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Serum amyloid A and inflammation in diabetic kidney
disease and podocytes
Robert J Anderberg1, Rick L Meek1, Kelly L Hudkins2,3, Sheryl K Cooney1, Charles E Alpers2,3,4, Renee C Leboeuf3

and Katherine R Tuttle1,3,4

Inflammatory pathways are central mechanisms in diabetic kidney disease (DKD). Serum amyloid A (SAA) is increased by
chronic inflammation, but SAA has not been previously evaluated as a potential DKD mediator. The aims of this study
were to determine whether SAA is increased in human DKD and corresponding mouse models and to assess effects of
SAA on podocyte inflammatory responses. SAA was increased in the plasma of people with DKD characterized by overt
proteinuria and inversely correlated with estimated glomerular filtration rate (creatinine-based CKD-EPI). SAA was also
elevated in plasma of diabetic mouse models including type 1 diabetes (streptozotocin/C57BL/6) and type 2 diabetes
(BTBR-ob/ob). SAA mRNA (Nephromine) was increased in human DKD compared with non-diabetic and/or glomerular
disease controls (glomerular fold change 1.5, P¼ 0.017; tubulointerstitium fold change 1.4, P¼ 0.021). The kidneys of
both diabetic mouse models also demonstrated increased SAA mRNA (quantitative real-time PCR) expression compared
with non-diabetic controls (type 1 diabetes fold change 2.9; type 2 diabetes fold change 42.5, P¼ 0.009; interaction by
model P¼ 0.57). Humans with DKD and the diabetic mouse models exhibited extensive SAA protein deposition in the
glomeruli and tubulointerstitium in similar patterns by immunohistochemistry. SAA localized within podocytes of diabetic
mice. Podocytes exposed to advanced glycation end products, metabolic mediators of inflammation in diabetes,
increased expression of SAA mRNA (fold change 15.3, P¼ 0.004) and protein (fold change 38.4, P¼ 0.014). Podocytes
exposed to exogenous SAA increased NF-kB activity, and pathway array analysis revealed upregulation of mRNA for
NF-kB-dependent targets comprising numerous inflammatory mediators, including SAA itself (fold change 17.0,
P¼ 0.006). Inhibition of NF-kB reduced these pro-inflammatory responses. In conclusion, SAA is increased in the blood
and produced in the kidneys of people with DKD and corresponding diabetic mouse models. Podocytes are likely to
be key responder cells to SAA-induced inflammation in the diabetic kidney. SAA is a compelling candidate for DKD
therapeutic and biomarker discovery.
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Diabetic kidney disease (DKD) is one of the most serious
complications of diabetes because it is a leading cause of
death, end-stage renal disease, and cardiovascular disease.1–3

There is urgent need for targeted therapies to improve clinical
outcomes and for informative biomarkers to better identify
patients at high risk for DKD progression. Inflammation is a
central mechanistic pathway for DKD.4,5 Yet, there is a wide
gap in knowledge about specific mediators promoting these
responses. In DKD, inflammation is well recognized to be
triggered by advanced glycation end products (AGE),
aberrant metabolic by-products of oxidative stress produced
by high levels of glucose, amino acids, and/or lipids.6,7 AGE
bind the receptor for AGE (RAGE) to activate expression
signals for numerous inflammatory genes.8–10

Serum amyloid A (SAA), a potent pro-inflammatory protein,
increases by an AGE–RAGE interaction in podocytes, sug-
gesting that it may promote glomerular inflammation.10 SAA
is produced as distinct acute-phase isoforms classified as SAA1,
2 and 3.11,12 Isoforms 1 and 2 have high sequence similarity
in both mice (91% protein identity) and humans (93%
protein identity). In mice, SAA is primarily expressed in
tissues including the kidney as SAA3, while SAA1, 2
expression is limited in amount and distribution.13 To the
contrary, SAA is predominantly co-expressed as isoforms 1
and 2 in human tissues, whereas the SAA3 gene is non-
expressed.11,12,14,15 Human SAA1, 2 is comparable to mouse
SAA3 in structure, function, and distribution.11,16,17 Despite
genetic similarities of SAA1, 2 between species, the amino
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acid compositions of human SAA1, 2 protein has greater
identity to mouse SAA3 (73%) protein than mouse SAA1,
2 (68%) protein.11,18 In addition to dissemination by the
systemic circulation, human and mouse SAA isoforms are
locally produced at inflammatory sites. For example, SAA
mRNA expression is found in mouse adipocytes (SAA3)
and in adipocytes of obese people, as well as in synovial
fibroblasts of individuals with rheumatoid arthritis (SAA1,
2).19,20 In human atherosclerosis, SAA1, 2 is expressed in the
vascular wall, where it promotes inflammation and disrupts
endothelial function.21,22

The contribution of SAA to DKD has not been previously
studied, even though diabetes is well known as a state of
chronic inflammation. We recently discovered that AGE
induces SAA production in cultured podocytes.10 As SAA is
another ligand for RAGE, once it is upregulated SAA could
perpetuate inflammation.23–25 The aims of this study were to
determine whether SAA is increased in human DKD and
corresponding mouse models and to assess effects of SAA on
podocyte inflammatory responses.

MATERIALS AND METHODS
Human Studies of DKD
Plasma SAA protein levels
Plasma samples were obtained from participants in a clinical
study of DKD in people with type 2 diabetes who provided
written informed consent for use of their samples for future
research. The parent study was reviewed and approved by the
Institutional Review Board, Spokane, and its primary find-
ings have been published.26 In brief, DKD was defined by the
presence of overt proteinuria, characterized by urinary
excretion of total protein 4500mg/day. Diabetic controls
had urinary excretion of total protein o100mg/day and
normal controls had neither diabetes nor increased urinary
excretion of total protein. The study entry criteria required
that participants were free of other systemic diseases or
chronic inflammatory conditions. Plasma samples were
stored at � 70 1C until assayed. SAA protein expression was
measured by an ELISA kit for SAA1 (www.hycultbiotech.
com).26 The estimated glomerular filtration rate (eGFR)
based on serum creatinine was computed by the CKD-EPI
equation.

Nephromine analysis of SAA mRNA expression in kidney tissue
samples
SAA1, 2 mRNA expression (probe set 214456_x_at from
Affymetrix array U133A) was evaluated in two human data
sets, the Schmid and Woroniecka diabetes studies.27,28 Total
RNA was isolated from human kidney biopsies of glomerular
and tubulointerstitial compartments in these studies. Standard
histological measurements were used to define DKD.27,28

Samples from individuals with DKD were compared with
control samples, including tissue from healthy and deceased
donors for kidney transplantation and biopsies from those
with other proteinuric glomerular diseases (for example,

minimal change disease). Gene expression profiles were gene-
rated using array analysis and have been made publically
available by Nephromine (Compendia Bioscience, part of
Life Technologies, Ann Arbor, MI). As the probe set designed
for the SAA2 gene cross-reacts with SAA1, it provides a mea-
sure SAA 1, 2 mRNA (http://xavierlab2.mgh.harvard.edu/
EnrichmentProfiler/primary/Expression/214456_x_at.html).

Kidney histology and SAA protein detection by
immunohistochemistry
Kidney biopsy samples were obtained from banked tissue at
the University of Washington. Samples of human kidneys
were graded according to a recently published classification
system for DKD.29 Samples from glomerular class IIa (type 1
diabetes) and glomerular class III–IV (type 2 diabetes) DKD
and controls were studied (n¼ 4–6 per diabetic group; n¼ 6
normal controls: n¼ 2 non-diabetic glomerular disease–
monocolonal immunoglobulin deposition disease, MIDD).
Class IIa included samples with mild-to-moderate mesangial
expansion. Class III–IV exhibited extensive and nodular
mesangial expansion.

Kidney tissue was immersion fixed in 10% buffered formalin,
embedded in paraffin, sectioned, and stained with periodic
acid–Schiff (PAS) using standard histologic techniques.30

Human kidney sections (4 mm) were subjected to antigen
retrieval by heating in citrate-based unmasking solution
followed by immunohistochemistry (IHC) procedures using
a mouse monoclonal antibody to human amyloid A protein
diluted 1:20 (MC1, Thermo Fisher Scientific, www.
thermoscientific.com).31 Due to the high degree of identity
between SAA isoforms 1 and 2 (93%), both isotypes are
recognized by this antibody. Negative controls included
substitution of the primary antibody with an irrelevant
isotype-matched immunoglobulin and phosphate-buffered
saline (PBS) alone. After overnight incubation, the primary
antibody was detected using Impress HRP Reagent (Vector
laboratories, www.vectorlabs.com), visualized with 3,30 dia-
minobenzidine (DAB). Sections were counterstained with
hematoxylin.

Studies in Mouse Models of Diabetes
Plasma SAA protein levels
The Animal Care Committee at the University of Washington
approved experimental protocols used in the mouse studies.
The models were of mild DKD in type 1 diabetes (C57BL/6
strain, 20 weeks after streptozotocin, and non-diabetic con-
trols) and severe DKD in type 2 diabetes (BTBR-ob/ob strain
and BTBR wild-type controls, 24 weeks old). The mild DKD
in type 1 diabetes model developed abnormalities including
reduced number of podocytes, mesangial expansion with
no-to-minimal tubulointerstitial fibrosis, and moderately
increased albuminuria.10 In contrast, the severe DKD in type
2 diabetes model showed extensive mesangial matrix expan-
sion and mesangiolysis with moderate-to-severe tubulo-
interstitial fibrosis and severely increased albuminuria.30
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Both models have also been shown to exhibit glomerular
basement membrane thickening consistent with DKD.30,32

Stored samples of plasma were obtained from mice in these
studies.10,30 Plasma was stored at � 70 1C until assayed by
ELISA for mouse SAA3 (Mouse Serum Amyloid A-3 kit,
EZMSAA3–12 K, EMD Millipore, www.millipore.com).

SAA mRNA expression by quantitative real-time PCR in kidney
tissue samples
Stored kidney tissues were procured from the same groups of
mice.10,30 Whole-kidney cortex was obtained from control
and diabetic mice of both mouse models. Kidney cortex total
RNA was isolated by the RiboPure kit (Ambion, www.
lifetechnologies.com) and quantified using the Quant-iT
RiboGreen RNA Reagent and kit (Invitrogen, www.
lifetechnologies.com). Equal amounts of RNA were then
DNAse treated using amplification-grade DNase I (Invitrogen).
cDNA was synthesized using Superscript III (Invitrogen).
Expression of the mouse SAA3 transcript was measured by
quantitative real-time PCR (qRT-PCR) on an Applied
Biosystems (www.lifetechnologies.com) 7900HT Fast RT-
PCR System using SA Biosciences SYBR Green reagent
(Qiagen, www.qiagen.com). Gene amplification results were
quantified with SDS v2.4 software (Applied Biosystems)
and normalized to mouse TATA-box binding protein, a
housekeeping gene.

Kidney histology and SAA protein deposition by IHC
Collected kidneys from both mouse studies were perfused
with PBS, immersion fixed in 10% neutral-buffered formalin,
and embedded in paraffin. Sections were stained with silver
methenamine and PAS for routine histology.10,30

Rabbit anti-mouse SAA3 antibody was developed against a
glutathione-S-transferase (GST)-C-terminal SAA3 fragment
fusion protein.33 Anti-GST antibodies were removed by
affinity chromatography with agarose-coupled GST (Thermo
Fisher Scientific). SAA3 negative control antiserum was
obtained by affinity absorption of SAA3 antibodies with
agarose-coupled GST-C-terminal SAA3. Immunostaining for
mouse SAA3 (1:2000 dilution) was performed on kidney
sections after antigen retrieval.31 SAA3-absorbed antiserum
recovered from the affinity column was diluted to match
the protein concentration of anti-SAA3 antiserum. After
overnight incubation, the primary antibody was detected
using Impress HRP Reagent (Vector laboratories) and
visualized with DAB. Sections were counterstained with
hematoxylin.

SAA3 immunostaining abundance and intensity were as-
sessed by a blinded observer on five sections per group and
10 randomly selected areas per section. Scoring of glomerular
and tubulointerstitial compartments was based on staining of
the area (0, 25, 50, 75, or 100%) and intensity (0—none; 1—
light; 2—medium; and 3—dark). The immunostaining score
was a product of area and intensity scores, averaged over the
10 selected areas for each section.

Double labeling for mouse SAA3 and Wilm’s tumor 1
(WT-1), a marker of podocytes, was performed using the
rabbit anti-mouse SAA3 antibody and a mouse monoclonal
anti-mouse WT-1 antibody (Novus Biologicals, www.novusbio.
com). Secondary antibodies were DyLight 594 Anti-Rabbit
IgG and DyLight488 Anti-Mouse IgG (Vector laboratories)
for fluorescence detection of bound primary antibodies. IHC
images were captured on an Olympus fluorescence micro-
scope equipped with a DP-70 digital camera.

Cell Culture Studies
Podocytes
Mouse podocytes (Dr Stuart Shankland, University of Wa-
shington) are a conditionally immortalized cell line.34

Podocytes were grown on Collagen I (BD Biosciences, www.
bdbiosciences.com)-coated Primaria plates (VWR, www.
vwrsp.com) in RPMI 1640 medium (Sigma Chemical,
www.sigmaaldrich.com) containing 10% heat-inactivated
fetal bovine serum (FBS, HyClone, Thermo Fisher, www.
hyclone.com) with interferon-g (50U/ml) at 33 1C. Cell
differentiation was promoted by incubation at 37 1C
without interferon-g for 10–12 days. Podocytes were placed
on RPMI with reduced FBS (0.5%) for 1 day before exposure
to experimental conditions in the same media. Control
samples were podocytes from the same isolates and passages
as the experimental groups without exposure to SAA or AGE.
Recombinant human SAA1 protein (rSAA; #300-53, Pepro-
Tech, www.peprotech.com) was used at 10 mg/ml unless
otherwise specified. rSAA was tested for endotoxin activity
and found to be free of a detectable endotoxin-related
inflammatory response (Supplementary Figure S1). AGE-
bovine serum albumin (BSA) was produced by incubating
fatty acid-free fraction IV BSA (100mg/ml, Sigma-Aldrich,
www.sigmaaldrich.com) with 0.5M glucose for 45 days at
37 1C.10 The resulting AGE solution was dialyzed with PBS
(pH 7.4) and sterile filtered. Endotoxin was not detected
(o0.01 EU, E-toxate, Sigma-Aldrich). Control BSA did not
produce cellular responses (not shown). The final AGE-BSA
concentration used in experiments was 300 mg/ml. The
NF-kB inhibitor ammonium pyrrolidine-di-thiocarbamate
(PDTC, Sigma-Aldrich) was used in experiments with rSAA
at concentrations of 5 and 20 mM. PDTC was added to cells
30min before addition of rSAA and remained present for the
duration of the experiment.

NF-kB activity assay
NF-kB activity was measured in podocytes exposed to rSAA
or AGE for 6 and 24 h. Whole-cell lysates were collected and
NF-kB activity was measured using the Pierce NF-kB p65
Transcription Factor Assay Kit (Thermo Fisher Scientific,
www.thermoscientific.com). The NF-kB activity readout of
chemiluminescence was captured using a Chemidoc XRS
system and Quantity One version 4.5.2 software (Bio-Rad
Laboratories, www.biorad.com). Activity was normalized to
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cellular protein (DC protein Assay, Bio-Rad Laboratories)
and displayed relative to control.

mRNA measurements by qRT-PCR and RT2 Profiler Array
analysis
Podocyte total RNA was isolated by the RiboPure kit
(Ambion) and quantified using the Quant-iT RiboGreen
RNA Reagent and kit (Invitrogen). Equal amounts of RNA
were DNAse treated using amplification-grade DNase I
(Invitrogen). cDNA was synthesized using Superscript III
(Invitrogen). Podocyte transcripts were then quantified by
qRT-PCR as described for kidney tissue mRNA.

To prepare RNA for pathway array analysis, differentiated
podocytes were exposed to rSAA for 20 h. Total RNA from
each of four separate experiments was isolated and quanti-
fied. Equal amounts of RNA from control and the rSAA
condition of the experiments were pooled and DNAse trea-
ted, followed by cDNA synthesis with Superscript III
(Invitrogen). Gene expression from cDNA was quantitated
using SA Biosciences RT2 Profiler PCR Arrays (Qiagen) fea-
turing genes associated with NF-kB Signaling (PAMM-025A)
and Inflammatory Response and Autoimmunity (PAMM-
077Z). Array data were analyzed via the RT2 Profiler PCR
Array Data Analysis Template v 4.0 (SA Biosciences). Profiler
PCR Array ‘housekeeping’ gene expression between control
and experimental samples had o10% inter-array variance
with array amplifications repeated 6–8 times. Genes with at
least a threefold increase in expression and P-value o0.02
were considered significantly upregulated. A subset of genes
from the cDNA used for array analysis was validated by
amplification with separately designed primers by qRT-PCR.
Another validation was conducted with subsequent experi-
ments to corroborate expression of representative inflam-
matory genes (MCP-1, RANTES, ENA-78, and iNOS) by
qRT-PCR.

SAA3 protein measurements
Media and whole-cell lysates were collected and clarified of
debris by centrifugation at 12 000 g for 5min. Media SAA3
was measured by ELISA (EZMSAA3–12 K, EMD Millipore).
The mouse anti-SAA3 antibody was verified not to cross-
react with rSAA and was confirmed by lack of reaction in the
SAA3 ELISA (EMD Millipore). SAA3 from media was
expressed relative to protein (DC Protein Assay) from cell
layers collected in RIPA buffer.

Statistics
Continuous data are expressed as mean±s.d. for normally
distributed data or median and interquartile range for non-
normally distributed data. Data were logarithmically trans-
formed or coded into tertiles for statistical analyses in the
case of skewness (for example, human urinary albumin-to-
creatinine ratio; human and mouse kidney tissue SAA
mRNA). For the human studies, one-way analysis of variance
(ANOVA) was used to analyze study participant characteristics.

Analysis of covariance was used to assess differences in
plasma SAA levels between normal controls, diabetic con-
trols, and the DKD group with covariates of age, gender,
body mass index (BMI), and eGFR. The relationship between
eGFR and plasma SAA in humans was determined by Pear-
son’s correlation coefficient. Mouse plasma SAA protein and
SAA mRNA expression in human kidney tissue (Nephromine
analysis, version 4.0) were assessed by two sample student’s
t-tests. Generalized estimating equations (GEE) were used to
detect between-group differences for SAA mRNA in the
mouse models. Measures of immunostaining in mouse kid-
ney tissue were analyzed by two-way ANOVA. In the GEE
and ANOVA analyses of mouse models, main effects and
interactions were tested. For studies of podocytes, two sample
student’s t-tests or two-way ANOVA analyses were used to
evaluate differences between groups, doses, and/or times.
Statistical analyses were conducted using SPSS version 17.
The RT2 Profiler PCR Arrays data analysis was performed by
DATA Analysis Template v.4.0 software supplied with the
Arrays (SA Biosciences).

RESULTS
Plasma SAA in Humans and Mice with DKD
In the human study participants with DKD and diabetic
controls, mean (±s.d.) duration of diabetes was 16±7 vs
8±8 years (P¼ 0.06); eGFR was 61±21 vs 74±16ml/min
per 1.73m2 (P¼ 0.016); median (interquartile range) urine
albumin-to-creatinine ratio was 1127 (228–4307) and 16
(14–28)mg/g (Po0.001), respectively.26 Normal controls had
an eGFR of 86±18ml/min per 1.73m2 and urine albumin-
to-creatinine ratio of 11 (7–14)mg/g (Po0.001 vs DKD).
BMI was 26±4 kg/m2 in normal controls, 35±6 kg/m2 in
diabetic controls, and 31±6 kg/m2 in DKD (P¼ 0.011
normal vs diabetic control).

Plasma SAA1 protein was higher in a graded manner from
normal controls to diabetic controls to those with DKD
independent of age, sex, BMI, and eGFR (Figure 1a). Plasma
SAA1 inversely correlated with eGFR across these groups
(Figure 1b).

Findings were similar in mice, with SAA3 protein markedly
increased (approximately fivefold higher) in the plasma of
mild DKD, type 1 diabetes mice and severe DKD, type 2
diabetes mice compared with non-diabetic controls in the
mouse models (Figure 2).

SAA mRNA in the Kidneys of Humans and Mice with DKD
SAA 1, 2 mRNA was increased in human DKD compared
with non-diabetic and/or glomerular disease controls (Figure 3).
The glomerular fold change was 1.5 (P¼ 0.017), whereas the
tubulointerstitium fold change was 1.4 (P¼ 0.021). Con-
cordant findings in the kidneys of both diabetic mouse
models also demonstrated increased SAA3 mRNA expression
compared with non-diabetic controls (Figure 4). In the mild
DKD, type 1 diabetes model, the fold change was 2.9 and in
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the severe DKD, type 2 diabetes model the fold change was
42.5 (P¼ 0.009; interaction by model P¼ 0.57)

SAA Protein in the Kidneys of Humans and Mice with
DKD
Human kidneys demonstrated expanded glomerular matrix
in mild (class IIa), severe (class III–IV) DKD, and MIDD, a

non-diabetic glomerular disease control (Figure 5a). A
representative section from a sample of class III–IV DKD,
type 2 diabetes (glomerulosclerosis and tubulointerstitial
fibrosis) demonstrates extensive glomerular and tubu-
lointerstitial human SAA1, 2 protein deposition by IHC.
A section from a person with class IIa DKD, type 1 diabetes
(mild glomerulopathy and tubulointerstitial changes)
showed a lesser amount of SAA1, 2 staining primarily in the
proximal tubular epithelium with faint glomerular staining
(Figures 5b and c). SAA1, 2 protein was exclusively detected
in kidneys of humans with DKD (n¼ 4 of 10 samples).
Human SAA1, 2 was undetectable in any normal control or
non-diabetic glomerular disease control kidneys (n¼ 0 of 8
samples).

Comparable SAA3 patterns of expression were found in
diabetic mouse models. In the model of mild DKD, type 1
diabetes mice exhibited mildly increased mesangial matrix,
whereas the model of severe DKD, type 2 diabetes displayed
markedly expanded mesangial matrix expansion and
mesangiolysis (Figures 6a and b). Mouse SAA3 protein was
observed in the glomeruli of both diabetic mouse models
(Figure 6c). Extensive staining of tubular cells was readily
evident in the diabetic mice compared with faint staining in
control mice (Figure 6d). No IHC staining was detected with
anti-SAA3 antiserum after antigen absorption of anti-SAA3
antibodies, indicating specific reactivity (Supplementary
Figure S2). SAA3 immunostaining was increased in diabetic
kidneys compared with controls in glomeruli (Figure 6e; fold
change 1.2 in type 1 diabetes and 2.0 in type 2 diabetes,
P¼ 0.036, interaction by model P¼ 0.33) and the tubuloin-
terstitium (fold change 1.3 and 1.6, respectively, P¼ 0.004,
interaction by model P¼ 0.47).

Figure 1 SAA1 in human plasma. (a) Plasma levels of human SAA1 in normal controls (n¼ 11), diabetic controls (n¼ 10), and people with DKD defined

by overt proteinuria (n¼ 11); P¼ 0.026 for linear trend by analysis of covariance controlled for covariates of age, sex, BMI, and eGFR; *P¼ 0.048 for DKD

vs normal controls. Data are shown as mean±s.d. (b) Plasma SAA1 levels inversely correlated with eGFR across groups, r¼ � 0.38, P¼ 0.029. BMI, body

mass index; eGFR, estimated glomerular filtration rate; DKD, diabetic kidney disease; SAA, serum amyloid A.

Figure 2 SAA3 in mouse plasma. Plasma levels of mouse SAA3 in type I

diabetic mouse model (streptozotocin-treated C57BL/6), *P¼ 0.004 vs

non-diabetic mice (n¼ 7); and type 2 diabetic mouse model (BTBR-ob/

ob), #P¼ 0.009 vs non-diabetic mice (n¼ 5–6). Data are shown as

mean±s.d. SAA, serum amyloid A.
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SAA3 protein was present in glomerular podocytes from
both mouse models of diabetes (Figure 7). Double immuno-
fluorescence staining of SAA3 (red) and podocyte marker
WT-1 (green) shows SAA3 localization within podocytes in
the merged image (yellow).

Podocyte Studies
Effect of AGE exposure on expression of SAA in podocytes
Mouse podocytes produced increased amounts of SAA3
mRNA when exposed to AGE over a time course from 6 to

48 h (Figure 8a). The corresponding SAA3 protein was also
secreted and increased in conditioned media after AGE
exposure (Figure 8b).

Podocyte inflammatory responses to AGE and SAA
NF-kB activity was increased in podocytes exposed to rSAA
at both 6 and 20 h, comparable to the effect of AGE exposure
(Figure 9). An rSAA-induced podocyte inflammatory gene
transcription profile was generated by array analysis (Table 1).
A large number of genes associated with NF-kB activation
and inflammation were upregulated. Clusters of related
chemokine and cytokine genes were upregulated. CC (beta)
chemokine ligands included: Ccl2 (MCP-1), Ccl5 (RANTES),
Ccl7 (MARC or MCP-3), Ccl8 (MCP-2), and Ccl20 (LARC).
Another induced chemokine family was the CXC (alpha)
chemokine ligands: Cxcl1 (GRO1 or NAP-3), Cxcl2 (GRO2
or MIP-2a), and Cxcl3 (GRO3 or MIP2b). Cxcl5 (ENA-78)
revealed marked induction with a 166-fold increase. Other
genes showing robust induction were C3 (complement 3),
G-CSF 2 and 3, IL-6, Kng1, and NOS2. Validation of pathway
array results using independently designed primers and qRT-
PCR on the pooled cDNA samples confirmed these results
(Table 1). Subsequent experiments of podocytes exposed to
rSAA further validated results obtained from the pathway
array analyses of the pooled samples (Table 1).

Effect of exogenous SAA exposure on endogenous SAA3
expression
SAA3 mRNA increased in response to doses of rSAA ranging
from 1 to 10 mg/ml (Figure 10a). SAA3 expression peaked at
6 h and remained elevated at 20 and 48 h (Figure 10b). SAA3
protein also increased (450-fold) in podocyte media after
exposure to rSAA for 20 h (Figure 10c).

Figure 3 Human SAA1, 2 mRNA levels in Nephromine data sets from humans with DKD. (a) Woroniecka study of glomerular samples: DKD (diabetic

nephropathy) samples vs healthy living donor controls, P¼ 0.017 (control n¼ 13, DKD n¼ 9). (b) Schmid study of tubulointerstitial compartment: DKD

(diabetic nephropathy) samples vs controls, P¼ 0.021 (n¼ 11 for controls, n¼ 11 for DKD). Data are displayed as median and interquartile range with

95% confidence intervals for log2-transformed data. DKD, diabetic kidney disease; SAA, serum amyloid A.

Figure 4 Expression of SAA3 mRNA in kidney cortex of diabetic mice.

Diabetic vs non-diabetic mice (type 1: streptozotocin-treated C57BL/6

model; type 2: BTBR-ob/ob model), P¼ 0.009, P¼ 0.57 for interaction by

model (n¼ 9–10 per mouse model). Data are displayed as median and

interquartile range with 95% confidence intervals for log2-transformed

data. SAA, serum amyloid A.
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Effect of NF-kB inhibition on SAA-induced gene expression
Increased expression of representative inflammatory genes
(RANTES, ENA-78, MCP-1, iNOS, SAA3) was reduced in a
dose-dependent manner by NF-kB inhibition (Figure 11).

DISCUSSION
The present data reveal increased production and deposition
of SAA in the kidneys of human DKD as well as in corre-
sponding diabetic mouse models. Notably, SAA was elevated
in the plasma of both people and mice, suggesting its can-
didacy as a DKD biomarker. Although SAA was expressed
throughout the kidney, it specifically localized within glo-
merular podocytes in two different diabetic mouse models.
Exposure of mouse podocytes to exogenous SAA increased
endogenous SAA expression and a broad pro-inflammatory
response manifest by NF-kB dependent upregulation of
multiple genes.

Previous studies have reported elevated levels of plasma
SAA in small numbers of people with type 2 diabetes and
increased albuminuria/proteinuria as part of inflammatory

biomarker panels.35,36 The present data considerably expand
earlier human observations by showing direct association
between plasma SAA and DKD defined by overt proteinuria
along with an inverse relationship between plasma SAA and
eGFR. Furthermore, increased plasma SAA levels in DKD
were independent of eGFR and BMI, denoting that its
accumulation is not simply due to reduced renal clearance or
obesity. Nephromine provided two additional human data
sets that showed upregulation of SAA1, 2 mRNA in the
kidneys of people with DKD. These data indicate that SAA
deposition in the glomeruli and the tubulointerstitium
may result from local production in addition to systemic
inflammation.

Mouse models of types 1 and 2 diabetes produced results
with striking similarities to human DKD: increased plasma
levels of SAA, increased transcription of SAA mRNA in the
kidney cortex, and increased glomerular and tubulointer-
stitial SAA protein deposition. Notably, both diabetic mouse
models showed colocalization of SAA with WT-1, revealing
the presence of SAA in glomerular podocytes. These ob-

Figure 5 Human kidney histology and immunostaining for SAA1, 2. Representative sections from kidney biopsies of normal and non-DKD (MIDD)

controls, type 1 diabetes with class IIa DKD, and type 2 diabetes with class III-IV DKD. (a) PAS staining; (b, c) human SAA1, 2 immunostaining (brown).

Magnification bars are shown in the lower right corner of each image. DKD, diabetic kidney disease; MIDD, monocolonal immunoglobulin deposition

disease; PAS, periodic acid–Schiff; SAA, serum amyloid A.

Diabetic kidney disease

RJ Anderberg et al

256 Laboratory Investigation | Volume 95 March 2015 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


Figure 6 Mouse kidney histology and immunostaining for SAA3. Representative sections of non-diabetic and diabetic mouse kidneys (type 1:

streptozotocin-treated C57BL/6 model; type 2: BTBR-ob/ob model). (a) PAS; (b) silver methenamine; (c) immunostaining of SAA3 in glomerulus; and

(d) tubulointerstitium. Magnification bars are shown in the lower right corner of each image. (e) SAA3 quantification by immunostaining scores.

Glomerular immunostaining was increased in diabetic vs non-diabetic mice (P¼ 0.036, interaction by model P¼ 0.331, n¼ 10). Tubulointerstitial

immunostaining was increased in diabetic vs non-diabetic mice (P¼ 0.004, interaction by model, P¼ 0.465, n¼ 10). Data are shown as mean±s.d. PAS,

periodic acid–Schiff; SAA, serum amyloid A.
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Figure 7 Colocalization of mouse SAA3 and podocyte WT-1 by immunofluorescence. Representative glomeruli of diabetic mice (type 1: streptozotocin-

treated C57BL/6 model; type 2: BTBR-ob/ob model), immunostained with anti-mouse SAA3 antibody (red), the podocyte-specific marker, WT-1 (green)

and merged photos showing colocalization of SAA3 and WT-1 in podocytes (yellow). SAA, serum amyloid A.

Figure 8 SAA3 expression in mouse podocytes exposed to AGE.

(a) SAA3 mRNA after AGE exposure for 6, 24, and 48 h; *P¼ 0.004,
þP¼ 0.018, þ þP¼ 0.039 vs control (n¼ 3). (b) SAA3 protein after

exposure to AGE for 20 h; *P¼ 0.014 vs control (n¼ 6). Data are shown as

mean±s.d. AGE, advanced glycation end products; SAA, serum amyloid A.

Figure 9 Effect of AGE and rSAA on podocyte NF-kB activity. NF-kB
activity after exposure to AGE or rSAA for 6 or 24 h; *Po0.001 and
#P¼ 0.004 vs control (n¼ 4–5). Data are shown as mean±s.d. AGE,

advanced glycation end products; rSAA, recombinant human SAA1 protein.
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servations of increased amounts of circulating and local SAA
in the kidneys of diabetic mouse models are highly con-
cordant with human DKD and novel to the best of our
knowledge.

Mouse podocytes cultured with AGE, metabolic mediators
of inflammation, increased SAA3 expression indicating that it
can be locally produced in the glomerulus under diabetic-like
conditions. Cellular SAA production has potential for auto-
crine and/or paracrine inflammatory actions in the kidney.
For example, mouse podocytes cultured with exogenous SAA
(rSAA) increased expression of endogenous SAA3 consistent
with autocrine activation of transcription.37 If SAA accu-
mulation in resident glomerular podocytes produces similar
effects as it does in in vitro, it could amplify inflammation

through self-upregulation. An SAA–RAGE interaction in the
podocyte could provide a mechanistic pathway for such an
autocrine amplification loop. The concept of autocrine ac-
tivation adds to a growing body of evidence implicating the
podocyte as an ongoing source of inflammatory media-
tors.38,39 We have previously demonstrated that RAGE
inhibition blocks AGE-induced SAA3 gene transcription
and apoptosis in mouse podocytes.10 Thus, we propose that
RAGE may be a central receptor for SAA-induced podocyte
responses including inflammation.

As RAGE activation signals through NF-kB, the effect of
SAA exposure on NF-kB activity was studied in mouse
podocytes. Exposure to exogenous SAA upregulated many
NF-kB-dependent inflammatory genes. Inflammation is now

Table 1 Inflammatory genes expressed in podocytes exposed to rSAA

Discovery data sets Validation data sets

Gene
symbol Gene name and/or description P-value

RT2 Profiler
Array

RT2 Profiler Array
experiments,
independent

primers
Subsequent
experiments

C3 Complement component 3 o0.001 24.4 25.4

Ccl2 MCP-1, monocyte chemoattractant protein-1, chemokine CC motif 2 o0.001 18.2 17.9 6.4

Ccl5 RANTES, regulated on activation, normal T-cell expressed and

secreted, chemokine CC motif 5

o0.001 36.6 25.21 101.0

Ccl7 MCP-3, monocyte chemotactic protein-3, chemokine CC motif 7 o0.001 16.8 17.6

Ccl8 MCP-2, monocyte chemotactic protein-2, chemokine CC motif 8 0.002 22.6 21.0

Ccl17 TARC, thymus and activation-regulated chemokine CC motif 17 o0.001 3.4

Ccl19 MIP-3, macrophage inflammatory protein-3-beta, chemokine CC motif 19 0.013 � 5.6

Ccl20 MIP-3, macrophage inflammatory protein-3-alpha, chemokine CC motif 20 o0.001 37.6

Cxcl1 GRO1, growth-related oncogene alpha chemokine CXC motif 1 o0.001 30.0 25.7

Cxcl2 GRO2, growth-related oncogene beta chemokine CXC motif 2 o0.001 28.3 16.0

Cxcl3 GRO3, growth-related oncogene gamma chemokine CXC motif 3 o0.001 8.5

Cxcl5 ENA-78, epithelial-derived neutrophil-activating protein 78,

chemokine CXC motif 5

o0.001 166.1 52.5 18.5

Cxcl11 I-TAC, interferon-inducible T-cell alpha chemoattractant, chemokine

CXC motif 11

0.003 3.6

Csf2 G-CSF2, granulocyte colony stimulating factor 2 o0.001 72.2

Csf3 G-CSF3, granulocyte colony stimulating factor 3 o0.001 34.2

Il1a Interleukin-1 0.018 3.0

Il1rn IL-1ra, interleukin-1 receptor antagonist o0.001 5.3

Il-6 Interleukin 6 0.007 27.2

Itgb2 Cd18, integrin beta 2 o0.001 3.6

Kng1 Kng, kininogen1 0.003 10.0

Nos2 iNOS, nitric oxide synthase 2 o0.001 19.9 56.8 18.9

Ptgs2 Cox-2, prostaglandin-endoperoxide synthase 2 o0.001 3.3

Tlr5 Toll-like receptor 5 0.006 � 7.4

Data are represented as fold change vs control.
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clearly recognized as a mechanism of kidney injury in dia-
betes.40 We propose that SAA may be an important regulator
of inflammatory gene transcription in podocytes. Pro-
inflammatory genes that were upregulated by exogenous
SAA exposure in podocytes were also differentially expressed
in human DKD in the Nephromine data sets (for example,
C3, Ccl2, Ccl5, Itgb2, Il1rn, Cxcl1).27,28 The podocytes
could promote inflammatory responses by production of

chemokines and cytokines via SAA-induced NF-kB
activation. Indeed, many of the SAA-induced genes
expressed by podocytes are involved in DKD.5,41,42 For
instance, CXC or a-chemokines stimulate chemotaxis and
neutrophil activation and accumulation.43,44 In particular,
Cxcl5 showed a very large increase in response to SAA
exposure and has been detected in the urine of people with
DKD.45 Another group of CC or b-chemokines that recruit

Figure 10 Effects of exogenous SAA on endogenous SAA3 expression by podocytes. (a) SAA3 mRNA dose response to rSAA for 20 h; wP¼ 0.019,

zP¼ 0.006 vs control (n¼ 3). (b) SAA3 mRNA time course for response to rSAA (10 mg/ml); *P¼ 0.010, þP¼ 0.024, þ þP¼ 0.001 vs control (n¼ 3).

(c) SAA3 protein after exposure to rSAA for 20 h; *Po0.001 vs control (n¼ 7). Data are expressed as mean±s.d. rSAA, recombinant human SAA1

protein; SAA, serum amyloid A.

Figure 11 Effects of NF-kB inhibition on SAA-induced inflammatory gene expression in podocytes. Levels of mRNA after 20 h of exposure to rSAA with

two dose levels of PDTC, an NF-kB inhibitor. Expression levels are shown relative to no inhibition; *Po0.001, wP¼ 0.005, zP¼ 0.002 vs rSAA without

PDTC (n¼ 5–6). Data are expressed as mean±s.d. PDTC, pyrrolidine-di-thiocarbamate; rSAA, recombinant human SAA1 protein.
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inflammatory cells to the kidney was upregulated by SAA in
podocytes.46,47 Ccl2, also known as MCP-1, a well-known
member of this group, is increased by RAGE activation and
promotes inflammatory injury by monocyte and macrophage
recruitment in DKD.42,48,49 SAA3 has been shown to recruit
monocytes and macrophages, which accumulate in the
glomeruli of STZ-diabetic C57BL/6 and BTBR-ob/ob mice,
and thus may contribute to local inflammation.17,30,48,50 SAA
exposure in podocytes also produced marked increases in
expression of C3, IL-6, and iNOS, each of which has been
detected in diabetic kidneys.28,51,52 Finally, podocyte-
produced cytokines such as G-CSF 2 and 3 stimulate
production, differentiation, and activation of granulocytes
and macrophages. Although their role in DKD is
undetermined, G-CSF 2 and 3 levels are elevated in the
blood of diabetic mice.53 Overall, SAA exposure triggered
upregulation of myriad inflammatory genes via NF-kB,
implicating the podocyte as a key responder cell for SAA-
mediated inflammatory responses.

This study has several limitations to note. First, the human
studies included several data sets and samples. Scarcity of
well-characterized human samples for kidney disease research
is a major challenge.54 Kidney tissue, blood, urine, and
information about clinical phenotypes are very limited in
availability for human DKD. As such, different sources must
be pieced together to create an over-arching picture.
Nevertheless, increased amounts of SAA in the blood and
kidneys of DKD were reproducible between murine and
human species, different groups of people, and two mouse
models of diabetes. We submit that this general concordance
strengthens generalizability of the findings. Comprehensive
collection of human data and samples is needed to more fully
characterize SAA and other candidate mediators and bio-
markers that will identify patients at high risk for progressive
DKD. Second, SAA has been implicated in producing AA
amyloidosis involving the kidney. Inflammatory conditions
producing AA-type amyloidosis with unique tissue depo-
sition of amyloid fibrils are typically marked by periods of
abrupt high-level inflammation and markedly elevated
circulating levels of SAA. However, in diabetes, sustained
lower-level SAA exposure with smoldering inflammation may
instead contribute to inflammatory mechanisms in DKD.
Third, in vitro studies may not fully translate to human
disease conditions. For example, treating cultured mouse
podocytes with exogenous SAA (rSAA) may not produce the
same effects as endogenous SAA in vivo. However, both rSAA
and rabbit SAA3 protein have been shown to have similar
capacity to stimulate matrix metalloproteinase production in
mouse and human chondrocytes, indicating similar function
between SAA isoforms and species.20 In addition, the present
data indicate that rSAA elicits a cytokine-inducing response
in mouse podocytes that is similar to the effect of purified
human or mouse SAA in mouse monocytes and phago-
cytes.23,55 We have also tested custom-made recombinant
mouse SAA3 and found it to have similar capacity to rSAA

for inducing SAA3 mRNA and related inflammatory
cytokines (Supplementary Figure S3). Thus, it is reasonable
to propose that podocytes treated with exogenous SAA
provide disease-relevant discoveries.

In conclusion, SAA was elevated at the protein and/or
mRNA levels in the blood and kidneys of people with DKD.
Mouse models of both mild and severe DKD in !
types 1 and 2 diabetes were concordant with these findings.
SAA was widely distributed in the diabetic kidney, including
specific glomerular localization in podocytes of mice. Exposure
to exogenous SAA directly elicited a broad pro-inflammatory
response in podocytes with NF-kB-dependent induction of
many chemokines and cytokines including endogenous SAA
itself, indicating potential for autocrine upregulation. Podo-
cytes appear to be key responder cells to SAA-induced in-
flammation. Together, these data make SAA a compelling
candidate for DKD therapeutic and biomarker discovery.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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