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Abstract

Tubulointerstitial disease in the kidney culminates in renal fibrosis that portents organ failure. 

Twist1, a basic helix-loop-helix protein 38 transcription factor, regulates several essential 

biological functions, but inappropriate Twist1 activity in the kidney epithelium can trigger kidney 

fibrogenesis and chronic kidney disease. By contrast, Twist1 in circulating myeloid cells may 

constrain inflammatory injury by attenuating cytokine generation. To dissect the effects of Twist1 

in kidney tubular versus immune cells on renal inflammation following toxin-induced renal injury, 

we subjected mice with selective deletion of Twist1 in renal epithelial cells or macrophages to 

aristolochic acid-induced chronic kidney disease. Ablation of Twist1 in the distal nephron 

attenuated kidney damage, interstitital fibrosis, and renal inflammation after aristolochic acid 

exposure. However, macrophage-specific deletion of Twist1 did not impact the development of 

aristolochic acid-induced nephropathy. In vitro studies confirmed that Twist1 in renal tubular cells 

underpins their susceptibility to apoptosis and propensity to generate pro-fibrotic mediators in 

response to aristolochic acid. Moreover, co-culture studies revealed that Twist1 in renal epithelia 

augmented the recruitment and activation of pro-inflammatory CD64+ macrophages. Thus, Twist1 

in the distal nephron rather than in infiltrating macrophages propagates chronic inflammation and 

fibrogenesis during aristolochic acid-induced nephropathy
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Introduction

Renal fibrosis complicates persistent tubulointerstitial injury in the kidney, and predicts 

progression of virtually all forms of chronic kidney disease (CKD). After injury, a complex 

cascade of cellular events including macrophage and T cell infiltration, tubular cell atrophy/

death with microvascular rarefaction, and pericyte/fibroblast activation coordinate to 

generate and deposit extra-cellular matrix (ECM) in multiple kidney compartments1-3. A 

variety of insults such as ischemia, toxin exposure, and infection can provoke 

tubulointerstitial injury. Aristolochic acid (AA) as an important cause of drug-associated 

renal injury, was first reported in Belgium in patients with prolonged intake of a slimming 

regimen containing AA, and is implicated in the pathogenesis of Balkan and Chinese herbal 

nephropathies.4-7 AA mainly targets tubular epithelial cells, and provokes death of tubules 

via formation of DNA-adducts.8 Whereas acute AA exposure in human patients damages the 

proximal tubule, distal tubular injury and dysfunction is more prominent with chronic AA 

exposure.9 Damaged tubular cells release chemokines and inflammatory cytokines to incite a 

secondary immune response with accumulation of activated myeloid cells in the kidney. 

Thus, macrophage/monocyte infiltration and activation is a hallmark of both human and 

experimental CKD induced by AA.5 However, the molecular mechanisms governing 

interactions between tubular and myeloid cells during AA-related renal inflammation require 

elucidation.

Twist1, as a basic helix-loop-helix (bHLH) transcription factor is required for mesoderm 

differentiation in embryonic development. Accordingly, Twist1 mutations in humans cause 

Saethre-Chotzen syndrome,10 and Twist mutant embryos in rodents 11 fail to form the 

cranial neural tube. On the other hand, Twist1 expression may be inappropriately 

upregulated in disease states leading to maladaptive healing.12 For example, following renal 

injury, Twist1 in proximal tubular cells induces pro-fibrotic gene expression programs that 

promote extracellular matrix deposition.13 Moreover, Twist1 upregulates the chemokine 
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CCL2 that attracts myeloid cells into injured tissues.14 Nevertheless, in myeloid cells and T 

lymphocytes, Twist1 limits the generation of pro-inflammatory cytokines, including IFN-γ, 

TNFα, IL-17, and IL-2 by suppressing the NF-κB-dependent signaling cascade.15-18 Given 

that Twist1 impacts crosstalk between multiple cell lineages,14, 19, 20 the relative effects of 

Twist1 in kidney tubular cells versus infiltrating myeloid cells on renal inflammation 

following toxin-induced injury remain unclear.

To discriminate these opposing, cell-specific actions of Twist1 in toxin-induced CKD, we 

subjected mice with renal tubular cell (RTC)- or macrophage-specific Twist1 deficiency to 

chronic AA nephropathy (AAN).

Results

Deletion of Twist1 in tubular cells but not in macrophages attenuates AA-induced CKD

As injury and fibrosis caused by AA impact the deep cortex and medulla,21-23 we bred mice 

lacking Twist1 selectively in the distal nephron (Twist1flox/flox Ksp1.3-Cre+= “KKO”) and 

controls with normal Twist1 expression in all tissues (Twist1flox/flox Ksp1.3-Cre− = “WT”), 

and injected these animals with AA. At baseline, despite the KKO kidneys having decreased 

mRNA levels for cadherin 16 (Cdh16) (Supplementary Figure S1C), WT and KKO kidneys 

showed similar architecture with similar protein levels and staining for Cdh16 and aquaporin 

1 (Aqp1) (Supplementary Figure S1A-B, and S1D-E). WT and KKO animals also had 

similar kidney function as measured by BUN levels (Supplementary Figure S1F). Five 

weeks following AA injection, all mice had kidney injury with interstitial matrix expansion 

and inflammatory cell infiltration. Consistent with AA’s capacity to drive tubulointerstitial 

disease, dilation of tubular lumen, loss of brush border, and tubular epithelial flattening and 

detachment were evident in sections from WT mice (Figure 1A). However, under the same 

conditions, the KKO kidneys showed relative preservation of kidney morphology with less 

tubular injury and inflammatory cell infiltration (Figure 1A). These differences were 

confirmed by blinded injury scores (2.7 ± 0.16 vs 2.0 ± 0.26; p<0.05) (Figure 1B). At a 

molecular level, mRNA levels for neutrophil gelatinase-associated lipocalin (NGAL) and 

Kim-1, markers of kidney tubular injury, were significantly lower in AA-treated KKO 

kidneys compared with WT controls (Figure 1C). Twist1 KKO mice had lower blood urea 

nitrogen (BUN) levels (41 ± 4 vs 52 ± 3 mg/dl; p<0.05) but similar serum creatinine levels 

compared to WTs (Figure 1D-E). Body weights were also similar between the groups 

(Supplementary Figure S2). These data suggest that tubular Twist1 instigated tubular 

damage but did not clearly influence kidney function. On balance, these results indicate that 

Twist1 in tubular cells promotes AA-induced CKD.

Macrophages accumulate and undergo activation in the kidney interstitium during the 

pathogenesis of AA-induced nephropathy, and Twist1 regulates the generation of pro-

inflammatory cytokines in myeloid cells.5, 16 We have seen in other models that expression 

of lysozyme M (LysM) marks macrophages that infiltrate the kidney from the circulation.24 

Using a mouse line bearing green fluorescent LysM-expressing macrophages, we confirmed 

robust accumulation of these myeloid cells in the kidney after AA injection (Figure 2A). 

Thus, to determine the effects of Twist1 in myeloid cells on severity of AA-induced CKD, 

we generated mice with macrophage-specific Twist1 deletion (Twistflox/flox LysM-Cre+ = 
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“MKO”) and wild-type littermate controls (Twistflox/flox LysM-Cre− = “WT”), and subjected 

these animals to our AA model as above. We noted robust tubulointerstitial disease in both 

the WT and MKO kidneys at 5 weeks post-AA (Figure 2B). However, there were no 

differences between the WT and MKO mice in kidney injury scores, renal NGAL mRNA 

levels, or BUN (Figure 2C-E). These results demonstrate that Twist1 in macrophages does 

not influence renal injury after AA treatment. Thus, Twist1 in tubular cells but not in 

macrophages drives renal damage during AA-induced chronic nephropathy.

Twist1 in the distal nephron propagates AA-induced renal fibrosis

As unresolved renal tubular injury culminates in deposition of extracellular matrix in the 

kidney interstitium after AA injection, we quantitated markers and mediators of renal 

fibrosis in the WT and KKO kidneys. As shown in Figure 3A, tubular-specific loss of Twist1 

in the KKO mice significantly blunted mRNA expression of type I collagen and pro-fibrotic 

mediators, PAI-1 and TGFβ1 but preserved mRNA expression for the epithelial cell marker 

E-cadherin after AA treatment compared to controls (Figure 3A). Similarly, quantitation of 

collagen protein by Sirius red / fast green analysis and blinded scoring of collagen-1 stains 

revealed diminished collagen protein deposition in the KKO kidneys compared to controls 

(Figure 3B-D). Western analysis confirmed that the injured KKO kidneys expressed lower 

levels of collagen-1, fibronectin (FN), and α-smooth muscle actin (a-SMA), a marker for the 

activated myofibroblasts that secrete collagen (Figure 3E-F). Collectively, these data indicate 

that Twist1 in the distal nephron can propagate scar formation in the kidney following AA 

exposure.

To assess the effects of Twist1 in macrophages on kidney fibrosis after AA-induced injury, 

we quantitated mRNA expression for type I collagen, PAI-1, and TGFβ1 in WT and MKO 

kidneys but detected no differences between groups (Figure 4A). Moreover, at the protein 

level type I collagen, FN, and α-SMA levels were similar in the WT and MKO kidneys 

(Figure 4B-C), indicating that Twist1 in macrophages does not impact extracellular matrix 

deposition in the kidney during AA nephropathy.

Twist1 in the tubule but not in myeloid cells regulates macrophage accumulation in the 
kidney after AA-mediated injury

Macrophages orchestrate both injury and repair of the kidney following a toxic insult. To 

assess the role of Twist1 in the distal nephron on macrophage accumulation in the kidney 

after AA treatment, we isolated infiltrating CD45+ cells from the injured kidney via flow 

cytometry (Supplementary Figure S3) and quantified the number of CD11b+CD64+ 

macrophages via flow cytometry. As shown in Figure 5A and B, the number of CD11b
+CD64+ macrophages from KKO kidneys after AA injection is higher than that from WTs 

(30725±2352 vs. 22393±2575; p<0.05). Immunohistochemistry for F4/80 showed the 

macrophages distributed across the renal interstitium (Figure 5C). Macrophages elaborate 

chemokines/proinflammatory cytokines that mediate tissue injury and fibrosis. In this 

regard, mRNA levels for MCP-1 and IL1β in the KKO kidney were 70% and 50%, 

respectively, of WT values, whereas IFN-γ was similarly expressed in the two groups 

(Figure 5D). By contrast, robust deletion of Twist1 directly from myeloid cells in the Twist1 
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MKO cohort (>80%, p < 0.0001, data not shown) had no impact at 5 weeks on renal 

macrophage accumulation (Figure 5E-F) or cytokine expression (Figure 5G).

Twist1 ablation sensitizes AA-induced tubular epithelial cell apoptosis in vitro

To determine the effect of Twist1 on epithelial cell survival in culture, we isolated primary 

tubular cells from WT and KKO kidneys and exposed them to AA. Tubular cell cultures 

expressed mRNA for both Aqp1 and Cdh16, and the KKO cells showed markedly lower 

levels of Twist1 mRNA expression versus WT controls (Supplementary Figure S4). In WT 

tubular cells, AA dramatically induced caspase 3 cleavage in a dose-dependent manner 

(Figure 6A-B), an effect that was blunted in Twist1 KO tubular cells. At 24 hrs after Vehicle 

or AA treatment, WT and Twist1 KO tubular cells were harvested, co-stained with Annexin 

V and Propidium Iodide (PI), and analyzed by FACS analysis (Supplementary Figure S5) to 

identify apoptotic cells. Flow cytometric analysis showed that the percentage of dead cells 

including early cell apoptosis (Annexin V+/PI−) and late cell apoptosis (Annexin V+/PI+) 

was markedly elevated after AA treatment (Figure 6C-D), whereas Twist1 KO tubular cells 

exhibited less apoptosis after AA treatment compared with WTs. Thus, Twist1 contributes to 

AA-induced tubular cell apoptosis.

Twist1 in tubular cells promotes matrix protein production

Twist1 is crucial for cellular transdifferentiation in physiological and pathological 

settings12, 13, 25, 26, but the effects of Twist1 in tubular cells on the phenotype of infiltrating 

macrophages that could impact renal scar formation requires elucidation. To explore these 

paracrine effects, we first treated WT and Twist1 KO tubular cells with TGFβ1 (5ng/ml). As 

shown in Figure 7A-B, under TGFβ1 stimulation, the protein levels of FN were increased in 

WT tubular cells compared with vehicle treatment. However, Twist1 deletion in tubular cells 

blunted the production of FN in response to TGFβ1. Prior studies have shown FN is an 

endogenous TLR agonist released by the injured to activate macrophages, enhancing their 

production of inflammatory cytokines.27 To assess effects of FN on macrophage function, 

we stimulated peritoneal macrophages with FN fragment III and detected IL1β and TNFα 
mRNA expression. FN-fragment III could significantly upregulate IL1β and TNFα mRNA 

expression in macrophages compared with vehicle treatment (Figure 7C). Together, these 

results suggest that Twist1 in tubular cells promotes matrix production directly by 

upregulating FN, but also indirectly by stimulating FN-dependent generation of pro-fibrotic 

cytokines in neighboring macrophages.

Twist1 in kidney epithelial cells exaggerates IL-1β expression in macrophages

To further explore the effects of Twist1 in tubular cells on macrophage phenotype, we 

employed a co-culture system as shown schematically in Figure 8A. Primary WT and Twist1 

KKO tubular cells pre-treated with vehicle or AA in the lower chamber of a transwell plate 

were co-cultured with WT macrophages in the upper chamber for 24 hours, after which the 

tubular cells and macrophages were harvested for mRNA expression analysis. Compared 

with WT tubular cells, Twist1-deficient tubular cells treated with AA induced significantly 

less IL1β and MCP-1 expression in the co-cultured macrophages (Figure 8B-C). Similarly, 

knockdown of the Twist1 target fibronectin in WT tubular cells using siRNA abrogated the 

induction of mRNA for IL-1β and MCP-1 in the co-cultured macrophages, suggesting that 
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tubular Twist1 drives myeloid cell activation via a fibronectin-dependent pathway 

(Supplementary Figure S6). By contrast, TNFα mRNA expression in the macrophages was 

similar between the groups under different treatment (Figure 8D). Within the tubular cells, 

Twist1-deficiency abrogated the AA-induced pregulation of the kidney injury markers 

NGAL and Kim-1. Indeed, co-culture with macrophages, even in the absence of AA, was 

sufficient to elicit the difference in tubular NGAL expression accruing from Twist1 

expression (Figure 8E-F). Thus, Twist1 in tubular cells directly augments AA-induced 

tubular injury but also drives macrophage expression of IL-1β and MCP-1, both of which 

are known to provoke renal scar formation.

Discussion

In this study, we examined the effects of Twist1 in the distal nephron and in myeloid cells on 

renal inflammation and injury following exposure to the toxin aristolochic acid (AA). We 

find that tubular Twist1 promotes toxin-induced injury not only through direct effects on 

tubular cells but also by provoking an influx of myeloid cells and stimulating the generation 

of pro-inflammatory cytokines in macrophages with consequent kidney fibrogenesis. By 

contrast, despite the known effects of Twist1 in myeloid cells to suppress inflammation, we 

find that macrophage Twist1 does not impact renal damage, inflammation, or fibrosis 

following AA exposure.

Renal tubular cells are susceptible to various toxic and metabolic insults that lead to cell 

death. AA triggers persistent injury including DNA damage in tubular cells, resulting in the 

production of reactive oxygen species, secretion of chemokines, cell cycle arrest and 

apoptosis.28 We found that mice with Twist1 deletion from the distal nephron had less 

tubular injury compared with WT controls, consistent with Twist1’s direct effects in the 

proximal tubule.13 Moreover, in cultured primary tubular cells, Twist1 deficiency protected 

against apoptosis after AA exposure, suggesting that Twist1 acts as a pro-apoptotic factor in 

tubular cells. Prior studies showed tubules with Twist1 deficiency preserve more fatty acid 

metabolism and β-oxidation, which promote tubular cell survival and dedifferentiation in 

fibrosing kidneys.13, 29 By contrast, in tumor cells overexpression of Twist1 promotes tumor 

cell survival and metastasis.30-32 Thus, the effects of Twist1 on cell survival may be context- 

and cell-dependent.

Our interest in Twist1 stemmed from the finding that the pro-hypertensive hormone 

angiotensin II induces Twist1 in myeloid cells (data not shown). Angiotensin II drives injury 

and fibrosis in kidney cells with secondary immune activation, but in myeloid cells can 

suppress cytokine generation,24, 33 so we explored whether Twist1 similarly has opposing 

actions in renal tubular and myeloid cells during AA nephropathy. In the current study, 

ablation of Twist1 in the distal nephron attenuates induction of the macrophage chemokine 

MCP-1 (CCL2) in the damaged kidney leading to diminished renal accumulation of CD64-

expressing macrophages. This finding is broadly consistent with those of Lovisa et al, who 

reported reduced renal accumulation of CD11b+ myeloid cells in the injured kidneys of 

animals lacking Twist1 in the proximal tubule.13 Moreover, in our co-culture experiments, 

macrophages incubated with Twist1-deficient tubular cells express less MCP-1 than those 

incubated with WT macrophages. Thus, tubular Twist1 can impact both paracrine and 
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autocrine recruitment of myeloid cells. As macrophages are capable of secreting multiple 

cytokines that mediate renal fibrosis, persistence of macrophage infiltration is strongly 

associated with renal fibrosis and progressive chronic kidney disease.34, 35 Consistent with 

the known effects of injured tubular cells to modulate the phenotype of macrophages during 

acute kidney injury36, we find that AA-treated tubular cells promote macrophage secretion 

of pro-inflammatory cytokines such as IL1β in co-culture. We and others have seen that IL-1 

can drive gene expression programs in renal tubular cells that promote fibrogenesis24 either 

via direct effects on tubular cells or via paracrine effects on the pericytes that become 

myofibroblasts.37 In our hands, AA-mediated induction of the TLR ligand fibronectin 

(FN)38 in tubular cells is a key driver of IL-1β and TNF generation in macrophages. 

However, these effects of tubular cells on macrophage activation are abrogated by Twist1 

deletion in tubular cells. Collectively, these results indicate that Twist1 in the distal nephron 

directly damages the renal epithelium but also promotes recruitment and activation of 

myeloid cells during AA nephropathy that can exaggerate the severity of kidney fibrosis via 

a FN-dependent pathway.

Like angiotensin II, Twist1 in myeloid cells suppresses their generation of pro-inflammatory 

and fibrotic cytokines.15, 39 Therefore, we posited that mice harboring selective deletion of 

Twist1 in macrophages would have exaggerated kidney injury and fibrosis compared with 

WTs after AA treatment. However, deletion of Twist1 directly from myeloid cells in the 

Twist1 MKO cohort had no impact at 5 weeks on renal tubular injury, interstitial fibrosis, or 

local inflammation. While prior studies have shown Twist1 regulates the production of 

several pro-inflammatory cytokines including TNFα, IL-6, IL-8 in vitro15, 39, the complex 

inflammatory milieu in the AA-injured kidney may have overriding effects on the function 

and differentiation of infiltrating macrophages that supersede an effect of myeloid Twist1. In 

this regard, mRNA levels for inflammatory cytokines were similar in WT and MKO kidneys 

during AA nephropathy, indicating that the capacity of renal parenchymal cells to modulate 

local cytokine levels in this setting overrides any contribution from Twist1-dependent signals 

in infiltrating macrophages. Indeed, we see that tubular Twist1 has a profound effect on the 

local generation of inflammatory cytokines.

In summary, Twist1 in the distal nephron rather than in myeloid cells drives AA-induced 

kidney injury, chronic inflammation, and interstitial fibrosis. In addition to its direct effects 

on renal tubular cell injury, tubular Twist1 promotes kidney fibrogenesis by driving renal 

accumulation of CD64+ macrophages and their FN-dependent production of IL-1β and 

MCP-1. By contrast, Twist1 in LysM+ infiltrating myeloid cells does not modulate renal 

inflammation or injury following AA-exposure. These studies illustrate the complex effects 

of the Twist1 signaling cascade on toxin-induced renal disease and the benefits of ultimately 

targeting this pathway in a cell-specific manner.

Concise Methods

Animals

All mice were housed and bred in the animal facilities at the Durham Veterans’ Affairs 

Medical Center according to NIH guidelines. All animal experiments were approved by the 

Durham Veteran’s Affairs Medical Center Institutional Animal Care and Use Committee. 
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Homozygous Twist1 floxed mice on 129/SvEv background (kind gift from Richard 

Behringer)17 were crossed with 129/SvEv Ksp-Cre mice40 to generate Ksp-Cre+; Twist1fl/fl 

(KKO) mice and WT control littermates. Similarly, 129/SvEv Twist1fl/fl mice were bred 

with 129/SvEv LysM-Cre mice41 to yield LysM-Cre+; Twist1fl/fl (MKO) mice and WT 

controls. To map the distribution pattern of Cre recombinase expression in AAN model, 

mT/mG mice from The Jackson Laboratory (Bar Harbor, ME) were crossed with the LysM-
Cre recombinase transgenic lines; mT/mG mice normally express red fluorescent protein in 

all tissues. When Cre is present, the mT cassette is deleted, triggering expression of 

membrane-targeted eGFP. As male mice experienced high mortality with AA exposure, only 

female mice, aged 8-12 weeks were used in our experiments.

Chronic Aristolochic Acid Model

Twist1 KKO, Twist1 MKO, and wild-type (WT) female mice were injected with aristolochic 

acid I (5mg/kg, IP) (Sigmal-Aldrich, A9451) every other day for 12 days. Kidney tissues and 

blood samples were obtained 5 weeks after the last injection for further analysis.

Quantitative determination of collagen in AA-exposed kidneys.

The kidney tissue collagen content was quantified using Sirius Red/ Fast Green Collagen 

Staining Kit (Chondrex, cat: 9046) according to the manufacturer’s instructions. Briefly, 5-

μm-thick sections of paraffin-embedded kidney tissue were stained with Sirius Red and Fast 

Green for 30 minutes. After rinsing the stained tissue section with distilled water repeatedly 

until the water runs clear, the dye was eluted with Dye Extraction buffer. Collect the eluted 

Dye solution and read the OD values at 540 nm and 605 nm with a spectrophotometer.

RNA Isolation and PCR Analysis

Total RNA was isolated from cells or tissue using RNeasy mini Kit (Qiagen, Valencia, CA) 

according to the manufacturer’s instructions. cDNA was synthesized using the SuperScript 

II First-Strand Synthesis kit (Invitrogen, Carlsbad, CA). Real-time PCR was perfomed using 

cDNA, SYBR or Taqman primers. GAPDH was measured as a housekeeping gene. The 

relative amount of mRNA to GAPDH was calculated using the equation: 2ΔCT, in which 

ΔCT =CT gene-CTGAPDH.

Histological Analysis and Immunohistochemistry Staining

Mouse kidney samples were fixed in 10% formalin (Sigma-Aldrich) overnight and 

embedded in paraffin. Sections 5 μm in thickness were used for PAS staining and 

immunohistochemistry staining. Renal damage including dead tubules, loss of brush 

borders, tubule dilatation, cast formation, tubular epithelial swelling, and vacuolar 

degeneration was semi-quantitatively scored. Score 0 represents injury area less than 5%; 

whereas 1, 2, 3, and 4 exhibits the damage involving 5–25%; 26–50%; 51–75%; >75% of 

the whole kidney area, respectively. The investigator, who was blinded to experimental 

conditions, assigned a score to each field based on the degree of kidney injury. At least ten 

randomly fields were assessed under the microscope (X200), and an average score was 

calculated for each mouse. To visualize interstitial collagen deposition and macrophage 
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infiltration, sections were stained with anti-type I collagen and F4/80 as previously 

described, respectively.42

Western Blots

Kidney tissues (20mg) were homogenized in RIPA buffer (Sigmal-Aldrich). Concentration 

of protein was quantitated using the DC protein assay kit (Bio-Rad laboratories). Equal 

amounts of sample were subjected to electrophoresis through 4-12% Bis-Tris Gels and 

transferred to PVDF membranes. After blocking with 5% milk in TBST, the blots were 

incubated with anti-collagen type I antibody (SouthernBiotech, cat: 1310-01), anti-α-SMA 

antibody (Sigma, cat: A5228), FN (Abcam, cat: 2413), anti-GAPDH (CST, cat:2118) or 

anti-cleaved caspase 3 (CST, cat: 9664) overnight in 4°C. The blots were then washed and in 

cubated for 1 hour at room temperature with individual secondary antibodies accordingly. 

Bands were detected using an enhanced chemiluminescence detection system. The detected 

bands were quantified by densitometry through Image J 1.38 for windows.

Kidney Flow Cytometry

Kidney single-cell suspension was prepared by mechanical and enzymatic digestion as 

described previously.42 The kidney single-cell suspensions were incubated with Fc Block 

(BioLegend, San Diego, CA) for 30 minutes and treated with anti-CD11b, anti-CD45, anti-

CD64, and Near-infrared dead cell indicator (Life Technologies, cat: L34976) for 30 minutes 

at 4°C. Cells were washed and fixed with Fix/Perm buffer (BD Biosciences, cat: 554655). 20 

μl of CountBright absolute counting beads (Invitrogen, cat: C36950) were added to cells, 

and samples were analyzed on an LSRII flow cytometry (BD). Data were analyzed using 

FlowJo software version 10.2 (Tree Star, Inc., Ashland, OR). Absolute CD11b+CD64+ cell 

numbers from each sample were obtained according to CountBright manufacturer’s 

instructions. The detailed gating strategy is shown in Supplementary Figure S3A.

Annexin V/PI Staining and Flow Cytometric Analysis

WT and Twist1 KO primary tubular cells were seeded on 6 well-plates, then were changed 

to serum-free media for 16 hrs after reaching 80% confluence in complete media. These 

cells were treated with AA (10μM) for 24 hrs. 24 hrs later, cells were harvested and stained 

with Annexin V-FITC/PI staining according to the manufacturer’s protocol (BioLegend, cat: 

640914) and then analyzed by flow cytometry. Annexin V+/PI− cells were identified as early 

apoptotic cells, and Annexin V+/PI+ cells were identified as late apoptotic cells. The detailed 

gating strategy is shown in Supplementary Figure S3B.

Primary Tubular Cell and Peritoneal Macrophage Culture

To maximize the purity of tubular cells with Twist1 deficiency from KKO, WT or KKO 

kidney outer cortex was removed and the rest of kidney was kept, minced into small pieces, 

which were transferred through two layers of nylon sieves (125 μm and 106 μm of pore size, 

respectively). The tubular pellets were seeded on collagen pre-coated flasks (Corning) with 

DMEM-Ham’s F-12 medium supplemented with 10% FBS, 1% Insulin-Transferrin-

Selenium (Gibico), 1% L-glutamine, and 1% penicillin/streptomycin after sieving. The plate 

was incubated in a humidified incubator (5% CO2, 37°C). The medium was changed two 
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days later and maintained every other day until the monolayer of cells reached 90% 

confluence. FN or Scramble siRNA (Integrated DNA Technologies) was transfected into 

primary renal tubular cells (RTCs) using Lipofectamine 3000 reagent (Thermo Fisher) 

according to the manufacturer’s instructions.

Primary peritoneal macrophages were obtained from the peritoneal exudates of mice. 1×106 

cells ml−1 were first seeded on transwell inserts (BD, cat: 353502) in DMEM (Gibco) 

supplied with 10% serum (Sigma) and 1% Pen/Strep (Gibco). After three to four hrs at 37°C 

and 5% CO2, non-adherent cells were removed by washing twice with warm PBS. 

Macrophage were stimulated with vehicle and FN-III (R&D, cat:3938-FN) at 10μg/ml for 6 

hrs and were harvested for IL1β and TNFα expression analysis.

Co-culture Experiments

Serum-starved tubular cells were treated w/o AA (10μM) for 12 hrs. Afterwards, tubular 

cells were washed twice with warm PBS to remove AA. Meanwhile, adhesive macrophages 

were seeded into a transwell insert and rested for 6 hrs. Then, these inserts were placed into 

another companion plate coated with renal tubular cells pre-treated w/o AA. After co-culture 

for 24 hrs, renal tubular cells and macrophages were harvested for RNA analysis.

Statistical Analyses

All data are expressed as the mean ± SD. For comparisons between groups with normally 

distributed data, statistical significance was assessed using two tailed unpaired student’s t 

test. For comparisons between groups with non-normally distributed variables, a Wilcoxon 

test was employed. Comparison among groups was performed with one-way analysis of 

variance test.

Supplementary Material

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

The current studies demonstrate that Twist1 in the distal nephron instigates damage and 

myeloid inflammation throughout the kidney following chronic exposure to AA. By 

contrast, Twist1 in macrophages does not impact the progression of AA-induced 

nephropathy in our hands. These data argue for selective targeting of Twist1 signals in the 

renal epithelium for patients with tubulointerstitial nephritis associated with AA 

exposure, such as Balkan and Chinese herbal nephropathies.
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Figure 1. Twist1 in the distal nephron aggravates aristolochic acid (AA)-induced CKD.
(A) Representative images of kidney sections from WT and KKO mice at 5wks after AA 

injection. Scale bar =100 μm (B) WT and KKO kidney pathology scores (n≥8). (C) Renal 

mRNA expression of NGAL and Kim-1 (n≥8). (D) Blood urea nitrogen (BUN) (n≥8) (E) 

Serum creatinine (Scr) (n≥8). Data represent the mean± SD (*p<0.05).
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Figure 2. Twist1 in macrophages does not influence AA-induced CKD.
(A) Representative kidney sections from LysM-Cre+ mT/mG mice at 5 weeks after vehicle 

(left) and AA injection (right). Scale bar = 50 μm. (B) Representative images of kidney 

sections from WT and MKO mice at 5wks after AA injection. Scale bar =100 μm. (C) WT 

and MKO kidney pathology scores (n=6). (D) Renal mRNA expression of NGAL (n=6). (E) 

BUN (n=6). Data represent the mean± SD.

Ren et al. Page 15

Kidney Int. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Twist1 in the distal nephron exacerbates kidney fibrosis induced by AA.
(A) mRNA expression of Col-I, Pai-1, TGFβ1, and E-cadherin in the kidneys from WT and 

KKO mice at 5wks after AA injection (n≥8). (B) Total collagen content measured by Sirius 

red / fast green analysis of tissue sections from WT and KKO kidneys after AA exposure. 

(C) Representative sections from WT and KKO kidneys stained with Col-I at 5wks after AA 

injection. Scale bar =100 μm. (D) Blinded morphometric quantitation of Col-I (n≥8). (E) 

Western blot for FN, Col-I and α-SMA in whole kidney at 5wks after AA injection. (F) 

Semi-quantification of FN, Col-I and α-SMA from (E) (n≥8). Data represent the mean± SD 

(*p<0.05, **p<0.01, ***p<0.001).
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Figure 4. Myeloid Twist1 does not impact kidney interstitial fibrosis following AA exposure.
(A) mRNA expression of Col-I, Pai-1 and TGFβ1 in kidneys from WT and MKO mice at 

5wks after AA injection (n=6). (B) Western blot for Col-I, FN and α-SMA in whole kidney 

at 5wks after AA injection (n=6). (C) Semi-quantification of Col-I, FN and α-SMA from 

(B) (n=6). Data represent the mean± SD.
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Figure 5. Twist1 in kidney epithelial cells but not macrophages enhances MCP-1 and IL-1β 
mRNA expression, and promotes macrophage accumulation in the AA induced kidneys.
(A) Representative flow plots of CD11b+CD64+ macrophages from kidneys of AA-treated 

WT and KKO animals. (B) Absolute numbers of total CD11b+CD64+ macrophages from the 

WT and KKO kidneys (n=9). (C) Representative F4/80 stains of kidney sections from AA-

treated WT and KKO mice. Scale bar =100 μm. (D) mRNA expressions for MCP-1, IL-1β 
and IFN-γ in the kidneys from AA-treated WT and KKO mice (n≥8). (E) Representative 

flow plots of CD11b+CD64+ macrophages from kidneys of AA-treated WT and MKO 

animals. (F) Absolute numbers of total CD11b+CD64+ macrophages from the WT and MKO 

kidneys (n≥7). (G) mRNA expression of MCP-1, IL-1β and IFN-γ in the kidneys from AA-

treated WT and MKO mice (n=6). Data represent the mean± SD (*p<0.05).

Ren et al. Page 18

Kidney Int. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Twist1 sensitizes kidney epithelial cells to AA-induced apoptosis in vitro.
(A) Western blot for Cleaved-caspase 3 from WT and Twist1 KKO (“KO”) epithelial cells 

induced by AA as indicated. (B) Semi-quantitative analysis for Cleaved-caspase 3 from (A) 

(n=3). (C) Representative plots of FACS analysis wherein WT and Twist1 KO epithelial 

cells treated with vehicle or AA were stained with annexin-V-FITC and PI to identify 

cellular apoptosis. (D) Summary data quantifying apoptosis among different groups (n=3-5). 

Data represent the mean± SD (*p<0.05, #p<0.05).
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Figure 7. Twist1 in kidney epithelial cells promotes TGF-β1-induced fibronectin (FN) expression.
(A) Western blot for FN in each group as indicated. (B) Semi-quantification of FN from (A) 

(n=3). (C) mRNA expression of IL1β and TNFα from macrophages treated with vehicle or 

recombinant FN fragment 3 (n=3). Data represent the mean± SD (*p<0.05, **p<0.01, 
#p<0.05).
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Figure 8. Twist1 in kidney epithelial cells enhances IL-1β and MCP-1 expression in 
macrophages.
(A) Schematic diagram showing the experimental setup of testing gene levels from 

macrophages and epithelial cells. (B-D) mRNA expression of IL1β (B), MCP-1(C) and 

TNFα (D) from co-cultured macrophages among group as indicated (n=3). (E-H) mRNA 

expression of NGAL (E), Kim-1 (F), Pai-1 (G) and TNFα (H) from co-cultured epithelial 

cells among groups as indicated (n=3). Data represent the mean± SD (*p<0.05, **p<0.01, 

***p<0.01).
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