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Abstract

Bone marrow (BM) angiotensin II is a major participant in the regulation of hematopoiesis and 

immunity. The novel tissue substrate angiotensin-(1–12) and its cleaving enzyme chymase are an 

essential source of angiotensin II production in cardiac tissue. We hypothesized this non-canonical 

chymase-mediated angiotensin II producing mechanism exists in the BM tissue. 

Immunohistostaining and flow cytometry confirmed the presence of angiotensin-(1–12) 

immunoreaction in the BM of Sprague Dawley rats. Chymase-mediated angiotensin II producing 

activity in BM was approximately 1,000 fold higher than ACE-mediated angiotensin II producing 

activity (4,531 ± 137 and 4.2 ± 0.3 fmol/min/mg, respectively, n = 6, P < 0.001) and 280 fold 

higher than chymase activity in the left ventricle of 16.3 ± 1.7 fmol/min/mg (P < 0.001). Adding a 

selective chymase inhibitor, TEI-F00806, eliminated almost all 125I-angiotensin II production. 

Flow cytometry demonstrated that delta median fluorescence intensity of chymase in CD68 

positive cells was significantly higher than that in CD68 negative cells (1,546 ± 157 and 222 ± 48 

arbitrary unit, respectively. P=0.0021). CD68 positive and side scatter low subsets, considered to 

be myeloid progenitors, express the highest chymase fluorescence intensity in rat BM. Chymase 

activity and cellular expression was similar in both male and female rats. In conclusion, myeloid 

lineage cells, especially myeloid progenitors, have an extraordinary angiotensin II producing 

activity by chymase in the BM.
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Our data highlights an exceedingly high Ang II producing activity by chymase in BM. CD68 

positive myeloid lineage cells, especially myeloid progenitors are the main source of chymase in 

BM. Assessing the relationship between cardiovascular diseases and chymase-expressing BM-

derived cells in target organs represents a new window for understanding how tissue-borne Ang II 

contributes to the early inflammatory processes now linked to the pathogenesis of cardiovascular 

disease.
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Bone marrow (BM) derived cells intervene in the temporal and spatial expression of proteins 

regulating cardiac and vascular health and repair as a critical component of the low-grade 

inflammatory mechanisms contributing to cardiovascular and renal disease pathogenesis.1–4 

Restorative properties of BM progenitors and mesenchymal stem cells on cardiovascular 

function are called on by the myocardial remodeling brought about by myocardial ischemia,
5 the development of atherosclerotic plaques,6 heart failure progression,7 and the evolution 

of kidney disease.8,9 The renin angiotensin system (RAS), inextricably linked to the 

pathogenesis of cardiovascular disease, has a major influence in hematopoiesis10,11 and 

tissue regeneration by progenitor cells.12 Early reports linking high-dose angiotensin 

converting enzyme (ACE) inhibitor therapy with the occurrence of anemia and 

leucopenia13,14 and visualization of immunoreactive angiotensin II (Ang II) in circulating 

human mononuclear leukocytes15 and macrophages residing in human atherosclerotic 

vessels,16 led to identifying the expression of RAS’s gene transcripts, enzymes, angiotensin 

peptides, and Ang II receptors in rat hematopoietic-lineage BM cells and cultured marrow 

stromal cells by Ferrario’s laboratory.17 In confirming the expression of Ang II-type 1 and 2 

receptors (AT1-R and AT2-R, respectively) in monkey and human marrow stromal cells, we 

further showed an intrinsic paracrine/autocrine function of Ang II in modulation of 

hematopoietic cell development via activation of arachidonic acid and eicosanoid 

metabolites.18,19 BM-chimeric experiments revealed the functional importance of local BM 

Ang II expression in the development of experimentally-induced atherosclerosis.20 Chimeric 

mice with disruption of AT1-R21,22 or ACE deficiencies23 in BM-derived cells had reduced 

atherosclerotic lesions. More recently, Kim et al.24 reported that chronic Ang II infusion 

increased hematopoietic stem cell (HSC) proliferation, myeloid biased differentiation, and 

impaired efficacy of HSC engraftment, signifying that Ang II is important for mobilization 

of pro-inflammatory cells from the BM into target organs. The importance of the BM as a 

“Center Stage” participant in the pathogenesis of chronic cardiovascular disease has been 

articulated precisely by Swirski and Nahrendorf25 in reviewing Wang’s et al.26 studies 

showing how reduced lymphocyte adapter protein function in hematopoietic cells impacts 

the development of atherosclerosis and thrombosis. The interplay between the BM 

hematopoietic and progenitor cells with the processes engaged in the development of 

atherosclerosis were previously demonstrated by us in hypercholesterolemia cynomolgus 

monkeys in which 15 weeks of therapy with the AT1-R antagonist losartan reduced BM 

cellularity, suppressed peripheral blood and BM monocyte CD11b expression, and 
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normalized CD34 positive cell function.27 Additional support for a critical role of the BM in 

the pathophysiology of hypertensive vascular disease has been demonstrated by Zubcevic et 

al.28,29 who showed that hypertension induces a dysfunction in the BM endothelial 

progenitor and inflammatory cells in spontaneously hypertensive rat.

Although the existence of a local system forming Ang II within the BM is beyond question, 

the primary enzymatic pathway accounting for BM Ang II production remains to be fully 

characterized. While renin, angiotensinogen (AGT) and ACE are reported in BM cells,
10,11,17 their primacy as Ang II forming mechanism has not been resolved. In recent years, 

evidence of non-canonical pathways for tissue Ang II formation independent of renin and 

ACE has resurfaced as the potential mechanism explaining intracrine Ang II functions.30–32 

Remerging concepts of non-renin Ang II production were brought to the forefront by the 

identification of an extended form of angiotensin I (Ang I)-the dodecapeptide angiotensin-

(1–12) [Ang-(1–12)] in the blood and tissues of Wistar rats.33 Through a series of studies 

performed in rat and human heart and kidney tissues,33–40 Ang-(1–12) functions as an 

endogenous alternate tissue-forming system generating Ang II directly from Ang-(1–12) by 

chymase. However, reported observations that the BM expresses high chymase activity 

remain to be explained41 while chymase’s role in inflammation, immunity, and 

cardiovascular remodeling is established.42 In advancing the hypothesis that Ang-(1–12) 

may be the primary cellular substrate for intracrine actions of Ang II via chymase, the 

current study interrogated whether a non-canonical mechanism for Ang II production 

independent of renin exists in the BM. Unraveling the biochemical pathways for Ang II 

critical modulatory function in hematopoiesis will uncover novel therapeutic strategies for 

cardiovascular disease treatment.

Methods

Detailed protocols and supporting data are available within the article and in the online-only 

Data Supplement. In addition, the data that support the findings of this study are available 

from the corresponding author upon reasonable request.

Animal Protocol

Experiments were conducted on 20 male and 14 female Sprague Dawley (SD) (12 weeks 

old) obtained from Charles River Inc. (Wilmington, MA). All procedures were performed in 

accordance with National Institutes of Health guidelines and were approved by the Wake 

Forest University Animal Care and Use Committees. Details of protocols are described in 

the online-only Data Supplements.

Flow Cytometry

Figure 1 illustrates the gating strategy employed using flow cytometry. Doublets and debris 

were excluded by appropriate gating of forward (FSC) and side scatter (SSC) as documented 

in Figure 1A. Subpopulations of BM cells with common characteristics by FSC-area (FSC-

A) and SSC-area (SSC-A) gating (Figure 1B) were grouped into four regions representing 

granulocytes, monocytes, primordial (region between lymphocytes and monocytes) and 
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lymphocytes.43,44 After automatic fluorescent compensation with FlowJo software, dead 

cells were excluded from analysis with a fixable dead cell staining (Figure 1C).

Statistical Analysis

All values are expressed as mean ± SEM. Normality was examined by histogram and 

Shapiro-Wilk test. Comparison of chymase activity between BM and left ventricular tissue 

were analyzed by Welch’s t-test. Statistical significance between three or more groups was 

calculated by one-way ANOVA followed by Tukey’s post hoc test. One-way ANOVA and 

post-test for trend was performed to detect the increasing trends in the value of relative MFI. 

GraphPad PRISM Version 7.0 (GraphPad, San Diego, CA) was employed in these analyses 

and a P < 0.05 considered statistically significant.

Results

Ang-(1–12) Expression in the Bone Marrow

Laser scanning confocal microscopy visualized scattered Ang-(1–12) expressing cells in 

male rat BM tissue (Figure 2A). To exclude whether this anti-rat Ang-(1–12) antibody binds 

to amino acids within the N-terminus of AGT, we employed multi-color flow cytometry on 

single cell suspensions of BM stained with a mixture containing anti-AGT and anti-Ang-(1–

12) antibodies. As expected, the gate determined by FMO controls illustrates the existence 

of Ang-(1–12) negative and AGT positive [Ang-(1–12)−AGT+] cells and that of Ang-(1–

12)+AGT+ cells in each of the four regions (Figure 2B). These data show the absence of 

significant crossreactivity between the anti-rat Ang-(1–12) antibody and AGT.

The percentage of Ang-(1–12) positive cells and delta MFI of Ang-(1–12) in cells found in 

the lymphocyte region were significantly lower than those in the other three regions. (Figure 

2 C–E, ANOVA P<0.001). Furthermore, cells in each region could be divided into two 

subpopulations: cells having strong AGT intensity (AGTstrong) and those having weak AGT 

intensity (AGTweak). The percentage of AGTstrong cells increased progressively from the 

lymphocyte region to primordial, monocytes, and granulocytes regions (Figure 2F).

Cells in Primordial Region have the Highest Angiotensinogen Intensity in Bone Marrow

To evaluate which cell expressed more AGT, we analyzed whole BM single cell suspensions 

except doublet, debris and dead staining positive cells according to the gating strategy 

illustrated in Figure 3A. Four subsets were identified by AGT/SSC plots according to their 

AGT fluorescence intensity: AGThighest, AGThigh, AGTmoderate and AGTlow, and backgated 

onto FSC-A/SSC-A plot (Figure 3B). The AGThighest subset was visualized in the primordial 

region (red on Figure 3B, arrow) while the AGThigh and AGTmoderate subsets were identified 

in granulocytes (orange) and monocytes regions (green), respectively. The AGTlow subset 

was localized in the lymphocyte region (blue on Figure 3B); this region had significantly 

lower Ang-(1–12) intensity compared to other subsets (Figure 3C). No overt sex differences 

are found in flow cytometry findings (Figure 3D–E and Figure S1 in online-only Data 

Supplement).
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A Selective Chymase Inhibitor Eliminates Ang II Production in Bone Marrow Tissue

To determine whether chymase showed higher Ang II forming activity over ACE, 

radiolabeled 125I-Ang-(1–12) or 125I-Ang I substrate was incubated with plasma membranes 

obtained from BM tissues under different combinations of RAS inhibitors (Table S1); 125I-

metabolic products were analyzed by HPLC. In the presence of all RAS inhibitors, no 

metabolic products were generated from either 125I-Ang-(1–12) or 125I-Ang I (Figure 4A 

and B, respectively). A large peak of 125I-Ang II was generated from the 125I-Ang-(1–12) 

substrate when chymostatin was withdrawn from the inhibitor cocktail (Figure 4C) while a 

tiny 125I-Ang II peak was detected from 125I-Ang I in the absence of lisinopril only (Figure 

4D). The specificity of the chymostatin inhibitory activity was verified by demonstrating an 

almost complete inability of 125I-Ang-(1–12) to be degraded into 125I-Ang II when 

chymostatin was replaced by the selective chymase inhibitor TEI-F0806 (Figure 4E).45,46 

BM plasma membranes chymase activity averaged 4,531 ± 137 fmol/min/mg when 125I-

Ang-(1–12) was used as a substrate, which was 3.4 fold higher compared to 1,340 ± 101 

fmol/min/mg when 125I-Ang I was the substrate (Figure 4F, n=6, P<0.001). These data show 

that Ang-(1–12) is the preferable substrate compared to Ang I. ACE activity in BM plasma 

membranes based on the amounts of 125I-Ang II production from 125I-Ang I substrate 

averaged 4.2 ± 0.3 fmol/min/mg. This value is approximately 1,000 fold lower than the 

corresponding chymase activity values employing 125I-Ang-(1–12) as a substrate (Figure 4F, 

n=6, P<0.001). More surprisingly, the BM chymase activity was approximately 280-fold 

higher than left ventricle chymase activity from 125I-Ang-(1–12) of 16.3 ± 1.7 fmol/min/mg 

in the same rats (P<0.001). In female rats, BM chymase activity averaged 4,295 ± 183 

fmol/min/mg when 125I-Ang-(1–12) was used as a substrate, which was 3,800 fold higher 

than ACE activity averaging 1.14 ± 0.04 fmol/min/mg (Figure S2A–D illustrates the 

representative chromatograms, P<0.001).

Chymase Expressing Cells in Rat Bone Marrow are Not Mature Mast Cells but CD68 
Positive Cells

Mast cells (MCs), which contain proteases such as chymase and tryptase, are considered to 

play an important role in immediate hypersensitivity and inflammatory reactions in various 

peripheral organs.47 MCs arising from HSC in BM enter the circulation as progenitor cells 

and migrate into all vascularized tissues where they complete their maturation.48 To 

determine whether mature MCs are detected in rat BM, double immuno-fluorescence 

staining was performed. Almost all BM cells demonstrated red chymase fluorescence in 

slides stained with the primary antibody (Figure 5A); background autofluorescence was not 

detected on slides stained without the primary antibody in the same laser setting (Figure 

S3A–C). In addition, scattered strong chymase positive cells were illustrated in BM tissue 

(Figure 5A, arrowhead) while few tryptase expressing cells were found (Figure 5B, arrow). 

The merged image shows chymase positive and tryptase negative cells are the most 

dominant (Figure 5C), implying that scattered strong chymase expressing cells in rat BM are 

not mature MCs.

To determine what cells in BM express chymase, we employed flow cytometry analysis on 

BM cells stained with anti-chymase antibody. Chymase/SSC plots revealed that 78 ± 3 % of 

whole BM cells except doublets and dead cells expressed chymase (Figure 6A). In addition, 
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these cells could be divided into 3 different subsets according to their relative MFI of 

chymase; chymaselow, chymasemoderate and chymasehigh (Figure 6A). Chymasehigh and 

chymasemoderate subsets were mainly located in primordial and granulocyte/monocyte 

regions, respectively, while the chymaselow subset resided in both lymphocyte and 

primordial regions. To determine whether myeloid lineage cells express more chymase than 

lymphoid lineage, we stained BM cells with a mixture containing anti-chymase and anti-

CD68 antibodies. CD68 is commonly used as a monocyte/macrophage marker in peripheral 

organs;49 however, its expression has been reported in granulocytes in BM50 and peripheral 

blood.51 CD68/Chymase plots shows almost all CD68+ cells express chymase while 41 

± 11 % of CD68− cells express chymase (Figure 6B). In addition, delta MFI of chymase in 

CD68+ cells were significantly higher than that in CD68− cells (1,546 ± 157 a.u. and 222 

± 48 a.u., respectively, P=0.0021). CD68/SSC-A plots and relative MFI of CD68 divided 

whole BM cells into 3 different subsets according to their CD68 fluorescence intensity; 

CD68−, CD68+SSChigh and CD68++SSClow (Figure 6C). CD68+SSChigh subset is located in 

the granulocytes/monocytes region while CD68++SSClow subset is located in the primordial 

region. Since CD68 expression starts very early during myeloid differentiation and it is 

strongly upregulated in early myeloperoxidase (MPO) positive myeloid progenitors,50 

CD68++SSClow are considered to contain myeloid progenitors that differentiate into 

monocytes/granulocytes. On the other hand, cells in the CD68− subset were in both the 

lymphocyte and primordial region (Figure 6C), implying that this subset contains mature 

lymphocytes, lymphoid progenitors and HSC. According to the chymase expression, 

CD68+SSChigh and CD68− subsets had one population while the CD68++SSClow subset 

could be divided into two subpopulations (Figure 6D and E); cells having strong chymase 

intensity (CHYstrong) and those having weak chymase intensity (CHYweak). Delta MFI of 

chymase in the CD68++SSClowCHYstrong subset was significantly higher than that of the 

CD68++SSClowCHYweak, CD68+SSChigh or CD68− subsets (Figure 6F), indicating that 

scattered strong chymase expressing cells in immunohistochemistry were in the 

CD68++SSClow subset. Besides, delta MFI of chymase in CD68+SSChigh was significantly 

higher than that in CD68− subset (Figure 6F). Figure S4 shows female flow cytometry 

experiments. CD68++SSClow subset could also be divided into two subpopulations; however, 

CHYweak subpopulation was the majority of CD68++SSClow subset in females (Figure S4E) 

while CHYstrong was in males (Figure 6E).

Discussion

We identify for the first time immunoreactive-Ang-(1–12) expressing cells in rat BM and 

demonstrate thousands-fold higher chymase-dependent Ang II generation than ACE-

dependent. This conclusion is based on: a)- the detection of the rat sequence of Ang-(1–12) 

in BM cells by immunohistochemistry and flow cytometry; b)- chromatographic evidence 

for the direct conversion of 125I-Ang-(1–12) into Ang II by chymase in BM tissues; c)- a 

primacy of chymase catalytic activity over ACE as the principal source for Ang II 

production from either radiolabeled Ang-(1–12) or Ang I; d)- an exceedingly high BM Ang 

II-forming chymase activity when compared to that in left ventricle; e)- identification of 

CD68+ cells, especially CD68++ SSClow cells, as the source for the high chymase 

expression. Female study reenacted the main findings shown in male rats.
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Although BM-derived inflammatory cells synthesize AGT protein52 and express a 

considerable amount of Ang II15,17 there are no previous studies comparing the catalytic 

activity of chymase versus ACE in Ang II production in BM tissue. The comparative data 

obtained by determining chymase and ACE catalytic activity in Ang II generation from 

either 125I-Ang-(1–12) or 125I-Ang I confirmed a primacy of chymase over ACE in Ang II 

production. This finding agrees with our previous demonstration that chymase exhibits a 20-

fold higher catalytic activity for the conversion of Ang I to Ang II compared to ACE.34 That 

chymase was responsible for Ang-(1–12) conversion into Ang II was further established by 

the nature of the metabolic products generated in the absence and presence of chymostatin 

or the chymase selective inhibitor TEI-F00806.45,46 While both agents inhibited Ang II 

production from radiolabeled Ang-(1–12), the effects obtained with TEI-F00806 excluded 

the potential hydrolytic activity of cathepsins and tryptases from accounting for Ang II 

production.

More surprisingly, Ang II producing activity by chymase in BM was several orders of 

magnitude higher than that in the left ventricle of the same rats. We previously reported four 

times higher Ang II producing activity by chymase compared to ACE in heart tissue while 

seven times lower values were found in lung tissue.34 We now show that chymase-dependent 

Ang II generating activity from Ang-(1–12) in rat BM is literally orders of magnitude higher 

than in other organs. Based on these findings, it is tempting to conclude that the BM may be 

included as one of the main Ang II producing organs.

Immunohistochemistry and flow cytometry demonstrate the existence of Ang-(1–12), the 

preferable substrate for generating Ang II via chymase in BM tissue. Flow cytometry 

revealed that cells in the lymphocyte region displayed lower Ang-(1–12) and AGT 

fluorescence intensity than cells in other regions. In addition, CD68+ cells expressed more 

chymase than CD68− cells; this finding suggests that BM tissue RAS may be predominantly 

expressed in cells of myelogenic origin (i.e., cells arising from progenitor cells for 

granulocytes and monocytes).53 Because chronic Ang II infusion leads to HSC proliferation 

and myeloid biased differentiation,24 we suggest that chymase, by augmenting Ang II 

production, may constitute a positive-feedback mechanism augmenting myeloid lineage cell 

proliferation and function.

The current findings clearly show that chymase is preferentially expressed in CD68+ cells 

(Figure 6B). Further, immunohistochemistry demonstrate that MCs were not the chymase 

strong positive cells in BM (Figure 5). Flow cytometry revealed that the chymasehigh subset 

appeared not in the high SSC region, where MCs should exist because of their high 

granularity, but in the primordial region, which has low SSC and are considered as the 

“mother-region” for all leukocyte subsets in BM.43 Combined with the report by Strobl et al.
50 that CD68 expression is strongly up-regulated in early myeloperoxidase positive precursor 

cells and decreased according to the differentiation into granulocytes, we conclude that 

CD68++ SSClow subset, which has the highest chymase expression compared to other 

subsets, should contain myeloid precursors and monocytes. From the fact that 

CD68++SSClow cells contain CHYstrong and CHYweak subpopulations (Figure 6D and E), 

chymase expression may originate after CD68 expression and decrease with granulocytic 

maturation. This result is consistent with the findings by Shimizu et al.54 showing that 
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CD34+CD117− BM monocyte/macrophage progenitors express chymase while 

CD34+CD117+ MC progenitors do not in humans. Given that MCs complete their 

maturation not in the BM but in peripheral tissue,48 it can be concluded that MCs are not the 

main source of chymase in BM.

The primacy of chymase in BM Ang II formation and myeloid biased chymase expression 

were reenacted in female rat experiments. The number of CHYstrong cells in female (Figure 

S4D–E) looks smaller than that in male (Figure 6D–E) while chymase activity in female rats 

averaged 5% less than activity values in males (p > 0.05).

The remarkable chymase-mediated Ang II producing activity in BM myeloid lineage cells 

and the evidence that BM-derived cells can infiltrate into other organs suggest that BM-

derived cells regulate chymase-mediated Ang II activity in various tissues in response to 

inflammatory stimuli. Gomez et al.52 described a similar concept as the “mobile 

angiotensin-generating system”, that is, an efficient AGT delivering mechanism by blood-

borne cells. This concept52 is supported by studies showing that circulating leukocytes, 

especially monocytes, express a considerable amount of Ang II15 and that macrophages in 

atherosclerotic vessels express Ang II16 and ACE23. The functional importance of BM Ang 

II producing pathway is highlighted by a reduction in atherosclerosis in chimeric mice with 

BM ACE deficiency.23 The current study identifies the primacy of chymase, which is 

implicated in various low-grade inflammatory diseases including CVD, cancers and auto-

immune diseases,42 over ACE as an Ang II producing enzyme in BM.

Okamura et al.55 demonstrated the augmented chymase-dependent Ang II forming activity 

in circulating mononuclear leukocytes in patients with acute myocardial infarction, implying 

BM chymase activity may be augmented in CVD.42 CVD risk factors including aging, loss 

of estrogen56 or diabetes mellitus augment tissue chymase activity in heart56,57 and kidney.
58 An attractive hypothesis links neuroinflammatory mechanisms to BM dysfunction and 

microbiota in hypertension.59–61 Therefore, further studies addressing the specific role of the 

Ang-(1–12)/chymase axis in mediating BM Ang II dependent mechanisms are warranted.

Perspectives

Knowledge of the biochemical and functional mechanisms constituting the RAS has 

progressively evolved to organ-based systems performing paracrine/intracrine functions.32 

Since the first complete identification of RAS components in rat and monkey BM,17,19 a 

strong literature points toward a critical modulatory role of BM-borne Ang II in 

hematopoiesis, pan lineage mitogen, myeloid differentiation, and macrophage production. 

Identification of a non-canonical mechanism for Ang II generation based on a very high 

chymase affinity for Ang-(1–12) establishes new research horizons linking the BM chymase/

Ang-(1–12) axis to inflammatory processes associated with the pathophysiology of low-

grade inflammatory diseases including hypertension, atherosclerosis, heart failure, diabetes 

mellitus, and renal diseases. The demonstration that CD68+ myeloid lineage cells, especially 

CD68++SSClow cells, are the major source of the high enzymatic activity of BM chymase 

unveils the relevance of chymase-mediated Ang II production in BM in stem cell-based 

therapy.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance:

What Is New?

• Ang-(1–12) [angiotensin-(1–12)], the preferable substrate for direct Ang II 

(angiotensin II), generation is now revealed in the bone marrow (BM) of rats.

• Chymase-mediated Ang II production in BM was thousands-fold higher than 

ACE-mediated and 280-fold higher than that in the heart.

• CD68 positive myeloid lineage cells, especially myeloid progenitors, have 

higher chymase expression than CD68 negative lymphoid lineage cells in 

BM.

What Is Relevant?

• This study identifies BM, the origin of inflammatory cells and the source of 

stem cell-based therapy, as one of the main Ang II producing organs.
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Figure 1. 
The gating strategy and four regions in flow cytometry analysis. A, Doublets and debris 

were removed. B, BM cells were divided into four regions: granulocytes, monocytes, 

primordial and lymphocytes. C, After fluorescence compensation, dead staining positive 

cells were removed.
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Figure 2. 
Ang-(1–12) expression in male SD rat bone marrow. A, Representative fluorescent 

photomicrographs (60× magnification) of BM tissue stained with a primary antibody against 

Ang-(1–12) (red, arrowhead). B-F, Flow cytometry analysis for intracellular staining of 

AGT and Ang-(1–12) in male SD rat BM (n = 4). Gating strategy is shown in Figure 1. B, 

Representative AGT/Ang-(1–12) plots in each region. Full staining includes dead cell 

staining, AGT and Ang-(1–12). C, Red illustrates Ang-(1–12) fluorescence intensity in cells 

with full staining while blue shows that with full staining except Ang-(1–12). Mean data are 

shown in D-F. * P<0.05 vs lymphocytes region, † P<0.001 vs lymphocyte region, ‡ P<0.01 

vs primordial region, § P<0.001 vs monocyte region.
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Figure 3. 
Back gating analysis for intracellular staining of AGT and Ang-(1–12) on flow cytometry. 

A, The employed gating strategy. B-C, Experiments conducted on male SD rats. B, 

Representative AGT/SSC-A plot and quantitative analysis divide whole BM cells into four 

subsets: AGTlow, AGTmoderate, AGThigh and AGThighest. Right panel shows subsets were 

backgated onto FSC-A/SSC-A plot. Arrow indicates AGThighest subset. C, Delta MFI of 

Ang-(1–12) in each subset. D-E, Experiments were repeated in female SD rats. * P<0.001 vs 

AGTlow, † P<0.05 vs AGTmoderate, ‡ P<0.001 vs AGThigh.
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Figure 4. 
Representative chromatograms of 125I-angiotensin products from male BM tissue. A, 125I-

Ang II metabolic products from 125I-Ang-(1–12) in the presence of all inhibitors. B, 125I-

Ang II metabolic products from 125I-Ang I in the presence of all inhibitors. C, 125I-Ang II 

metabolic products from 125I-Ang-(1–12) in the presence of all inhibitors without 

chymostatin. D, 125I-Ang II metabolic products from 125I-Ang I in the presence of all 

inhibitors without lisinopril. E, 125I-Ang II metabolic products from 125I-Ang-(1–12) in the 

presence of all inhibitors without chymostatin but including TEI-F00806. F, The values of 

chymase- or ACE-mediated ANG II production activities in male rat BM.
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Figure 5. 
Representative immunofluorescence photomicrographs (100×) of bone marrow tissue 

showing chymase (red), tryptase (green) and nuclei (DAPI, blue) A, Red channel. 

Arrowheads indicate chymase strongly positive cells. B, Green channel. Arrow indicates 

tryptase positive cell. C, Merged image. Scale bar indicates 20 μm.
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Figure 6. 
Flow cytometry analysis for intracellular staining of chymase and CD68 (n = 4) in male SD 

rat bone marrow. Data are shown for whole BM cells except doublets and dead cell stained 

cells according to the gating strategy shown in Figure 3A. A, The representative chymase/

SSC-A plot and quantitative analysis. Right panel shows subsets according to chymase 

fluorescence were backgated onto FSC-A/SSC-A plot. B, Representative CD68/chymase 

plot. C, CD68/SSC plot and quantitative analysis. Right panel shows subsets according to 

CD68/SSC-A plots were backgated onto FSC-A/SSC-A plot. D, Representative chymase/

SSC-A plot. E, Red illustrates chymase fluorescence intensity in cells with full staining 

while blue shows those with full staining except chymase. F, Delta MFI of chymase in each 

subset. * P<0.001 vs CD68++SSClowCHYstrong subset, † P<0.05 vs CD68+SSChigh subset.
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