

© o0 N o o b~ o w N

. Aniline Blue- 5 minutes
10. 1% Acetic Acid- 2 minutes
11. Rinse with distilled water

12. Dehydrate, Clear and coverslip in fume hood
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