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Abstract:
Chronic kidney disease (CKD) impacts global health, contributing to one in sixty fatalities
worldwide. Iron deficiency (ID), a common complication of CKD, is a major cause of years lived with
disability. The combination of CKD and ID presents a particularly challenging health burden, as ID
can exacerbate CKD-related complications and negatively impact patient outcomes. Despite the high
prevalence of ID and anemia in patients with CKD, whether and how ID alters CKD-associated
complications such as systemic inflammation, organ fibrosis, vascular calcification, and
cardiomyopathy remains insufficiently understood. Employing two distinct mouse models of CKD,
adenine-induced nephropathy and Alport syndrome (Col4a3-/-), we induced moderate or severe ID in
mice and investigated how it modulates pathological complications. At baseline, akin to patients
with CKD, both adenine nephropathy and Alport models displayed systemic inflammation, vascular
calcification, and kidney and cardiac injury accompanied by fibrosis. Severe ID aggravated systemic
inflammation, kidney fibrosis, and cardiac fibrosis in adenine-induced CKD, while showing no
significant effect on vascular calcification, kidney injury, kidney functional impairment, or
pathologic cardiac remodeling in either model. Our study offers valuable insights into the
pathophysiologic mechanisms driving CKD-related comorbidities, and suggests that iron
supplementation may be beneficial in mitigating specific aspects of inflammation-induced kidney
damage.
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Key Points 

 Iron deficiency, particularly when severe, intensifies systemic inflammation, kidney 

fibrosis, and cardiac fibrosis in CKD 
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Abstract 

Chronic kidney disease (CKD) impacts global health, contributing to one in sixty fatalities 

worldwide. Iron deficiency (ID), a common complication of CKD, is a major cause of years 

lived with disability. The combination of CKD and ID presents a particularly challenging health 

burden, as ID can exacerbate CKD-related complications and negatively impact patient 

outcomes. Despite the high prevalence of ID and anemia in patients with CKD, whether and how 

ID alters CKD-associated complications such as systemic inflammation, organ fibrosis, vascular 

calcification, and cardiomyopathy remains insufficiently understood. Employing two distinct 

mouse models of CKD, adenine-induced nephropathy and Alport syndrome (Col4a3
-/-

), we 

induced moderate or severe ID in mice and investigated how it modulates pathological 

complications. At baseline, akin to patients with CKD, both adenine nephropathy and Alport 

models displayed systemic inflammation, vascular calcification, and kidney and cardiac injury 

accompanied by fibrosis. Severe ID aggravated systemic inflammation, kidney fibrosis, and 

cardiac fibrosis in adenine-induced CKD, while showing no significant effect on vascular 

calcification, kidney injury, kidney functional impairment, or pathologic cardiac remodeling in 

either model. Our study offers valuable insights into the pathophysiologic mechanisms driving 

CKD-related comorbidities, and suggests that iron supplementation may be beneficial in 

mitigating specific aspects of inflammation-induced kidney damage. 
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Introduction 

Chronic kidney disease (CKD) is a global health challenge affecting over 800 million individuals 

in both developed and developing nations.
1,2

 With no effective treatments to cure this disease, 

clinical management prioritizes the mitigation of factors that contribute to CKD progression.
3,4

 

CKD is often exacerbated by systemic complications such as anemia, inflammation, organ 

fibrosis and vascular calcification.
5-9

 These conditions drive cardiovascular disease, the leading 

cause of premature death in CKD.
10

 

A prominent aspect of CKD is altered iron homeostasis, with a high prevalence of iron 

deficiency (ID) and anemia.
11-13

 Anemia in CKD is associated with poor outcomes including 

cognitive impairment, and mortality.
14,15

 The etiology of this anemia is driven by a complex 

interplay of reduced red blood cell lifespan, relative erythropoietin deficiency, systemic 

inflammation, and both absolute and functional ID.
16

 Absolute ID occurs when total body iron 

stores are depleted, whereas functional ID arises when iron stores are adequate but insufficiently 

mobilized to support erythropoiesis.
17

 This iron restriction is driven by elevated hepcidin levels, 

which are increased by inflammatory cytokines, mainly interleukin-6.
18,19

 Hepcidin is a key 

regulator of iron homeostasis, controlling flow of iron into circulation by inhibiting ferroportin, 

the sole known cellular iron exporter.
20

 This inhibition restricts iron efflux from iron recycling 

macrophages and duodenal enterocytes, leading to reduced serum iron levels (hypoferremia) and 

erythropoiesis. Chronically inadequate intestinal iron absorption combined with increased blood 

loss contributes to development of absolute ID.
21,22

  

Anemia worsens quality of life and outcomes in CKD.
16,23-25

 Notably, ID and anemia 

might accelerate kidney injury progression, organ fibrosis, and cardiomyopathy.
26-30

 Beyond 

these effects, emerging evidence links ID to vascular calcification.
31-33

 Supporting this 
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hypothesis, a recent study reported increased coronary artery calcification scores in CKD 

patients with reduced transferrin saturation.
34

 Corroborating these findings, mice with metabolic 

syndrome on an iron-deficient diet exhibit enhanced cardiac calcification compared to those on a 

standard iron diet.
35

 Despite these observations, the impact of ID severity on outcomes remains 

unclear. This study examines moderate and severe ID in two mouse models of CKD. 
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Methods 

Mice. Male mice were used for a consistent CKD phenotype.36,37 Mice were housed in ventilated 

systems (12 h dark/light, 23 ± 1 °C), fed ad libitum, and maintained on a standard diet (PicoLab 

Rodent Diet 20) before switching to a specialized diet. C57BL/6J mice were from Jackson 

Laboratory (JAX# 000664). Col4a3
-/- knockout (Alport) mice were on a Sv129 background in 

heterozygous breeding. 

Two models of CKD were used: adenine-induced nephropathy and genetic Col4a3
-/- 

mice. Assessing iron deficiency’s impact on CKD in adenine nephropathy, we established 

moderate and severe iron deficiency models (Figure 1A, B; Supplemental Tables 1, 2). Moderate 

iron deficiency was generated by feeding 8-week-old C57BL/6J mice a customized iron-

deficient (4 ppm iron) 0.2% adenine-rich diet (TD.130826, Envigo) for 8 weeks. Iron-replete 

CKD mice were fed identical diet but with 100 ppm iron (TD.210096, Envigo). Iron-deficient 

and iron-replete controls were age-matched mice on an adenine-free but composition-matched 

diet (TD.200065, TD.80396, Envigo). Severe iron deficiency was induced by phlebotomizing 4-

week-old C57BL/6J mice (~250 µl blood), and feeding them an iron-deficient diet (4 ppm iron; 

TD.80396, Envigo) for 4 weeks. They were then switched to a customized 0.2% adenine-rich 

diet that was iron-deficient (4 ppm iron; TD.130826, Envigo) for an additional 8 weeks. 

Matching iron-replete CKD mice were fed an iron-replete diet (100 ppm iron; TD.200065, 

Envigo) starting at 4 weeks of age for 4 weeks before transitioning to a customized 0.2% 

adenine-rich diet that was iron-replete (100 ppm iron; TD.210096, Envigo) for an additional 8 

weeks. Concluding these experiments, mice were euthanized under 2.5% isoflurane, and samples 

were prepared as described in supplemental materials. 
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To assess iron deficiency’s impact on CKD in a genetic model, 5-week-old Alport mice 

were randomly assigned to either an iron-replete (58 ppm iron; TD.80394, Envigo) or an iron-

deficient diet (4 ppm iron; TD.80396, Envigo) for 5 weeks. Concluding the experiments, mice 

were euthanized under 2.5% isoflurane. Constitutive Col4a3
-/- knockout mice are recognized as a 

hereditary model of human Alport syndrome, and progressive CKD. When bred on a Sv129 

background, Alport mice succumb to rapid kidney injury by 10 weeks of age. 

Study Approval. Animal protocols were approval by the institutional animal care and use 

committee of University of California, Los Angeles (UCLA). 

Additional details are provided in supplemental materials.  
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Results 

Iron deficiency models in adenine-induced CKD.   

To explore the impact of iron deficiency on CKD-related complications, we generated adenine 

diet-induced nephropathy models with varying iron deficiency (ID) severity. Establishing effects 

of moderate-ID CKD mice, C57BL/6J males were fed either an iron-replete (100 ppm Fe) or 

iron-deficient (4 ppm Fe) diet containing 0.2% adenine for 8 weeks. Mice fed a diet lacking 

adenine, but with equivalent iron content, served as non-CKD iron-replete or non-CKD 

moderate-ID controls (Figure 1A; Supplemental Table 1). Establishing severe-ID CKD mice, 

C57BL/6J males were phlebotomized (~250 µL blood) by submandibular puncture and given an 

equal volume of saline 0.9% NaCl by intraperitoneal injection at 4 weeks of age, subjected to a 4 

ppm Fe diet for 4 weeks, and transitioned to a 4 ppm Fe + 0.2% adenine diet for 8 weeks. Age-

matched, non-phlebotomized mice on a 100 ppm Fe diet, later switched to a 100 ppm Fe + 0.2% 

adenine diet for 8 weeks, served as iron-replete CKD counterparts (Figure 1B; Supplemental 

Table 2). Non-CKD controls were excluded to focus on ID’s effects in CKD. 

We evaluated tissue and serum iron concentrations in both models to determine ID 

severity. Comparing non-CKD mice, liver, spleen, and heart non-heme iron levels were non-

significantly decreased, and kidney iron significantly reduced in the moderate-ID model (Figure 

1C-F). Transcript levels of the iron importer transferrin receptor (Tfrc) were slightly increased in 

the heart and protein (TFR1) was significantly elevated in the kidneys of non-CKD moderate-ID 

(Figure 1G, H), confirming tissue ID.  On adenine diet, all organs (liver, heart, spleen, kidney) 

accumulated more iron compared to non-CKD mice with a negligible impact of moderate-ID diet 

on organ iron levels compared to iron-replete mice (Figure 1C-F). No differences in heart Tfrc 
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transcript and kidney TFR1 protein levels were detected between groups on adenine (Figure 1G, 

H). Thus, in this context of adenine-induced CKD, moderate-ID did not lead to measurable tissue 

iron depletion, likely resulting from CKD-related iron restriction mechanisms.   

In severe-ID CKD mice, liver, spleen, heart and kidney nonheme iron levels were 

significantly reduced compared to iron-replete CKD mice (Figure 1C-F). This indicates that 

baseline tissue iron levels were profoundly diminished despite CKD-related iron restriction 

mechanisms. Additionally, we observed significant elevations in heart Tfrc transcript and kidney 

TFR1 protein levels in severe-ID CKD (Figure 1G, H). Interestingly, serum iron levels did not 

change between groups in either model (Figure 1I), likely due to reduced iron utilization for 

erythropoiesis following kidney injury.  

 

Effects of moderate-ID and severe-ID on erythropoietic and hypoxic parameters in adenine-

induced CKD.   

Next, we assessed hematologic parameters in both models. In non-CKD controls, moderate-ID 

caused expected reductions in mean corpuscular volume (MCV), hemoglobin, hematocrit 

percentage (HCT%) and increased zinc protoporphyrin (ZPP) levels, and a trend toward 

increased kidney erythropoietin (Epo) expression (Figure 2A-E). On adenine diet, CKD mice all 

had anemia. However, the difference between groups was blunted or even reversed. Between 

moderate-ID and iron-replete CKD mice, MCV, hemoglobin, HCT%, ZPP levels and kidney Epo 

expression were similar (Figure 2A-E), indicating that moderate-ID did not worsen 

erythropoietic parameters beyond the effect of CKD.  
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In severe-ID CKD mice, MCV, ZPP and Epo expression levels were similar to iron-

replete CKD mice as was the case for the moderate-ID group (Figure 2A, D, E), but hemoglobin 

and HCT% were surprisingly increased (Figure 2B, C). However, we cannot eliminate a batch 

effect in this experiment as CBCs in the severe-ID group were inadvertently measured on a 

separate day from the iron-replete group. Serum VEGF levels were significantly higher in 

severe-ID CKD, indicating greater systemic hypoxia in these mice, arguing against any 

functional improvement in the erythropoietic status of the mice (Figure 2F). Dehydration and 

hemoconcentration may have also contributed as total protein in serum of severe-ID CKD mice 

was on average 11% higher compared to iron-replete CKD. Following the normalization of 

hemoglobin to total serum protein for each mouse
38

, severe-ID CKD and iron-replete CKD 

hemoglobin concentrations became similar and showed decreased variability (Figure 2G). 

Nevertheless, the lack of dietary ID effects on erythropoiesis in either moderate- or severe-ID 

CKD suggests that the anemia in this mouse model is primarily driven by CKD pathology, unlike 

tissue iron content in the liver, spleen, kidney and heart, which is profoundly decreased by 

severe-ID. 

 

Iron deficiency aggravates systemic inflammation in adenine-induced CKD. 

Inflammation is a hallmark of CKD but it is not clear whether ID directly impacts the 

inflammatory response in CKD. We examined hepatic and systemic inflammatory mediators in 

both models. In the absence of CKD, moderate-ID had no effect on cytokine expression in the 

liver.  
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Relative to non-CKD controls, iron-replete CKD mice displayed non-significant 

increases in liver serum amyloid A1 (Saa1), tumor necrosis factor  (Tnfa) and interleukin-6 

(Il6) transcript levels (Figure 3A, B, D). Moderate-ID in CKD mice further elevated 

liver Saa1 and Il6 levels to statistically significant levels compared to iron-replete CKD (Figure 

3A, D). No differences were observed in liver interleukin-1 (Il1b) mRNA expression (Figure 

3C). In severe-ID CKD compared to iron-replete CKD, transcript levels of both liver Saa1 and 

Il6, as well as serum IL-6 protein levels, were significantly elevated (Figure 3A, D, F). Notably, 

these levels were higher in severe-ID relative to moderate-ID mice on adenine (Figure 3A, D, F). 

Spleen Il1b transcript levels were also significantly increased in severe-ID CKD (Supplemental 

Figure 1B). We did not observe differences in liver Tnfa and Il1b, or spleen Tnfa and Il6 

transcript levels (Figure 3B, C; Supplemental Figure 1A, C).  

 ID suppresses hepcidin production but inflammation stimulates it.
39,40

 As expected, Hamp 

transcript levels were greatly reduced (Figure 3E) and Hamp synthesis remained appropriately 

low relative to liver iron content in non-CKD moderate-ID compared to non-CKD iron-replete 

mice (Figure 3F). Interestingly, in the adenine model, Hamp transcript levels and ratios 

of Hamp synthesis relative to liver iron content were significantly and comparably elevated in 

both moderate-ID and iron-replete mice (Figure 3E, F), aligning with increased serum levels of 

the hepcidin-stimulator IL-6 (Figure 3G). Only severe-ID partially suppressed Hamp expression 

despite a strong inflammatory stimulus (Figure 3E), as evident by a significant yet 

inappropriately high ratio of Hamp synthesis relative to liver iron content in severe-ID CKD 

mice (Figure 3F), highlighting the opposing influences of inflammation and severe-ID on 

hepcidin transcription. 
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Since severe-ID CKD mice exhibit more pronounced systemic inflammation compared to 

moderate-ID CKD mice, we performed a multiplex bead immunoassay on sera from the severe-

ID CKD model to gain further insight into the inflammatory milieu. Multiplex analysis of 32 

cytokines and chemokines revealed significant elevations in serum TNF and CXCL1, along 

with a non-significant increase in CCL4 in severe-ID CKD compared to iron-replete CKD 

(Figure 3H-J). Interestingly, serum CXCL2 was significantly reduced in severe-ID CKD (Figure 

3K). Together, these data illustrate that the systemic inflammatory milieu in CKD is modulated 

by the severity of ID, which might contribute to and further aggravate CKD-associated 

pathologies.  

 

Iron deficiency does not aggravate kidney injury or dysfunction in adenine-induced CKD.   

Evidence suggests dietary iron restriction can improve kidney function in animal models of 

CKD.
41,42

 We examined whether moderate-ID or severe-ID affects kidney function in our CKD 

model. All CKD mice displayed significant kidney dysfunction as determined by elevated blood 

urea nitrogen (BUN) and serum creatinine levels (Figure 4A, B) versus non-CKD controls, with 

no difference between ID and iron-replete (in either moderate-ID or severe-ID groups). 

CKD disrupts mineral homeostasis, with ID and CKD elevating FGF23 levels, a key 

regulator of serum phosphate.
43-45

 In non-CKD controls, moderate-ID increased FGF23 cleavage, 

resulting in elevated C-terminal FGF23 (cFGF23) with normal intact FGF23 (iFGF23) levels as 

expected (Figure 4C-E). CKD mice all had excessive levels of iFGF23 and cFGF23. However, 

severe-ID significantly increased FGF23 cleavage in CKD (Figure 4E). Moreover, serum 

phosphate was elevated in all CKD mice, unaffected by ID severity (Figure 4F).  
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Next, we measured kidney injury markers. All CKD groups had significantly elevated 

kidney neutrophil gelatinase-associated lipocalin (Ngal) and kidney injury marker 1 (Kim1) 

transcript levels, with no further effect from moderate- or severe-ID (Figure 4G, H). Supporting 

these findings, histological analysis of kidney tissue sections revealed similar pathologic 

alterations in all CKD mice, including pronounced tubular atrophy and dilation, along with 

marked interstitial inflammatory cell infiltration (Figure 4I; Supplemental Figure 1D). These data 

suggest that neither moderate-ID nor severe-ID impacted the severity of kidney injury or 

dysfunction in adenine-induced nephropathy. 

 

Iron deficiency aggravates kidney fibrosis in adenine-induced CKD. 

As our results demonstrate ID augments inflammation in CKD (Figure 3), we explored whether 

ID modulates kidney fibrotic progression, as inflammation is a known contributor to kidney 

fibrosis.
5,46

 Compared to non-CKD controls, both moderate-ID CKD and iron-replete CKD mice 

had significantly increased kidney fibronectin (Fn1), transforming growth factor beta (Tgfb), 

alpha smooth muscle actin (Acta2), collagen type 1 alpha 1 chain (Col1a1) and collagen type 3 

alpha 1 chain (Col3a1) transcript levels (Figure 5A-E). Interestingly, Col3a1 transcript levels 

were significantly increased in moderate-ID CKD compared to iron-replete CKD (Figure 5E). 

Severe-ID CKD likewise potentiated mRNA expression of kidney Acta2, Col1a1 and Col3a1 

compared to iron-replete CKD counterparts (Figure 5C-E). Histopathological analysis of kidney 

tissue sections revealed extensive collagen deposition in both the glomeruli and interstitium 

across CKD groups, but particularly potentiated in severe-ID CKD mice (Figure 5F; 
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Supplemental Figure 1E). Taken together, these results indicate that ID aggravates kidney 

fibrotic progression in adenine-induced nephropathy. 

 

Iron deficiency does not aggravate kidney tissue inflammation or calcification in adenine-

induced CKD. 

Next, we examined ID’s role in kidney calcification by analyzing local inflammatory cytokine 

expression, which triggers calcification pathways.
47

 Kidney Tnfa and Il6 transcript levels were 

similarly elevated in moderate-ID and iron-replete mice on adenine, versus controls 

(Supplemental Figure 2A, B). Measuring expression of calcification genes, kidney runt related 

transcription factor 2 (Runx2), sex determining region-box 9 (Sox9), and osteopontin (Opn) 

transcript levels were significantly and similarly elevated in moderate-ID and iron-replete mice 

on adenine (Supplemental Figure 2C-E).  

In severe-ID CKD mice, kidney Tnfa, Il6, Runx2, Sox9, or Opn levels showed no 

significant differences from iron-replete CKD mice (Supplemental Figure 2). Thus, ID neither 

potentiates kidney tissue inflammation nor contributes to the pathogenesis of kidney calcification 

in adenine-induced CKD. 

 

Iron deficiency does not aggravate cardiovascular inflammation or calcification in adenine-

induced CKD. 

Vascular calcification stiffens arteries, exacerbating hypertension, heart failure and mortality, 

particularly in CKD.
10,48

 We investigated ID's role in cardiac calcification by assessing 

inflammation. Cardiac Tnfa mRNA showed a non-significant increase in both moderate-ID and 

iron-replete CKD mice versus controls (Supplemental Figure 3A). We observed no changes in 
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cardiac Il1b or Il6 transcript levels (Supplemental Figure 3B, C). Measuring expression of 

calcification genes, cardiac Runx2, Sox9 and Opn transcript levels were significantly and 

uniformly elevated in both moderate-ID and iron-replete mice on adenine (Supplemental Figure 

3D-F). These data indicate that although cardiac inflammation was mild, signaling pathways 

involved in cardiovascular calcification were activated in adenine-induced CKD, but unaffected 

by moderate-ID.  

In severe-ID CKD mice, cardiac Tnfa, Il1b, Il6, Runx2, Sox9, and Opn levels showed no 

significant differences from iron-replete CKD mice (Supplemental Figure 3). These data confirm 

that ID does not affect cardiac inflammation or calcification in adenine-induced CKD. 

 

Iron deficiency does not aggravate CKD-associated cardiomyopathy in adenine nephropathy. 

Given that systemic inflammation and anemia are risk factors for heart disease, we explored 

whether ID impacts cardiac injury and/or fibrosis. Cardiac hypertrophy, indicated by heart-to-

body weight ratio, was present in moderate-ID and iron-replete CKD mice versus controls 

(Figure 6A). Furthermore, mRNA expression of cardiac adult alpha-myosin heavy chain (Myh6) 

was significantly and similarly reduced, whereas fetal beta-myosin heavy chain (Myh7) was 

significantly and similarly increased in both moderate-ID and iron-replete CKD mice (Figure 6B, 

C). The transition from adult to fetal myosin heavy chain isoforms signifies the reactivation of 

fetal gene programs related to cardiac hypertrophy.
49-52

 Additionally, cardiac fibrosis was 

observed in both moderate-ID and iron-replete CKD mice, as evidenced by marked and 

uniformly elevated cardiac Tgfb and Col1a1 transcript levels, corroborated by histopathological 

analysis of heart tissue sections revealing consistent collagen deposition within the myocardium 
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(Figure 6D, E, G; Supplemental Figure 1F). No changes were observed in cardiac Acta2 mRNA 

expression (Figure 6F).  

Evaluating pathologic cardiac remodeling in severe-ID CKD mice, heart-to-body weight 

ratio and mRNA expression of cardiac Myh6 and Myh7 reflected similar cardiac hypertrophy 

between severe-ID CKD and iron-replete CKD mice (Figure 6A-C). However, severe-ID 

amplified the expression of Tgfb, Col1a1, and Acta2 (Figure 6D-F), resulting in a modest, albeit 

non-significant, increase in myocardial collagen deposition (Figure 6G), indicating a slight 

worsening of myocardial fibrosis. Collectively, these data demonstrate that the severity of ID 

does aggravate the expression of cardiac fibrosis markers, but without substantially impacting 

CKD-associated cardiomegaly. 

 

Iron deficiency does not aggravate CKD-associated pathologies in Alport (Col4a3
-/-

) mice.  

Examining these findings in a genetic CKD model, we utilized Alport (Col4a3
-/-

) mice, which 

develop progressive CKD with systemic inflammation, mild ID and anemia,
53,54

 as well as 

kidney and cardiovascular dysfunction with concurrent fibrosis.
37,54

 Testing if ID worsens these 

complications, we generated moderate-ID in Col4a3
-/-

 mice by subjecting males to an iron-

deficient (4 ppm Fe) diet for 5 weeks (Supplemental Figure 4A). In comparison to Col4a3
-/-

 mice 

fed an iron-replete (58 ppm Fe) diet, moderate-ID Col4a3
-/-

 mice displayed increased kidney 

TFR1 protein levels, and reduced kidney iron, serum iron, MCV, hemoglobin, and HCT% 

(Supplemental Figures 4D, F, G and 5A-C), consistent with expected effects of moderate 

systemic ID. 

We next explored the impact of moderate-ID on CKD-associated complications in the 

Alport model. We detected no substantial alterations in systemic inflammation (Supplemental 
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Figure 6) but increased kidney Tnfa, (Supplemental Figure 9A). There was no effect of 

moderate-ID on kidney injury or dysfunction (Supplemental Figure 7), kidney fibrosis 

(Supplemental Figure 8), kidney inflammation and calcification (Supplemental Figure 9), 

cardiovascular inflammation and calcification (Supplemental Figure 10), or pathologic cardiac 

remodeling, with the exception of increased Acta2 expression in the heart of iron-deficient 

animals (Supplemental Figure 11). Taken together, these data indicate that moderate-ID does not 

strongly modulate CKD-associated complications in Alport mice, despite impairing 

erythropoiesis in this model. 

 

Discussion 

Over 180 years ago, anemia was first connected to CKD.
55

 Today, numerous studies confirm the 

widespread prevalence of iron deficiency (ID) and anemia in these patients, and these conditions 

have been associated with CKD progression, organ fibrosis, vascular calcification, and 

cardiomyopathy.
26-28,34

 Impairment of hemoglobin synthesis is a relatively late consequence of 

ID, with anemia only manifesting in a third of iron-deficient individuals.
56

 Furthermore, ID can 

have adverse effects on cell and tissue function independently of the effects of anemia. Thus, 

understanding the pathologic consequences of ID in CKD can help optimize iron 

supplementation strategies to improve outcomes both by correcting tissue ID and by improving 

anemia. The present study directly assesses the impact of different degrees of ID on common 

CKD-associated complications using mouse models. Utilizing both dietary-induced and genetic 

mouse models of CKD, we induced moderate or severe-ID, and examined a broad array of 

potential effects. We demonstrate that although ID does not modulate vascular calcification, 

kidney injury, kidney dysfunction, or pathological cardiac remodeling, ID does potentiate 
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systemic inflammation, as well as kidney and cardiac fibrosis. These effects appear independent 

of anemia in the adenine model, as erythropoietic parameters were not worsened by either 

moderate or severe ID. It appears that in the setting of CKD, where erythropoiesis is suppressed 

from the effects of renal toxins and systemic inflammation, ID, even if severe, has much less 

effect on the erythron (Figure 2) compared to non-erythroid tissues (Figure 1).   

In the CKD group with moderate-ID, where mice were fed a low-iron diet, neither tissue 

iron levels nor erythroid parameters differed from those of the iron-replete CKD group receiving 

100 ppm iron. Although initially puzzling, this can likely be attributed to hepcidin-mediated iron 

restriction resulting from functional ID in adenine-induced CKD. As a result, even mice 

receiving 100 ppm iron were unable to effectively utilize dietary iron, rendering both groups 

similarly iron deficient/restricted. It is therefore not surprising that we observed small or no 

differences in CKD complications between the two groups given that they differed little in their 

iron or erythropoietic status. The second ID model we used (severe-ID), which relied on 

lowering iron stores through phlebotomy prior to the onset of CKD, allowed us to examine the 

effect of true tissue ID on CKD pathology. Interestingly, compared to their non-CKD 

counterparts, moderate-ID CKD mice had significantly higher iron accumulation observed in the 

liver, spleen, heart, and kidney. This is likely the consequence of iron being redistributed from 

the erythroid/RBC compartment to other tissues, both because of decreased utilization of iron by 

nascent erythropoiesis, and because of accelerated destruction of mature RBCs. 

Clinical studies have reported persistent inflammation, even at low to moderate levels, 

exacerbates CKD-related comorbidities.
57-59

 However, the effects of ID on chronic inflammation 

remain poorly characterized. In our study, severe-ID intensified the systemic inflammatory 

milieu, as severe-ID CKD mice displayed increased liver and splenic inflammatory markers and 
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elevated plasma cytokines compared to iron-replete CKD mice (Figure 3; Supplemental Figure 1). 

Even the moderate-ID CKD group had more liver inflammation, as reflected by higher Saa1 

(Figure 3). Furthermore, we detected increased circulating TNF levels in severe-ID CKD mice 

(Figure 3). Given that TNF is known to exacerbate anemia
60-62

, its upregulation in our adenine 

model may potentiate the effects of ID, creating a self-perpetuating cycle that amplifies systemic 

inflammation. This heightened inflammatory milieu could further drive the activation and 

recruitment of inflammatory cells, such as neutrophils and macrophages, to affected tissues. Such 

mechanisms could aggravate CKD-associated pathologies. Supporting this postulate, a recent 

report demonstrates that iron dextran administration in CKD blunts the production of pro-

inflammatory cytokines.
26

 Although our Alport (Col4a3
-/-

) mice fed an iron-replete diet displayed 

increased inflammation relative to adenine-fed mice, moderate-ID in Alport mice did not amplify 

systemic inflammation (Supplemental Figure 4-6). These findings suggest that while ID can 

augment the inflammatory milieu in CKD, it may not contribute further when the inflammatory 

response is already highly activated.  

Inflammation and ID are also commonly associated with fibrotic development in CKD, 

although a recent study suggests fibrosis may arise independently of inflammation.
63

 In our 

analysis of the adenine model, severe-ID—resulting in profound iron depletion across multiple 

tissues—exacerbated kidney fibrotic gene expression and interstitial fibrosis, despite similar 

expression of markers of kidney injury, impaired kidney function, and kidney tissue 

inflammation when compared to iron-replete CKD mice (Figures 4, 5; Supplemental Figure 2). 

A plausible mechanism explaining our data might involve intracellular ID in kidney 

macrophages, where it is reported to drive a profibrotic phenotype in CKD.
26

 While moderate-ID 

did not aggravate this profibrotic response, it also failed to further intensify tissue ID relative to 
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iron-replete CKD. However, in the context of severe-ID, CKD mice also exhibited increased 

systemic levels of fibrotic-associated cytokines CXCL1 and CCL4, compared to iron-replete 

CKD mice (Figure 3). It is also possible that severe-ID may contribute to worse CKD by 

precipitating a more severe acute kidney injury after the initial exposure to adenine. 

Given that CXCL1 promotes fibrosis by recruiting immune cells to injured tissues and 

CCL4 contributes to oxidative stress, fibroblast activation, and immune cell recruitment
64-67

, 

coupled with iron's critical role in immune cell function
68

, we hypothesize that ID induces 

distinct metabolic reprogramming of kidney immune cells relative to other tissues. 

Consequently, this metabolic rewiring augments the sensitivity of kidney immune cells to 

inflammatory stimuli, thereby amplifying their profibrotic activity. Similarly, in the heart, 

severe-ID potentiated expression of multiple fibrotic markers in adenine-CKD, while moderate-

ID elevated Acta2 expression in Alport mice (Figure 6; Supplemental Figures 10, 11). This 

suggests potential similarities in metabolic rewiring between the kidney and the heart in response 

to different levels of ID. Nonetheless, additional studies are required to test this hypothesis. 

Beyond its role in fibrosis, ID may also contribute to cardiovascular complications in 

CKD, particularly by modulating vascular calcification. While vascular calcification is a major 

driver of cardiovascular mortality in CKD,
48,69,70

 the impact of ID on cardiac injury—especially 

through its effects on kidney and cardiac calcification—remains largely unexplored. Although 

few studies directly suggest that ID influences vascular calcification,
31-33

 our findings indicate 

that the pathogenesis of heart failure occurs independently of ID-induced changes in kidney and 

cardiac calcification (Supplemental Figures 2, 3, 9, 10). Furthermore, we observed no significant 

ID-attributable differences in heart injury across both CKD models (Figure 6; Supplemental 

Figure 11). However, we did not directly examine cardiomyocyte intracellular ID or 
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mitochondrial dysfunction, both of which are known to be associated with impaired cardiac 

function.
71

 

This study has several strengths. By utilizing both an adenine-induced nephropathy 

model and a genetic Col4a3
-/-

 (Alport) model, we provide a comprehensive assessment of 

models of CKD pathology. Additionally, we established different gradations of ID, enabling a 

nuanced understanding of how different degrees of ID impact CKD. This approach better reflects 

heterogeneity observed in human CKD patients. However, this study also has notable limitations. 

First, only male mice were used, as they exhibit a consistent CKD phenotype. While this choice 

is common in the field, it limits generalizability of our findings to females. Second, adenine 

model is prone to inducing a severe, often lethal CKD phenotype. Given that ID did not 

exacerbate kidney injury despite presence of extensive fibrotic lesions following 8-weeks of 

adenine, a time-course evaluation could help clarify whether ID accelerates kidney injury at 

earlier stages compared to iron-replete conditions. Third, rapid progression of kidney injury in 

Alport mice leads to mortality by 10 weeks of age, thus a 5-week 4ppm Fe diet may not fully 

capture long-term effects of moderate-ID in this model. Lastly, while we assessed cardiac 

fibrosis, we did not evaluate functional cardiac parameters, leaving this aspect of CKD-related 

cardiac effects unexplored. 

In conclusion, our study establishes models of moderate and severe ID in adenine 

nephropathy as well as moderate ID in Alport mice. We found that ID amplifies systemic 

inflammation and worsens both kidney and cardiac fibrosis, particularly in adenine-induced 

CKD. Notably, ID did not affect other CKD-related complications, including kidney injury and 

dysfunction, vascular calcification, or cardiomyopathy, in either model.  Our data suggests that 

iron supplementation may be beneficial to combat inflammation-induced kidney damage, and 
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offers a more comprehensive understanding of its therapeutic potential. Future studies exploring 

targeted iron supplementation strategies to mitigate kidney and cardiac fibrosis in CKD 

complicated with ID are warranted to translate these findings into clinical practice. 
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Figure Legends 

Figure 1. Generation of graded iron-deficient models in adenine-induced CKD.  

(A-B) Schematic of moderate (A) and severe (B) -iron deficiency (ID) models in mice fed iron-

replete (100 ppm; Fe) or iron-deficient (4 ppm; -Fe) diets, with or without 0.2% adenine to 

induce CKD. Non-heme iron levels in liver (C), spleen (D), heart (E) and kidney (F) tissue. (G) 

Quantitative PCR (qPCR) analysis of Tfrc expression in heart tissue. (H) Densitometry of TFR1 

protein levels in kidney tissue. (I) Serum iron levels. Data are mean ± SEM (n = 4–8 mice/group; 

*p ≤ 0.05 vs. Fe + control, #p ≤ 0.05 vs. -Fe + control; n = 8 mice/group; 

p ≤ 0.05 vs. Fe + 

CKD) analyzed by two-way analysis of variance (ANOVA) with Tukey post hoc test for 

moderate-ID, or unpaired-t-test with Welch’s correction (two-tailed) for severe-ID. 
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Figure 2. Effects of iron deficiency on complete blood count parameters, kidney 

erythropoietin and serum VEGF levels in adenine-induced CKD.  

Moderate and severe-ID models in mice fed iron-replete (100 ppm; Fe) or iron-deficient (4 ppm; 

-Fe) diets, with or without 0.2% adenine to induce CKD. Measured parameters include (A) mean 

corpuscular volume (MCV), (B) hemoglobin, (C) hematocrit percentage (HCT%), (D) zinc 

protoporphyrin (ZPP), (E) qPCR analysis of Epo expression in kidney tissue, (F) serum VEGF 

levels, and (G) hemoglobin relative to serum total protein levels. Data are mean ± SEM (n = 4–5 

mice/group; *p ≤ 0.05 vs. Fe + control, #p ≤ 0.05 vs. -Fe + control; n = 8 mice/group; 

p ≤ 0.05 

vs. Fe + CKD) analyzed by two-way ANOVA with Tukey post hoc test for moderate-ID, or 

unpaired-t-test with Welch’s correction (two-tailed) for severe-ID. 

 

Figure 3. Iron deficiency exacerbates systemic inflammation in adenine-induced CKD.  

Moderate and severe-ID models in mice fed iron-replete (100 ppm; Fe) or iron-deficient (4 ppm; 

-Fe) diets, with or without 0.2% adenine to induce CKD. qPCR analysis of Saa1 (A), Tnfa (B), 

Il1b (C), Il6 (D) and Hamp (E) expression in liver tissue. (F) Liver Hamp/liver iron content 

ratio. (G) Serum IL-6 levels. (H-K) Serum 32-plex cytokine/chemokine analysis in the severe-ID 

model. Data are mean ± SEM (n = 4–7 mice/group; *p ≤ 0.05 vs. Fe + control, #p ≤ 0.05 vs. -Fe 

+ control; n = 7-8 mice/group; 

p ≤ 0.05 vs. Fe + CKD) analyzed by two-way ANOVA with 

Tukey post hoc test for moderate-ID, or unpaired-t-test with Welch’s correction (two-tailed) for 

severe-ID. 
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Figure 4. Iron deficiency does not exacerbate kidney injury, dysregulated mineral 

metabolism or functional impairment in adenine-induced CKD.  

Moderate and severe-ID models in mice fed iron-replete (100 ppm; Fe) or iron-deficient (4 ppm; 

-Fe) diets, with or without 0.2% adenine to induce CKD. Measured parameters include (A) blood 

urea nitrogen (BUN), (B) serum creatinine, (C) serum intact FGF23, (D) serum c-terminal 

FGF23 (E) intact FGF23 relative to c-terminal FGF23, and (F) serum phosphate. qPCR analysis 

of Ngal (G) and Kim1 (H) expression in kidney tissue. (I) Representative H&E-stained kidney 

sections (10x magnification, scale bar, 200 um; 40x magnification, scale bar, 50 um). Data are 

mean ± SEM (n = 4–7 mice/group; *p ≤ 0.05 vs. Fe + control, #p ≤ 0.05 vs. -Fe + control; n = 7-

8 mice/group; 

p ≤ 0.05 vs. Fe + CKD) analyzed by two-way ANOVA with Tukey post hoc test 

for moderate-ID, or unpaired-t-test with Welch’s correction (two-tailed) for severe-ID. 

Figure 5. Iron deficiency exacerbates kidney fibrosis in adenine-induced CKD.  

Moderate and severe-ID models in mice fed iron-replete (100 ppm; Fe) or iron-deficient (4 ppm; 

-Fe) diets, with or without 0.2% adenine to induce CKD. qPCR analysis of Fn1 (A), Tgfb (B), 

Acta2 (C), Col1a1 (D) and Col3a1 (E) expression in kidney tissue. (F) Representative Masson’s 

trichrome-stained kidney sections with quantification shown as fibrosis score; n=5 mice/group 

(10x magnification, scale bar, 200 um; 40x magnification, scale bar, 50 um).  Data are mean ± 

SEM (n = 4–7 mice/group; *p ≤ 0.05 vs. Fe + control, #p ≤ 0.05 vs. -Fe + control, $p ≤ 0.05 vs. 

Fe + CKD; n = 7-8 mice/group; 

p ≤ 0.05 vs. Fe + CKD) analyzed by two-way ANOVA with 

Tukey post hoc test for moderate-ID, or unpaired-t-test with Welch’s correction (two-tailed) for 

severe-ID. 
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Figure 6. Iron deficiency does not exacerbate cardiac injury but potentiates expression of 

cardiac markers of fibrosis in adenine-induced CKD.  

Moderate and severe-ID models in mice fed iron-replete (100 ppm; Fe) or iron-deficient (4 ppm; 

-Fe) diets, with or without 0.2% adenine to induce CKD. (A) Heart weight relative to body 

weight. qPCR analysis of Myh6 (B), Myh7 (C), Tgfb (D), Col1a1 (E), and Acta2 (F) expression 

in heart tissue. (G) Representative Masson’s trichrome-stained heart sections with quantification 

shown as fibrosis score; n=5 mice/group (original magnification, 10x; scale bar, 200 m).  Data 

are mean ± SEM (n = 4–7 mice/group; *p ≤ 0.05 vs. Fe + control, #p ≤ 0.05 vs. -Fe + control; n 

= 8 mice/group; 

p ≤ 0.05 vs. Fe + CKD) analyzed by two-way ANOVA with Tukey post hoc 

test for moderate-ID, or unpaired-t-test with Welch’s correction (two-tailed) for severe-ID. 
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Supplemental Material  

Serum chemistry. Serum VEGF levels were assessed by ELISA (UCLA Integrated Molecular 

Technologies Core). Serum total protein levels were determined by using a Pierce BCA Protein 

Assay Kit (23227, ThermoFisher Scientific). Serum urea nitrogen (DIUR-100, BioAssay 

Systems), and serum creatinine (80350, Cayman Chemical) concentrations were measured by 

colorimetric quantification. Intact FGF23 levels (iFGF23) and C-terminal FGF23 levels 

(cFGF23; encompassing both intact FGF23 and C-terminal FGF23, serves as a measure of total 

FGF23) were assessed by ELISA (60-6800, 60-6300, QuidelOrtho). The iFGF23/cFGF23 ratio 

serves as a proxy indicator of FGF23 cleavage. Serum phosphate levels were assessed by 

colorimetric quantification (830125, ThermoFisher Scientific). Serum IL-6 levels were measured 

by ELISA (M6000B, R&D systems). Assays were performed following manufacturers’ 

protocols. 

Histology. Kidney and heart tissues were fixed in 10% formalin solution for 24 hours, transferred 

into 70% ethanol and subjected to paraffin embedding (UCLA Translational Pathology Core 

Laboratory; TPCL). Kidney and heart sections were cut and either stained with H&E or 

Masson’s trichrome (TPCL) and used for representative images. Images were captured on a 

Nikon Eclipse E600 microscope with SPOT BasicTM (SPOT Imaging) image capture software. 

Kidney and heart fibrosis was quantified using ImageJ software.1-3 

Cytokine and chemokine analysis. Serum cytokine and chemokine concentrations were 

determined by the UCLA Integrated Molecular Technologies Core using a multiplex bead 

immunoassay (Millipore Milliplex Cytokine/Chemokine 32-plex Kit on Luminex FlexMap3D), 

as previously outlined.4   
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Measurement of iron-related and hematologic parameters. Complete blood counts were 

analyzed by using a HemaVet blood analyzer (Drew Scientific). Zinc protoporphyrin (ZPP) 

levels were measured using a hematofluorometer (AVIV Biomedical). Serum iron and tissue 

non-heme iron concentrations were determined by colorimetric quantification per the 

manufacturer’s protocol (157-30, Sekisui Diagnostics). Prior to sampling, liver, spleen, heart, 

and kidney tissues were pulverized in liquid nitrogen to minimize variation arising from regional 

differences in tissue iron deposition. 

Quantitative PCR. Frozen mouse tissues were pulverized in liquid nitrogen, sampled, and 

homogenized in TRIzol Reagent (15596018, ThermoFisher Scientific). Total RNA was extracted 

per manufacturers’ protocol. Employing a two-step reaction method, 500 ng of total RNA was 

reverse transcribed into cDNA using an iScript cDNA Synthesis Kit (1708896, Bio-Rad). 

Quantitative real-time PCR was performed with 20 ng of cDNA, SsoAdvanced Universal SYBR 

Green Supermix (172-5272, Bio-Rad) and sequence-specific primers (Supplemental Table 3). 

Samples were assayed in duplicate with a CFX Connect Real-Time PCR detection system (Bio-

Rad). Relative gene expression was normalized to Hprt levels. Data are presented as -∆Ct. 

Immunoblotting. Kidney tissues were pulverized in liquid nitrogen, sampled, and total protein 

was extracted through homogenization in RIPA lysis buffer supplemented with protease and 

phosphatase inhibitors (Sc-24948, Santa Cruz Biotechnology). Lysates were incubated on ice for 

30 minutes and cleared by centrifugation at 17,000 g for 30 minutes at 4°C. Supernatants were 

collected, and protein was quantified using a Pierce BCA Protein Assay Kit (23227, 

ThermoFisher Scientific).  
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Protein lysates were prepared in Laemmli-SDS buffer with β-mercaptoethanol as 

reducing agent (BP-111R, Boston BioProducts), and denatured at 100°C for 5 minutes. Samples 

were then resolved on Criterion TGX Precast Gels 4-20% (5678094, Bio-Rad), and 

electroblotted onto nitrocellulose (1704270, Trans-Blot Turbo System, Bio-Rad). Membranes 

were cut into two parts (100 kDa and 35 kDa) and were blocked and probed with either mouse 

monoclonal antibody against transferrin receptor 1 at 1:10,000 (TFR1; 13-6800, Invitrogen) or 

mouse monoclonal antibody against b-actin-peroxidase at 1:30,000 (A3854, Sigma-Aldrich), and 

incubated overnight at 4°C. Next day, membranes were washed, and either directly imaged with 

a ChemiDoc XRS+ system (Bio-Rad) to visualize b-actin, or probed with anti-mouse IgG HRP 

(367076s, Cell Signaling) at 1:3,000 for 1 hour at room temperature, and imaged to visualize 

TFR1. Quantitation with normalization to b-actin was performed using Image Lab Software, 

version 5.2.1 (Bio-Rad).  

Statistical analysis. Data organization, scientific graphing, and statistical significance of 

differences between experimental groups were performed by using GraphPad Prism (version 

10.2.3). Data are presented as individual values, with mean ± SEM. Statistical differences 

between groups were either determined by a two-way analysis of variance (ANOVA) followed 

by a post hoc Tukey test, or by an unpaired-t-test with Welch’s correction (two-tailed). Statistical 

test, number of animals per group, and P-value are indicated in each figure panel and legend. A 

P-value of <0.05 was considered significant. 
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 Supplemental Table 1. Macroscopic parameters of iron-replete and moderate-ID mice 

receiving control or adenine diet. 

 

 

Moderate-ID model in mice fed iron-replete (100ppm; Fe) or iron-deficient (4ppm; -Fe) diets, 

with or without 0.2% adenine to induce CKD. Values are mean ± SEM. Comparison between 

groups analyzed by two-way ANOVA with Tukey post hoc test. N=4-5/group; *p ≤ 0.05 vs. Fe+ 

control diet, #p ≤ 0.05 vs. -Fe + control, $p ≤ 0.05 vs. Fe + CKD. Kidney weight represents 

combined weights of left and right kidney. 

 

 

 

 

 

 

 Fe + control -Fe + control Fe + CKD -Fe + CKD 

Body weight (g) 27.5 ± 1.6 26.2 ± 1.1 18.4*# ± 1.7 21.1 ± 2.1 

Liver weight (g) 1.23 ± 0.1 1.03 ± 0.03 0.89* ± 0.7 0.82* ± 0.04 

Spleen weight (mg) 73.3 ± 2.1 92.8* ± 2.8 59.2*# ± 5.2 79.4*#$ ± 3.3 

Heart weight (mg) 123.0 ± 5.1 122.5 ± 5.1 125.0 ± 3.8 138.8 ± 9.7 

Kidney weight (mg) 318.8 ± 9.9 299.8 ± 4.8 238.4*# ± 5.5 233.2*# ± 3.1 
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Supplemental Table 2. Macroscopic parameters of iron-replete and severe-ID mice 

receiving adenine diet. 

 

 

 

 

 

 

 

 

Severe-ID model in mice fed iron-replete (100ppm; Fe) or iron-deficient (4ppm; -Fe) diets 

containing 0.2% adenine to induce CKD. Values are mean ± SEM. Comparison between groups 

analyzed by unpaired-t-test with Welch’s correction (two-tailed). N=8/group; *p ≤ 0.05 vs. Fe + 

CKD. Kidney weight represents combined weights of left and right kidney. 

 

 

 

 

 

 

 

 

 Fe + CKD -Fe + CKD 

Body weight (g) 17.2 ± 0.5 21.2* ± 1.3 

Liver weight (g) 1.05 ± 0.08 0.99 ± 0.06 

Spleen weight (mg) 54.3 ± 5.7 84.4* ± 9.4 

Heart weight (mg) 115.0 ± 4.9 132.2 ± 7.2 

Kidney weight (mg) 239.1 ± 4.2 246.6 ± 3.1 
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Supplemental Table 3. Oligonucleotides used as sequence specific primers in qPCR. 

Gene Species Orientation Primer Sequence (5’ – 3’) 

Acta2 Mus musculus Forward 
Reverse 

GTC CCA GAC ATC AGG GAG TAA 
TCG GAT ACT ACT TCA GCG TCA GGA 

Col1a1 Mus musculus Forward 
Reverse 

ATG GAT TCC CGT TCG AGT ACG  
TCA GCT GGA TAG CGA CAT CG 

Col3a1 Mus musculus Forward 
Reverse 

GAC CAA AAG GTG ATG CTG GAC AG  
CAA GAC CTC GTG CTC CAG TTA G 

Ctgf/Ccn2 Mus musculus Forward 
Reverse 

TGC GAA GCT GAC CTG GAG GAA A  
CCG CAG AAC TTA GCC CTG TAT G 

Fn1 Mus musculus Forward 
Reverse 

GAT GTC CGA ACA GCT ATT TAC CA 
CCT TGC GAC TTC AGC CAC T 

Hamp Mus musculus Forward 
Reverse 

GAG CAG CAC CAC CTA TCT CC  
TTG GTA TCG CAA TGT CTG CC 

Hprt Mus musculus Forward 
Reverse 

CTG GTT AAG CAG TAC AGC CCC AA  
CGA GAG GTC CTT TTC ACC AGC 

Il1b Mus musculus Forward 
Reverse 

TGC CAC CTT TTG ACA GTG ATG  
TGA TGT GCT GCT GCG AGA TT 

Il6 Mus musculus Forward 
Reverse 

CTC TGG GAA ATC GTG GAA AT 
CCA GTT TGG TAG CAT CCA TC 

Kim1/Havcr1 Mus musculus Forward 
Reverse 

CGA GTG GAG ATT CCT GGA TGG  
GGA CGT GTG GGA ATC TCT GG 

Myh6 Mus musculus Forward 
Reverse 

GCC CAG TAC CTC CGA AAG TC  
ATC AGG CAC GAA GCA CTC C 

Myh7 Mus musculus Forward 
Reverse 

GCT GGA AGA TGA GTG CTC AGA G  
TCC AAA CCA GCC ATC TCC TCT G 

Ngal/Lcn2 Mus musculus Forward 
Reverse 

GTC CCC ACC GAC CAA TGC  
ATT GGG TCT CTG CGC ATC C 

Opn/Spp1 Mus musculus Forward 
Reverse 

AGC AAG AAA CTC TTC CAA GCA A  
GTG AGA TTC GTC AGA TTC ATC CG 

Runx2 Mus musculus Forward 
Reverse 

GAC TGT GGT TAC CGT CAT GGC  
ACT TGG TTT TTC ATA ACA GCG GA 

Saa1 Mus musculus Forward 
Reverse 

ACA CCA GCA GGA TGA AGC TAC T  
GAG CAT GGA AGT ATT TGT CTG AGT 

Sox9 Mus musculus Forward 
Reverse 

CAG CCC CTT CAA CCT TCC TC  
TGA TGG TCA GCG TAG TCG TAT T 

Tgfb Mus musculus Forward 
Reverse 

ATA CGT CAG ACA TTC GGG AAG CAG TG  
AAT AGT TGG TAT CCA GGG CTC TCC G 

Tfrc Mus musculus Forward 
Reverse 

TCA TGA GGG AAA TCA ATG AT  
GCC CCA GAA GAT ATG TCG GAA 

Tnfa Mus musculus Forward 
Reverse 

CCC TCA CAC TCA GAT CAT CTT CT  
GCT ACG ACG TGG GCT ACAG 
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Epo Mus musculus Forward 
Reverse 

TCT ACG TAG CCT CAC TTC ACT  
ACC CGG AAG AGC TTG CAG AAA 
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Supplement figure 1: Spleen inflammation & control stains
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Supplemental Figure 1. Severe-ID in adenine-induced CKD augments splenic Il1b 

expression and histological assessment of non-CKD controls. 

Moderate and severe-ID models in mice fed iron-replete (100 ppm; Fe) or iron-deficient (4 ppm; 

-Fe) diets, with or without 0.2% adenine to induce CKD. Quantitative PCR (qPCR) analysis of 

Tnfa (A), Il1b (B), Il6 (C) expression in spleen tissue of severe-ID model. Representative H&E-

stained kidney (D), and Masson’s trichrome-stained kidney (E) and heart (F) sections of 

moderate-ID model controls with quantification shown as fibrosis score; n=3 mice/group 

(original magnification, 10x; scale bar, 200 um). Data are mean ± SEM (n = 8 mice/group; ap ≤ 

0.05 vs. replete + adenine diet) analyzed by unpaired-t-test with Welch’s correction (two-tailed) 

for severe-ID. 
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Figure 6: Kidney inflammation + kidney calcification
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Supplemental Figure 2. Iron deficiency does not exacerbate kidney inflammation or 

calcification in adenine-induced CKD.  

Moderate and severe-ID models in mice fed iron-replete (100 ppm; Fe) or iron-deficient (4 ppm; 

-Fe) diets, with or without 0.2% adenine to induce CKD. qPCR analysis of Tnfa (A), Il6 (B), 

Runx2 (C), Sox9 (D) and Opn (E) expression in kidney tissue. Data are mean ± SEM (n = 4–7 

mice/group; *p ≤ 0.05 vs. Fe + control, #p ≤ 0.05 vs. -Fe + control; n = 7-8 mice/group; no 

statistical significance) analyzed by two-way ANOVA with Tukey post hoc test for moderate-ID, 

or unpaired-t-test with Welch’s correction (two-tailed) for severe-ID. 
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Figure 7: Heart inflammation + calcification
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Supplemental Figure 3. Iron deficiency does not exacerbate cardiac inflammation or 

calcification in adenine-induced CKD.  

Moderate and severe-ID models in mice fed iron-replete (100 ppm; Fe) or iron-deficient (4 ppm; 

-Fe) diets, with or without 0.2% adenine to induce CKD. qPCR analysis of Tnfa (A), Il1b (B), Il6 

(C), Runx2 (D), Sox9 (E) and Opn (F) expression in heart tissue. Data are mean ± SEM (n = 4–7 

mice/group; *p ≤ 0.05 vs. Fe + control, #p ≤ 0.05 vs. -Fe + control; n = 8 mice/group; no 

statistical significance) analyzed by two-way ANOVA with Tukey post hoc test for moderate-ID, 

or unpaired-t-test with Welch’s correction (two-tailed) for severe-ID. 
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Supplemental Figure 2 - Alport model Tissue iron
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Supplemental Figure 4. Establishment of graded iron-deficiency in Col4a3-/- (Alport 

syndrome) mice. 

(A) Schematic of moderate-iron deficiency (ID) model in Col4a3-/- mice fed iron-replete (58 

ppm; Fe) or iron-deficient (4 ppm; -Fe) diets. Non-heme iron levels in liver (B), heart (C) and 

kidney (D) tissue. qPCR analysis of Tfrc (E) expression in heart tissue. (F) Densitometry TFR1 

protein levels in kidney tissue. (G) Serum iron levels. Data are mean ± SEM (n = 5–11 

mice/group; *p ≤ 0.05 vs. Fe + Col4a3-/-) analyzed by unpaired-t-test with Welch’s correction 

(two-tailed). 
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Supplemental Figure 3 Alport model: Hematologic parameters
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Supplemental Figure 5. Effects of graded iron deficiency on complete blood count 

parameters in Col4a3-/- (Alport syndrome) mice. 

Moderate-ID model in Col4a3-/- mice fed iron-replete (58 ppm; Fe) or iron-deficient (4 ppm; -Fe) 

diets. Measured parameters include (A) mean corpuscular volume (MCV), (B) hemoglobin, (C) 

hematocrit percentage (HCT%). Data are mean ± SEM (n = 9–11 mice/group; *p ≤ 0.05 vs. Fe + 

Col4a3-/-) analyzed by unpaired-t-test with Welch’s correction (two-tailed). 
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Supplemental Figure 4 Alport model: Systemic inflammation
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Supplemental Figure 6. Iron deficiency does not alter systemic inflammation or hepatic 

Hamp expression in Col4a3-/- (Alport syndrome) mice. 

Moderate-ID model in Col4a3-/- mice fed iron-replete (58 ppm; Fe) or iron-deficient (4 ppm; -Fe) 

diets. qPCR analysis of Saa1 (A) and Hamp (B) expression in liver tissue. (C) Serum IL-6 levels. 

Data are mean ± SEM (n = 6–11 mice/group; no statistical significance) analyzed by unpaired-t-

test with Welch’s correction (two-tailed). 
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Supplemental Figure 5 Alport model: Kidney function and injury
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Supplemental Figure 7. Iron deficiency does not aggravate renal injury or dysfunction in 

Col4a3-/- (Alport syndrome) mice. 

Moderate-ID model in Col4a3-/- mice fed iron-replete (58 ppm; Fe) or iron-deficient (4 ppm; -Fe) 

diets. Measured parameters include (A) blood urea nitrogen (BUN), (B) serum creatinine, (C) 

serum intact FGF23, (D) serum c-terminal FGF23, (E) intact FGF23 relative to c-terminal 

FGF23, (F) serum phosphate. qPCR analysis of Ngal (G) and Kim1 (H) expression in kidney 

tissue. Data are mean ± SEM (n = 6–11 mice/group; *p ≤ 0.05 vs. Fe + Col4a3-/-) analyzed by 

unpaired-t-test with Welch’s correction (two-tailed). 
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Supplemental Figure 6 Alport model: Kidney fibrosis
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Supplemental Figure 8. Iron deficiency does not aggravate renal fibrosis in Col4a3-/- 

(Alport syndrome) mice. 

Moderate-ID model in Col4a3-/- mice fed iron-replete (58 ppm; Fe) or iron-deficient (4 ppm; -Fe) 

diets. qPCR analysis of Fn1 (A), Tgfb (B), Acta2 (C), Col1a1 (D) and Col3a1 (E) expression in 

kidney tissue. Data are mean ± SEM (n = 10–11 mice/group; no statistical significance) analyzed 

by unpaired-t-test with Welch’s correction (two-tailed). 
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Supplemental Figure 7 Alport model: Kidney inflammation + calcification
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Supplemental Figure 9. Graded iron deficiency increases renal Tnfa mRNA expression but 

does not aggravate renal calcification in Col4a3-/- (Alport syndrome) mice. 

Moderate-ID model in Col4a3-/- mice fed iron-replete (58 ppm; Fe) or iron-deficient (4 ppm; -Fe) 

diets. qPCR analysis of Tnfa (A), Il6 (B), Runx2 (C), Sox9 (D) and Opn (E) expression in kidney 

tissue. Data are mean ± SEM (n = 6–11 mice/group; *p ≤ 0.05 vs. Fe + Col4a3-/-) analyzed by 

unpaired-t-test with Welch’s correction (two-tailed). 
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Supplemental Figure 8 Alport model: Heart inflammation + calcification
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Supplemental Figure 10. Iron deficiency does not aggravate cardiac inflammation or 

calcification in Col4a3-/- (Alport syndrome) mice. 

Moderate-ID model in Col4a3-/- mice fed iron-replete (58 ppm; Fe) or iron-deficient (4 ppm; -Fe) 

diets. qPCR analysis of Tnfa (A), Il1b (B), Il6 (C), Runx2 (D), Sox9 (E) and Opn (F) expression 

in heart tissue. Data are mean ± SEM (n = 9–11 mice/group; no statistical significance) analyzed 

by unpaired-t-test with Welch’s correction (two-tailed). 
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Supplemental Figure 9 Alport model: Heart injury + fibrosis
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Supplemental Figure 11. Graded iron deficiency augments cardiac Acta2 mRNA expression 

but does not aggravate cardiac injury or overall fibrosis in Col4a3-/- (Alport syndrome) 

mice. 

Moderate-ID model in Col4a3-/- mice fed iron-replete (58 ppm; Fe) or iron-deficient (4 ppm; -Fe) 

diets. qPCR analysis of Myh6 (A), Myh7 (B), Tgfb (C), Ctgf (D), Col1a1 (E) and Acta2 (F) 

expression in heart tissue. Data are mean ± SEM (n = 7 mice/group; *p ≤ 0.05 vs. Fe + Col4a3-/-) 

analyzed by unpaired-t-test with Welch’s correction (two-tailed). 
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