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Abstract

Diabetic nephropathy is the leading cause of end-stage renal disease (ESRD) worldwide. 

The number of patients requiring hemodialysis for diabetes-related kidney disease has increased 

dramatically over the past two decades. Diabetes mellitus remains the leading cause of end-

stage kidney disease (ESKD) in the United States, accounting for approximately 40% of patients 

requiring renal replacement therapy. Therefore, it is important to identify novel interventions to halt 

the progression of diabetic nephropathy.

Inflammatory mechanisms, including macrophage (MΦ) recruitment into the glomerulus 

and tubulointerstitial region, play an important role in diabetic nephropathy. In diabetic kidneys, 

macrophage development and accumulation depend on angiotensin II. Iron accumulation occurs 

in diabetic nephropathy. Iron dysregulation and heme oxygenase-1 (HO-1), an inducible regulator 

of heme and iron metabolism, have anti-inflammatory effect, so we need to assess their pro-

fibrotic role and oxidative stress; they may promote macrophage profibrotic responses. These 

macrophages also play a central role in recycling iron from senescent erythrocytes. They can 

contain substantial intracellular and extracellular pools of catalytic iron, which promote free radical 

formation and oxidative stress. 

We investigated the role of iron in collagen-secreting macrophages under hyperglycemic 

conditions. Human peripheral blood mononuclear cells (PBMCs) were cultured with normal 

(5 mM) or high (25 mM) glucose (GLUC) for 2–8 days in the presence of angiotensin II (Ang II). 

Ang II (0.1 or 1.0 µM) was added for 24 hours to 4 days. We assessed macrophage phenotype, 

procollagen-1 (PC-1), ferroportin (FPN), heme oxygenase-1 (HO-1), and angiogenic markers using 

immunofluorescence, Western blotting, and flow cytometry. Catalytic iron levels were measured, 

and the effect of iron chelation was evaluated using deferiprone (DFP; 25 µM). We examined human 

kidney tissue for CD163 and procollagen-1 expression. Our results showed that high glucose 

increased the number of CD163+ and CD68+ macrophages expressing procollagen-1. Ang II further 

enhanced these responses. Hyperglycemia and Ang II increased catalytic iron levels (P < 0.0001)  

and altered HO-1 and FPN expression, consistent with activation of iron- and oxidative stress-

related pathways. Collagen-expressing macrophages displayed an angiogenic phenotype, with 

increased lectin and acetylated low-density lipoprotein (LDL) expression. Deferiprone significantly 

reduced macrophage adhesion, PC-1 expression, and angiogenic markers. In human kidney 

tissue, CD163+ macrophages and procollagen-1+ cells were detected in the interstitium and 

sclerotic glomeruli, with procollagen-1+ cells predominantly localized to the interstitium.
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Hyperglycemia and Ang II promote iron accumulation and the development of collagen-secreting, 

fibrotic, and proangiogenic macrophages. These cells may play an important pathophysiological 

role in the progression of diabetic nephropathy. The association with FPN and HO-1 suggests 

that iron recycling pathways may be involved in this response. Iron chelation attenuated these 

macrophage phenotypes, supporting the iron–FPN–HO-1 axis as a potential therapeutic target in 

diabetic nephropathy.

Our findings identify catalytic iron accumulation as a potential driver of a collagen-secreting, 

proangiogenic macrophage phenotype induced by the combined dysmetabolic and renin–angiotensin 

stress associated with diabetes.

Keywords: Angiogenic markers, Angiotensin II, Catalytic iron, diabetic nephropathy, Deferiprone, 

iron chelation, Glucose, pro-collagen and profibrotic positive macrophages, peripheral blood 

mononuclear cells 

Introduction

Diabetes mellitus (DM) remains a major global 

health challenge, contributing substantially to morbidity, 

mortality, and healthcare expenditures.
1
 Among its 

most serious complications, diabetic nephropathy (DN) 

is a leading cause of chronic kidney disease and end-

stage renal disease (ESRD) worldwide.
2
 Progressive 

deterioration of renal function is also closely associated 

with an increased risk of cardiovascular morbidity and 

mortality.
3
 Although the pathogenesis of DN is complex 

and multifactorial, accumulating evidence indicates 

that chronic inflammation, characterized by persistent 

recruitment and activation of immune cells, is a critical 

driver of renal injury and fibrosis.
4

Macrophages are among the predominant immune 

cells involved in diabetic renal inflammation and accu-

mulate extensively within the glomeruli and tubuloint-

erstitium of diabetic kidneys.
4
 Chemokine–chemokine 

receptor signaling largely mediates their recruitment. 

Following infiltration, activated macrophages promote 

and sustain renal inflammation by releasing proinflam-

matory mediators, including monocyte chemoattract-

ant protein-1 (MCP-1), tumor necrosis factor-α (TNF-α), 

and interleukin-1 (IL-1). These inflammatory signals 

further promote immune-cell recruitment, exacerbate 

glomerular and tubular injury, stimulate extracellu-

lar matrix deposition, and contribute to renal fibrosis 

progression.
5
 Thus, macrophage-driven inflammation 

represents an important mechanism linking metabolic 

stress to structural and functional renal damage in 

diabetic nephropathy (DN).

In addition to inflammation, dysregulated angio-

genesis and disrupted podocyte–glomerular endothe-

lial cell (GEC) crosstalk have important roles in Diabetic 

Nephropathy (DN) development and progression.
6,7

The diabetic kidney is characterized by abnormal-

ities in angiogenic signaling, particularly involving the 

vascular endothelial growth factor A (VEGF-A)/VEGF 

receptor 2 (VEGFR2) and angiopoietin pathways, 

which contribute to glomerular endothelial dysfunction 

and altered vascular permeability.
6,7 

Persistent hyper-

glycemia and oxidative stress can disrupt the balance 

in these pathways, leading to excessive VEGF-A sign-

aling, abnormal endothelial responses, and increased 

vascular permeability. Conversely, endothelial injury 

can further compromise podocyte integrity and 

function, thereby amplifying glomerular barrier dys-

function.
7,8 

These findings suggest that impaired angi-

ogenic signaling and disrupted podocyte–glomerular 

endothelial cell (GEC) communication contribute to 

diabetic glomerular injury.

A critical but comparatively underexplored com-

ponent of this pathogenic network is dysregulated 

iron metabolism. Emerging evidence indicates that 

urinary catalytic iron, or labile iron capable of partic-

ipating in redox reactions, is significantly increased in 

patients with diabetes and in experimental models of 

diabetic kidney disease.
9
 Labile iron can catalyze the 
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generation of highly reactive hydroxyl radicals through 

iron-dependent redox reactions, including the Haber–

Weiss/Fenton chemistry, thereby increasing oxida-

tive stress and promoting cellular injury.
9,10

 Excessive 

iron-mediated reactive oxygen species (ROS) genera-

tion may contribute to endothelial dysfunction, inflam-

matory activation, and tissue damage, potentially 

linking metabolic abnormalities, renal inflammation, 

and vascular dysfunction.

Despite growing evidence implicating inflamma-

tion, angiogenic dysregulation, and oxidative stress 

in diabetic nephropathy (DN), the potential interplay 

among macrophage activation, aberrant angiogen-

esis, and iron-dependent oxidative injury remains 

insufficiently understood. Whether catalytic iron con-

tributes to macrophage-driven renal inflammation and 

endothelial dysfunction, and how these processes 

affect podocyte–glomerular endothelial cell (GEC) 

crosstalk, warrants further investigation. Iron dysreg-

ulation may connect diabetes and oxidative tissue 

injury. A prior review from our group highlighted the 

potential role of catalytic or redox-active iron in diabe-

tes and its complications, including diabetic nephropa-

thy, by promoting free-radical formation and oxidative 

injury.
11

 Because macrophages are major regulators 

of systemic iron recycling and can accumulate sub-

stantial amounts of intracellular iron, they may be par-

ticularly susceptible to iron-mediated oxidative stress. 

However, whether catalytic iron accumulation contrib-

utes to a profibrotic and angiogenic macrophage phe-

notype under diabetic conditions remains unclear.

Macrophages, particularly the CD163+ subpopu-

lation, are key regulators of systemic and local iron 

homeostasis. Under physiological conditions, CD163+ 

macrophages scavenge hemoglobin-haptoglobin 

complexes and process heme via heme oxygenase to 

recycle iron.
12

 However, dysregulation of this pathway, 

involving the iron-export protein ferroportin (FPN) and 

its negative regulator hepcidin, can cause abnormal 

iron accumulation and contribute to a pro-inflamma-

tory, tissue-damaging phenotype. Pathogenic muta-

tions in FPN (SLC40A1) that impair iron export cause 

cellular iron retention and iron-overload disorders, 

while dysregulated iron homeostasis has been asso-

ciated with increased risk of diabetes and progressive 

renal injury.
13–15

 Given these mechanisms, therapeutic 

targeting of macrophage-mediated iron dysregulation 

and angiogenic abnormalities represents a promising 

yet underutilized strategy to arrest the progression 

of diabetic nephropathy. As renal function deterio-

rates, the risk of cardiovascular morbidity escalates, 

underscoring the urgent need for research into novel 

interventions, such as targeted iron chelation, to mit-

igate this decline and improve clinical outcomes.
15

 

Hyperglycemia and Ang II increase macrophage cat-

alytic iron, promoting a profibrotic and angiogenic 

macrophage phenotype that may contribute to the 

progression of diabetic nephropathy. In the present 

study, we investigated whether hyperglycemia and 

angiotensin II promote catalytic iron accumulation and 

functional activation of human macrophages toward a 

collagen-positive and proangiogenic phenotype. Using 

human peripheral blood mononuclear cells, we exam-

ined macrophage markers, procollagen-1, ferroportin, 

catalytic iron, and angiogenic markers under normal- 

and high-glucose conditions, with or without Ang II. 

We also tested whether deferiprone-mediated iron 

chelation could attenuate these responses and exam-

ined human diabetic kidney tissue for CD163-positive 

macrophages and procollagen-1-positive cells.

Methods

Peripheral blood mononuclear cells (PBMCs)

 Commercially available human peripheral blood 

mononuclear cells (PBMCs) were obtained from 

ALLCELLS (Emeryville, CA). Cell viability was assessed 

using the trypan blue dye exclusion test. PBMCs were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), 

2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL 

streptomycin and maintained at 37°C in a humidified 

atmosphere containing 5% CO
2
. After overnight incuba-

tion in complete growth medium, PBMCs were treated 

with 5 mM (control medium) or 25 mM (high-glucose 

medium) glucose to investigate the effects of glucose 

(GLUC) and angiotensin II (Ang II) on monocyte differen-

tiation into collagen-secreting, angiogenic macrophages. 

To assess hypertonicity, corresponding concentrations 

of D-mannitol were used instead of D-glucose in some 
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experiments.
16

 Angiotensin II (0.1 or 1 µM) was added 

to the culture for 24 hours to 4 days. Cells were cultured 

for a total of 8 days with or without GLUC and Ang II. 

To assess the effect of deferiprone (DFP), PBMCs were 

pretreated with 25 µM deferiprone for 24 hours before 

glucose and angiotensin II were added to the culture. 

At the end of the experiments, cell culture supernatants 

were collected to measure bleomycin-detectable iron. 

Adherent cells were washed with 1× PBS and used 

to analyze proangiogenic markers (acetylated LDL and 

lectin), the fibrotic marker procollagen-1, and the iron 

metabolism regulator ferroportin. CD163+ and CD68+ 

macrophages were examined by immunofluorescence 

staining, flow cytometry, and Western blot analysis.

Cell proliferation assays

For the proliferation assay, total PBMCs were 

seeded in 96-well flat-bottom microplates (BD Falcon) 

at 20 × 10
3
 cells/well and treated with GLUC, Ang II, 

and DFP (25 µM) in DMEM containing 10% FBS, as 

described above. After treatment, floating cells were 

removed from the culture. Adherent cells were washed 

with 1× PBS and used to assess bromodeoxyuridine 

(BrdU) incorporation. BrdU incorporation was deter-

mined during the last 4 hours of incubation in the pres-

ence of 10 M BrdU and measured colorimetrically using 

a BrdU ELISA kit (Roche Diagnostics, Indianapolis, IN), 

according to the manufacturer’s instructions, to iden-

tify cells in the S phase of the cell cycle. Absorbance 

was measured at dual wavelengths of 450 and 540 nm 

using a microplate reader. Proliferation was expressed 

as the percentage of absorbance in treated cells rela-

tive to untreated control cells.

Immunofluorescence study

Total PBMCs were seeded in 4-well BD chamber 

slides (Fisher Scientific) at a density of 150 × 10
3
 cells/

chamber in complete growth medium and treated 

with GLUC, Ang II, and DFP as described above. 

Immunofluorescence was performed to assess the 

expression of CD68, F4/80, procollagen-1, CD163 

(all from Santa Cruz Biotechnology, Inc.), Ulex lectin 

(Sigma), acetylated LDL (Molecular Probes), and fer-

roportin (Abcam). After treatment, adherent cells were 

washed with 1× PBS and fixed with 4% neutral buff-

ered formaldehyde for 15 minutes at room tempera-

ture. Slides were washed with 1× PBS three times for 

5 minutes each and then rinsed with 100% alcohol. To 

block nonspecific binding sites, cells were incubated 

with 0.1% Triton X-100 and 5% goat serum for 30 min-

utes at room temperature, followed by three washes 

with 1× PBS for 5 minutes each. Cells were incu-

bated with primary antibodies (2–10 µg/mL; described 

above), diluted in 1% BSA and 1× PBS, at 37°C for 

1 hour. Cells were washed three times with 1× PBS 

for 5 minutes each. Either FITC (fluorescein isothio-

cyanate)- or TR (Texas Red)-conjugated secondary 

antibodies (Santa Cruz Biotechnology, Inc.) and/or 

Alexa Fluor 488- and 546-conjugated anti-goat/rabbit 

and mouse IgG antibodies (Molecular Probes) were 

used. Secondary antibodies (2–10 µg/mL), diluted in 

5% goat serum in 1× PBS, were added to the cells 

and incubated at 37°C for 1 hour. For double labeling, 

cells were incubated with a cocktail of different primary 

antibodies, followed by the corresponding secondary 

antibodies. For negative controls, cells were incubated 

with IgG alone without specific primary antibodies. Cells 

were washed five times with 1× PBS for 5 minutes 

each and mounted with Vectashield mounting medium 

(Vector Laboratories) containing DAPI to counterstain 

the nuclei. Slides were observed under a fluorescence 

microscope (Olympus America, Melville, NY).

Flow cytometric analysis

After treatment and culture of PBMCs with GLUC, 

with or without Ang II and DFP, for the required period as 

described above, cells were analyzed by flow cytome-

try for procollagen-positive macrophages. Briefly, cells 

were harvested either by incubation with trypsin-EDTA 

solution for 5 minutes or by gentle scraping with a cell 

scraper after a 30-minute incubation on ice, followed 

by washing with 1× cold PBS.

After blocking Fc receptors with 1 µg/mL human 

IgG (Sigma, St. Louis, MO) for 15 minutes, samples 

were centrifuged at 200 × g for 5 minutes at 4°C. 

Cells were washed with 1× cold PBS. Cell samples 

(0.5 × 10
6
–1 × 10

6
 cells) were incubated on ice with 

sample blocking buffer (10% mouse/goat serum and 

1% BSA) to block nonspecific binding sites. After 



25

Role of Iron in Collagen-expressing Proangiogenic Macrophages in Diabetic Nephropathy	 Bose et al.  

The Southwest Journal of Medicine 2026;14(61):21–35

30 minutes of incubation, samples were centrifuged 

at 200 × g for 5 minutes at 4°C.

Cells were stained with unconjugated or phyco-

erythrin (PE)- or fluorescein isothiocyanate (FITC)-

conjugated mouse, goat, rabbit, or rat antibodies 

against CD68 (Miltenyi Biotec, CA, USA), F4/80 

(Novus Biologicals, CO, USA), CD163 (eBioscience, 

Inc., San Diego, CA), and procollagen-1 (Santa Cruz 

Biotechnology, Inc.). Antibodies (0.25 µg) were added 

in a total volume of 100 µL of cell staining buffer 

(eBioscience), and cells were incubated for 45 minutes 

on ice in the dark. Cell samples were washed three 

times with 100 µL of staining buffer and centrifuged at 

200 × g for 5 minutes at 4°C. For unconjugated procol-

lagen-1 antibodies, cells were subsequently incubated 

with FITC/PE-conjugated goat anti-mouse IgG (Santa 

Cruz Biotechnology) for 45 minutes on ice in the dark. 

For intracellular staining, cells were fixed in cold 4% 

paraformaldehyde and permeabilized using cell perme-

abilization buffer (eBioscience). For controls, cells were 

incubated with the same amount of PE- or FITC-labeled 

IgG isotype control (eBioscience, Novus, Miltenyi, or 

Santa Cruz Biotechnology). Each sample was resus-

pended in 0.2 mL of staining buffer and analyzed using 

a FACSDiva flow cytometer (Becton, Dickinson). At 

least 10,000 cells were analyzed per staining. Data 

were analyzed using CellQuest software (Becton, 

Dickinson). Viable cells were identified by gating on for-

ward and side scatter. Data were presented as dot plots 

and expressed as mean fluorescence intensity (MFI), 

obtained from statistical analysis of fluorescence height 

and the mean x-axis value displayed by the software.

Bleomycin-detectable iron assay

At the end of incubation, the culture medium was 

collected, and the catalytic iron (capable of catalyzing 

free-radical reactions) released into the medium was 

measured by the bleomycin assay developed and 

described by.
17

 One milliliter of the reaction mixture con-

tained, in order: 0.5 ml of calf thymus DNA (1 mg/ml), 

0.05 or 0.1 ml of bleomycin sulfate (1 mg/ml), 0.1 ml 

of MgCl2 (50 mM), 0.1 ml of sample, 0.1 ml of Chelax-

treated pyrogen-free water, 0.1 ml of ascorbic acid 

(8 mM), and either 0.05 ml of HCl (10 mM) or 0.1 ml of 

imidazole (1.0 M, pH 7.3) to adjust to pH 7.4. Sample 

blanks were identical except that bleomycin was omit-

ted. The samples were then incubated at 37°C for two 

hours with shaking. The reaction was stopped by adding 

0.1 M EDTA; then the mixture was combined with 1 mL 

thiobarbituric acid (1% wt/vol in 50 mM NaOH) and 1 mL 

25% HCl (vol/vol). The reaction mixture was heated at 

100°C for 15 minutes, cooled, and the resulting chro-

mogen was measured at 532 nm using a spectropho-

tometer. A standard curve was prepared using known 

amounts of FeCl3 in Chelax-treated pyrogen-free water. 

The amount of bleomycin-detectable iron in the test 

sample was calculated from the standard curve, and 

the results are expressed as nmol/mg cellular protein 

recovered from the cell monolayer. Protein was meas-

ured using the Bio-Rad reagent. All reagents, except the 

sample under test, were prepared in Chelex-treated, 

pyrogen-free water and shaken with Chelex-100 to 

remove as much contaminating iron as possible. 

Western blot analysis

SDS-PAGE was performed on a 4–12% bis-Tris 

NuPage separating gel (Invitrogen Life Technologies; 

Carlsbad, CA). Equal amounts (40 µg) of protein were 

loaded into each lane, and the separated proteins 

were electroblotted onto nitrocellulose membranes at 

30 V for 1 h at room temperature. Membranes were 

blocked with casein blocker (Pierce; Rockford, IL) for 

1 h at room temperature and then probed with primary 

antibodies (CD68, CD163, procollagen-1 (Santacruz 

Biotechnology, Inc.), and F4/80 [Novus Biologicals]) 

diluted 1:1,000 in 5% non-fat dry milk and incubated 

overnight at 40C with gentle shaking. Membranes 

were washed five times (5 min each) with Tris-buffered 

saline-Tween 20 [TBST; 20 mM Tris·HCl (pH 7.6), 

137 mM NaCl, and 0.2% (vol/vol) Tween 20], followed 

by incubation with horseradish peroxidase-coupled 

anti-IgG secondary antibodies (1:2,000 dilution) for 1 h 

at room temperature. Enhanced Chemiluminescence 

(SuperSignal West Pico Chemiluminescent Substrate, 

Thermo Scientific, IL, USA) and fluorescence detection 

steps were performed per the manufacturer’s instruc-

tions to visualize the bands. For the loading control, 

nitrocellulose membranes were stripped with Restore 

Western Blot Stripping Buffer (Thermo Scientific) and 

reprobed with anti-actin antibody (1:1000 dilution, 

Santa Cruz Biotechnology). 
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Immunohistochemistry

The Institutional Review Board of the University of 

Arkansas for Medical Sciences (UAMS) approved this 

study. Staining was performed on paraffin blocks from 

human diabetic kidney biopsies for CD163 (Santa Cruz 

Biotechnology, Inc.) and procollagen-1 (Abcam) using 

commercially available kits according to the manufac-

turers’ instructions. 

Statistical analysis

Results are reported as mean ± standard deviation 

(SD). The significance of differences among groups 

for all parameters was evaluated using one‐way anal-

ysis of variance (ANOVA), followed by Tukey’s post 

hoc test, or by an unpaired two‐tailed Student’s t test, 

using GraphPad Prism version 10. Differences were 

considered significant at p < 0.05. 

Results

Effect of DFP on DNA synthesis in differentiated 

PBMCs under hyperglycemic conditions

Using the colorimetric BrdU ELISA kit, we found 

that 25 µM glucose increased BrdU incorporation into 

DNA over 8 days compared with the control and fur-

ther increased after adding 1 µM Ang II to ~3.4-fold 

above control (p < 0.0001). We then investigated the 

effects of iron chelation with 25 µM DFP pretreatment 

for 24 h on the proliferative pattern of cells after glu-

cose and Ang II post-treatments. DFP pretreatment 

significantly reduced DNA synthesis (p < 0.0001) 

compared with cultures without it (~1.6-fold; Figure 1A 

and B).

Differentiation of human PBMCs into cells 

expressing the angiogenic and fibrotic mark-

ers after treatment with GLUC and Ang II. We 

assessed the phenotypes of differentiated cells. 

Immunofluorescence staining showed that the num-

ber of AcLDL- and lectin-positive cells increased after 

GLUC and Ang II treatment. Proangiogenic cells co- 

express the macrophage marker (CD163) (Figure 2B). 

DFP pretreatment significantly reduced the number of 

cells expressing acetylated LDL (AcLDL) and Ulex lec-

tin or PC-1 (Figure 2A and B). Flow cytometry analysis 

showed the same results (Figure 2C). Differentiated 

PBMCs expressing Ulex lectin were positive for mac-

rophage markers. were positive for the macrophage 

marker tested.

Next, we tested whether differentiated PBMCs are 

macrophages co-expressing procollagen-1. As shown 

in Figure 3A and Figure 4A, in the presence of GLUC 

or GLUC with Ang II, there was a higher number of 

macrophages co-expressing PC-1. We further exam-

ined these macrophages by flow cytometry for PC-1 co- 

expression; analysis confirmed these findings (Figure 3B 

and Figure 4B). We obtained similar results in Western 

blot analysis of macrophage-related proteins, further 

confirming our immunofluorescence and flow cytometry 

results (Figure 5).

Role of Catalytic Iron in the differentiation of 

human PBMCs into MΦ phenotype: Iron chela-

tion reduced the number of differentiated human 

PBMCs expressing angiogenic and fibrotic mark-

ers under hyperglycemic conditions. We further 

assessed the effect of DFP on differentiated cells with 

an MΦ phenotype expressing PC-1. Our results show 

that 24 h DFP pretreatment significantly reduced the 

number of double-positive cells expressing acetylated 

LDL (AcLDL) and Ulex lectin (Figure 2A, B and C), as 

shown by immunofluorescence staining. Flow cytome-

try analysis confirmed these findings. Results showed 

that after 24 h of iron chelation, there was a signifi-

cant % reduction in cells co-expressing AcLDL, lectin, 

CD163, CD68, and procollagen-1 under hyperglyce-

mic conditions (last panels of Figure 3A-C and Figure 

4A-C). Hyperglycemia-induced protein expression of 

CD163, CD68, and procollagen-1 was significantly 

attenuated after 25 µM DFP pretreatment, as shown 

by Western blots (Figure 5), further confirming our 

immunofluorescence and flow cytometry results. 

Presence of CD163 and Procollagen-1 in kid-

ney biopsies of patients with advanced diabetic 

nephropathy. Immunohistochemical analysis iden-

tified CD163
+
 macrophages in both the renal inter-

stitium and sclerotic glomeruli (Figures 6 and 7), 

consistent with macrophage accumulation in areas 

of chronic renal injury and fibrosis. Procollagen-1
+
 



27

Role of Iron in Collagen-expressing Proangiogenic Macrophages in Diabetic Nephropathy	 Bose et al.  

The Southwest Journal of Medicine 2026;14(61):21–35

Figure 1. DFP pretreatment inhibited the growth and differentiation of human PBMCs, as assessed by cell 
proliferation and differentiation in PBMCs treated with 25 µM GLUC and 1 µM Ang II for 8 days. Ang II was added on 
day 5 after GLUC treatment, without removing GLUC. To assess the effect of iron chelation, cells were pretreated with 
25 µM DFP for 24 h before GLUC and Ang II treatments. DFP-pretreated cultures showed fewer adherent cells. Panel 
A shows representative light-microscopic images from each group, with the combination group showing the highest 
cell count. Images were taken at 20X with a 100 µm scale bar. B. Relative values for DNA synthesis by viable cells, 
measured by BrdU incorporation assay on day 8. Histograms show BrdU incorporation into DNA to identify cells in 
the S phase of the cell cycle. The asterisk indicates a significant difference from untreated (control) cells (**P < 0.01, 
****P < 0.0001; one-way ANOVA followed by Tukey-Kramer test; N = 4). 

cells were also detected in the interstitium and scle-

rotic glomeruli but were more prominent in the inter-

stitium (Figure 7). The co-localization of CD163
+
 

macrophages with areas of procollagen-1 expression 

supports a potential association between macrophage 

accumulation in glomeruli and matrix production in 

fibrotic kidney lesions. 

These findings provide evidence that macrophages 

with a profibrotic phenotype are present in human dia-

betic kidney tissue and may contribute to the progres-

sion of renal interstitial fibrosis and glomerulosclerosis.

Changes in intracellular catalytic iron levels 

in human PBMCs after pretreatment with DFP 

and GLUC and Ang II treatment. Iron, an essential 

nutrient, can be harmful in excess by increasing cel-

lular oxidative stress.
18

 We measured catalytic iron 

in the culture medium after treatment. We examined 

the effect of GLUC and of GLUC with Ang II on cata-

lytic iron. As shown in Figure 8A, GLUC alone signif-

icantly (p < 0.0002) increased catalytic iron release. 

The catalytic iron content of the collected medium in 

the GLUC and Ang II groups was significantly higher 

(94.5 ± 14.01 nmol/ml ) than in the untreated group 

(12.4 ± 4.3 nmol/ml) and in GLUC alone (28.2 ± 
6.1 nmol/ml) (Figure 8A, p < 0.0001). Pretreatment 

with 25 µM deferiprone for 24 h significantly (p < 
0.0001) decreased catalytic iron release in cells 

treated with either GLUC alone or with GLUC and 

Ang II combined (Figure 8A). Catalytic iron levels 

were reduced to 15.5±2.6 nmol/ml compared with all 

treatment groups (28.2 ± 6.1 and 94.5 ± 14.01 nmol/

ml, GLUC and GLUC+Ang II respectively ). GLUC or 

GLUC+Ang II induced expression of the iron regula-

tory proteins HO-1 and FPN, as observed by immu-

nofluorescence staining (Figure 8B) and western blots 
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(Figure 5). Pretreatment of PBMCs with 25 µM of DFP 

markedly reduced these expressions (Figures 5 and 

8B). Overall, our results demonstrate that high GLUC 

and Ang II drive macrophage phenotype development, 

and that iron, specifically catalytic iron, plays an impor-

tant role in glucose- and Ang II-driven renal fibrosis. 

Discussion

Diabetic nephropathy (DN), or diabetic kidney dis-

ease (DKD), remains a major cause of chronic kid-

ney disease and end-stage kidney disease. Although 

hyperglycemia and activation of the renin–angioten-

sin system are established drivers of renal injury, 

increasing evidence indicates that inflammatory 

cells, particularly macrophages, contribute to pro-

gressive renal fibrosis and loss of kidney function.
19

 

Macrophage accumulation in diabetic kidneys is asso-

ciated with renal injury and fibrosis, and the diabetic 

renal microenvironment strongly shapes macrophage 

phenotype.
2,19–22

 Our findings identify a potential link 

among hyperglycemia, angiotensin II (Ang II), mac-

rophage catalytic iron, and a profibrotic/proangio-

genic macrophage phenotype.

A major finding of this study is that high glu-

cose increased the number of CD163
+ 

and CD68
+
-

macrophages derived from human PBMCs and 

promoted procollagen-1 and ferroportin expression. 

Ang II further enhanced these effects. These find-

ings are consistent with the established role of the 

Figure 2. Expression of angiogenic markers (AcLDL) (A) and (Ulex lectin) (B) by differentiated human PBMCs 
treated with 25 µM GLUC or GLUC and 1 µM Ang II in combination, as shown by immunofluorescence and flow 
cytometry. Panel B shows that angiogenic (Lectin) cells are double-positive for CD163 (yellow). Scale bars: 10 µm for all. 
Representative images are from four different experiments; images were taken at 10×. Panel C depicts dot-plot images 
of flow cytometry analysis for the expression of proangiogenic and macrophage markers. Viable cells were identified by 
gating on forward and side scatter, and expression was reported as mean fluorescence intensity, obtained from statistical 
analysis of the fluorescence height and the mean x-axis value displayed by the software. As shown, DFP pretreatment 
significantly decreases the number of angiogenic cells. Representative dot plots are from three different experiments.
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Figure 4. Macrophages co-expressing procollagen-1 in human PBMCs under hyperglycemic conditions in vitro. 
Representative immunofluorescence images of CD68-positive macrophages expressing PC-1 (Panel A). Flow cytometry 
dot plots (B) show PC-1 reactivity in macrophages. For flow cytometry, we analyzed samples on a FACSDiva flow 
cytometer (Becton Dickinson). We analyzed at least 10000 cells per staining. We analyzed data using CellQuest software 
(Becton Dickinson). Viable cells were identified by gating on forward and side scatter, and data are shown as dot plots and 
expressed as mean fluorescence intensity, obtained from statistical analysis of the fluorescence height and mean x-axis 
value displayed by the software.

Figure 3. Macrophages co-expressing procollagen-1 in human PBMCs in a hyperglycemic condition in vitro. 
Panels A and B show CD163 macrophages co-expressing PC-1, as observed by immunofluorescence staining (A) and 
flow cytometry (B). For flow cytometry, at least 10000 cells per sample were analyzed on a FACSDiva flow cytometer 
(Becton Dickinson). Viable cells were identified by gating on forward and side scatter, and data are shown as dot plots 
and expressed as mean fluorescence intensity, obtained from statistical analysis of the fluorescence height and mean 
x-axis value displayed by the software. Data were analyzed using CellQuest software (Becton Dickinson) (n = 4). As 
shown, DFP pretreatment significantly decreases the number of macrophages expressing PC-1. cells. Representative dot 
plots are from three different experiments.
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Figure 6. Macrophage expression in diabetic nephropathy. Immunohistochemical staining of kidney biopsies 
for CD163. Significantly more CD163+ (brown) cells are evident in the renal interstitium of patients with diabetic 
nephropathy (B) than in a healthy kidney (A). CD163+ (brown) cells are significantly more abundant in the glomerulus 
of a patient with diabetic nephropathy (C). Periglomerular CD163+ macrophages (brown) are present in a sclerotic 
glomerulus in advanced diabetic nephropathy (D). 

Figure 5. Induction of CD163+ and procollagen-1 protein as shown by Western blot analysis in human PBMCs 
treated with 25 mM glucose and 1 µM angiotensin II and pretreated with 25 µM of DFP for 24 h. Representative blots 
(n = 3) are shown; β-actin was used as a loading control. B. Quantitative analysis of densitometry bands was performed by 
One-Way ANOVA with Tukey’s multiple comparisons test (*P = 0.029, **P = 0.002, ***P = 0.0005, ****P < 0.0001).
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Figure 7. Interstitial fibrosis in diabetic nephropathy. Immunohistochemistry results of kidneys from patients with 
diabetic nephropathy demonstrating positive interstitial and peritubular cells for procollagen-1 in kidney biopsies of 
diabetic patients with advanced diabetic nephropathy. 

Figure 8. Panel A. Deferiprone treatment decreases the release of catalytic iron from glucose- and angiotensin-
treated human PBMCs, as shown by a bleomycin-detectable iron assay. At the end of the experiments, the cell culture 
supernatant was collected for the measurement of bleomycin-detectable iron. One-way ANOVA followed by the Tukey-
Kramer test was applied to compare groups. Values are means ±SD, N = 4,*P < 0.013, ***P < 0.0002, ****P < 0.0001, 
deferiprone-treated compared with glucose alone and with angiotensin, respectively. B. Immunofluorescence staining 
revealed that adherent and differentiated PBMCs are highly reactive with the iron exporter marker ferroportin (FPN). 
Increased heme oxygenase (HO-1) expression under high glucose, combined with Ang II, suggests greater oxidative stress 
and inflammation, which are relevant to diabetic complications. DFP pretreatment significantly decreased the number of 
FPN- and HO-1-positive cells and shows the important role of iron in diabetic nephropathy.
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renin–angiotensin system in promoting oxidative 

stress, inflammation, macrophage activation, and 

fibrosis in diabetic kidney disease. Macrophages 

can interact with renal cells and contribute to inflam-

matory and fibrotic responses through cytokine 

production, extracellular matrix remodeling, and mac-

rophage–myofibroblast interactions.
2,23

 Importantly, 

the macrophages identified in our study should not 

necessarily be classified according to the conven-

tional M1/M2 paradigm. Macrophage populations in 

diabetic kidneys are heterogeneous and highly plas-

tic, and their phenotypes are determined by the local 

microenvironment.
22–23

 We therefore characterize the 

CD163-positive/procollagen-1-positive cells observed 

in our study as profibrotic macrophages. The detec-

tion of CD163-positive macrophages and procollagen- 

1-positive cells in human diabetic kidney tissue pro-

vides pathological support for this phenotype’s rel-

evance. The predominance of procollagen-positive 

cells in the interstitium is particularly important 

because tubulointerstitial fibrosis is strongly associ-

ated with progressive renal dysfunction.

Catalytic iron links diabetes to  

macrophage activation

Swaminathan et al. highlighted the potential role 

of iron in diabetic complications, emphasizing the 

importance of iron-mediated oxidative injury and the 

pathogenic potential of catalytic or redox-active iron in 

diabetes and its complications.
11

 Because catalytic iron 

can participate in free-radical reactions, even localized 

increases in redox-active iron may promote oxidative 

tissue injury without requiring systemic iron overload.

Our findings extend this concept by identifying 

macrophages as a potential cellular source, both 

intra- and extracellular, for catalytic iron accumula-

tion under diabetic conditions. High glucose mark-

edly increased catalytic iron levels in PBMC-derived 

macrophages, and Ang II further enhanced this 

response. Importantly, increased catalytic iron was 

accompanied by elevated procollagen-1 expression 

and angiogenic markers. These observations suggest 

that catalytic iron may contribute to macrophage func-

tional transformation rather than merely reflecting a 

consequence of inflammation.

Macrophages are central to iron recycling because 

they phagocytose senescent erythrocytes and process 

heme-derived iron. The increased ferroportin expres-

sion observed in our cultures may reflect a compensa-

tory response to elevated intracellular iron or altered 

iron flux. Further studies examining ferritin, transferrin 

receptor, heme oxygenase-1, hepcidin, and labile iron 

pools will be needed to determine how hyperglycemia 

and Ang II alter macrophage iron homeostasis. Our 

findings are also consistent with emerging evidence 

linking iron dysregulation to diabetic kidney injury. 

Recent studies have implicated iron-dependent oxida-

tive injury and ferroptosis in DKD.
22,24–25

 However, our 

findings do not establish ferroptosis as the underlying 

mechanism. Rather, they support a broader role for 

catalytic iron and iron-associated oxidative stress in 

macrophage activation and in profibrotic signaling.

Iron chelation suppresses the pathogenic 

macrophage phenotype

An important mechanistic observation was that 

pretreatment with the iron chelator deferiprone signif-

icantly reduced the number of adherent macrophages 

and decreased the number of procollagen-1-positive 

cells induced by high glucose and Ang II. Deferiprone 

also reduced lectin and acetylated LDL expression, 

indicating suppression of the proangiogenic pheno-

type. These findings provide functional evidence that 

free iron, or redox-active iron, contributes to the mac-

rophage response. They are conceptually consistent 

with earlier reports highlighting the potential role of 

catalytic iron in diabetic complications and the thera-

peutic rationale for iron chelation.
11

However, our study extends this concept by sug-

gesting that iron chelation can alter macrophage phe-

notypic behavior, particularly their collagen-positive 

and proangiogenic properties. We propose that hyper-

glycemia and Ang II may establish a feed-forward 

pathway in which hyperglycemia and Ang II promote 

macrophage activation, leading to increased cat-

alytic iron, oxidative stress, and a procollagen-1- 

positive/proangiogenic macrophage phenotype that 

may contribute to renal fibrosis. In this model, cata-

lytic iron may serve as a convergence point between 

metabolic and renin–angiotensin stress.
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Profibrotic and angiogenic macrophages in 

diabetic kidney disease

The increased expression of lectin and acetylated 

LDL suggests that procollagen-1-positive macrophages 

generated under hyperglycemic and Ang II conditions 

also acquire proangiogenic properties. Macrophages 

are key regulators of angiogenesis and vascular 

remodeling and can influence extracellular matrix 

turnover and tissue repair. The simultaneous pres-

ence of collagen positivity and proangiogenic markers 

may therefore identify a particularly pathogenic mac-

rophage population.

The reduction of both collagen and angiogenic 

markers after deferiprone treatment suggests that 

iron may contribute to the coordinated development 

of these macrophage functions. This finding may have 

therapeutic implications, as modifying macrophage 

iron metabolism could potentially suppress pathologi-

cal macrophage activity without requiring nonspecific 

macrophage depletion.

Relevance to human disease and  

therapeutic implications

The presence of CD163-positive macrophages and 

procollagen-1-positive cells in human diabetic kidney 

tissue supports the clinical relevance of our experimen-

tal findings. Although these observations are associ-

ative and do not establish that macrophages are the 

exclusive source of renal collagen, they demonstrate 

that macrophage-associated collagen production 

occurs within regions of human diabetic renal injury.

Current therapies for diabetic kidney disease 

(DKD) have substantially improved renal outcomes; 

however, many patients still progress to advanced 

kidney disease. Consequently, identifying pathways 

linking metabolic stress, inflammation, and fibrosis 

remains important. Our results suggest that modu-

lating macrophage iron metabolism may represent 

a potential therapeutic strategy. Rather than elimi-

nating macrophages, targeting catalytic iron could 

potentially suppress pathological macrophage 

functions while preserving beneficial macrophage 

activities.

Limitations and future directions

Several limitations should be acknowledged. First, 

the PBMC culture system does not fully replicate the 

complexity of the diabetic kidney microenvironment. 

Interactions among macrophages, endothelial cells, 

tubular epithelial cells, podocytes, fibroblasts, and extra-

cellular matrix components likely shape macrophage 

phenotypes in vivo. Second, the current study identi-

fies a collagen-secreting macrophage phenotype but 

does not establish the precise molecular pathway by 

which catalytic iron induces this phenotypic shift. Third, 

although deferiprone provides functional evidence sup-

porting a role for iron, iron chelation can affect multiple 

molecular targets, and additional approaches to manip-

ulate macrophage iron homeostasis will be needed to 

establish the underlying mechanism. Finally, our data 

do not establish ferroptosis as the mechanism of mac-

rophage injury or activation.

Future studies should therefore determine whether 

catalytic iron accumulation precedes the development 

of profibrotic macrophages in experimental diabetes 

and whether selectively manipulating macrophage 

iron handling attenuates renal fibrosis in vivo. Analysis 

of ferritin, transferrin receptor, ferroportin/hepcidin 

signaling, labile iron pools, lipid peroxidation, GPX4, 

and NRF2-dependent antioxidant pathways should 

help clarify the relationship between macrophage 

iron metabolism and oxidative injury. Single-cell and 

spatial approaches could further determine whether 

iron-associated macrophage populations are localized 

to regions of active fibrosis in human diabetic kidneys.

Conclusions

In summary, the present study identifies a poten-

tial mechanistic link among hyperglycemia, Ang II, 

macrophage iron metabolism, and renal fibrosis. We 

demonstrate that hyperglycemic conditions, particu-

larly in the presence of Ang II, increase catalytic iron 

levels and promote the emergence of macrophages 

expressing procollagen-1 and proangiogenic mark-

ers. Deferiprone reduces these phenotypic changes, 

providing functional evidence that iron availability 

contributes to the macrophage response. 



34

Bose et al.	 Role of Iron in Collagen-expressing Proangiogenic Macrophages in Diabetic Nephropathy

The Southwest Journal of Medicine 2026;14(61):21–35

These findings extend the concept established by 

Swaminathan et al. that catalytic iron can contribute 

to diabetic tissue injury by proposing a specific cellu-

lar mechanism in which redox-active iron may drive 

a profibrotic and proangiogenic macrophage pheno-

type in diabetic kidney disease. The identification of 

CD163-positive and procollagen-1-positive cells in 

human diabetic kidney tissue further supports the 

potential relevance of this pathway to human disease. 

Targeting macrophage iron dysregulation may there-

fore offer a novel strategy to interrupt the transition 

from metabolic and inflammatory stress to renal fibro-

sis and progressive kidney dysfunction. 

Previous studies have established a role for cat-

alytic iron in diabetic complications; our study identi-

fies catalytic iron within macrophages as a potential 

driver of a collagen-positive, angiogenic macrophage 

phenotype under hyperglycemic and Ang II conditions 

and demonstrates that iron chelation suppresses this 

phenotype.
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