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Abstract

Klotho plays an important role in the pathogenesis of cardiovascular disease in chronic kidney 

disease (CKD). Klotho is highly expressed in the kidney and parathyroid glands, but its presence 

in the vasculature is debated. Renal Klotho is decreased in CKD, but the effect of uremia on 

Klotho in other tissues is not defined. The effect of vitamin D receptor activator therapy in CKD 

on expression of Klotho in various tissues is also in debate. In uremic rats (surgical 5/6th 

nephrectomy model), we compared 3-months of treatment with and without paricalcitol on Klotho 

immunostaining in the kidney, parathyroid glands and aorta. With uremia, Klotho was unchanged 

in the parathyroid, significantly decreased in the kidney (66%) and the intimal-medial area of the 

aorta (69%), and significantly increased in the adventitial area of the aorta (67%) compared with 

controls. Paricalcitol prevented the decrease in Klotho in the kidney, increased expression in the 

parathyroid (31%), had no effect in the aortic media, but blunted the increase of Klotho in aortic 

adventitia. We propose that fibroblasts are responsible for expression of Klotho in the adventitia. 

In hyperplastic human parathyroid tissue from uremic patients, Klotho was higher in oxyphil 

compared with chief cells. Thus, under our conditions of moderate CKD and mild-to-moderate 

hyperphosphatemia in rats, the differential expression of Klotho and its regulation by paricalcitol 

in uremia is tissue-dependent.
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Introduction

Alpha-Klotho (Klotho), originally identified as an anti-aging factor, is now recognized as a 

major player in mineral homeostasis and the pathogenesis of cardiovascular disease in 

chronic kidney disease (CKD). Klotho is a single-pass transmembrane protein (130 kDa) 

that is expressed in the kidney (in all major tubular segments along the nephron), the 
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parathyroid gland, and the choroid plexus of the brain [1–5]. There are conflicting reports 

concerning the expression of Klotho in the vasculature [6–12].

Trans-membrane Klotho is a cofactor that converts fibroblastic growth factor-receptor 1 

(FGFR1) into a specific receptor for FGF-23, a bone-derived phosphatonin that induces 

renal phosphate excretion and decreases 1,25 dihydroxyvitamin D3 (calcitriol) synthesis in 

the kidney [13–15]. A soluble form of Klotho is also found in the blood, urine and 

cerebrospinal fluid, arising from proteolytic cleavage of the extracellular domain of the 

transmembrane form (ectodomain shedding) or by alternative splicing of its transcript [3]. 

Soluble Klotho is an endocrine factor with a multitude of renal and extrarenal effects and 

acts independently of FGF-23 [16,17].

The control of calcium and phosphorus homeostasis involves an complex interplay of 

feedback systems including Klotho, FGF-23, parathyroid hormone (PTH), and calcitriol 

[18]. Calcitriol stimulates both Klotho and FGF-23, and both FGF-23 and Klotho inhibit 

renal 1α-hydroxylase, resulting in a decreased conversion of 25-hydroxyvitamin D to 

calcitriol. FGF-23 also regulates renal calcitriol levels by inducing expression of the 

catabolic enzyme 24-hydroxylase [19]. Since FGF-23 can decrease the synthesis and 

secretion of PTH [4,20], renal calcitriol levels may also be regulated by the action of 

FGF-23 on the parathyroid gland. Therefore, FGF-23 functions as a phosphaturic hormone 

as well as a counter-regulatory hormone for vitamin D. These functions of FGF-23 are 

dependent on the presence of the trans-membrane Klotho.

Treatment with paricalcitol, a vitamin D receptor activator (VDRA), is beneficial in patients 

with CKD, not only for the suppression of serum PTH levels, but also for improved survival 

[21]. In uremic rats, treatment with paricalcitol ameliorated progression of cardiomyopathy, 

presumably by preventing a decrease in levels of the vitamin D receptor (VDR) [22]. It has 

also been reported that the VDR controls expression of the Klotho gene [23]. Therefore, 

upregulation or restoration of Klotho by paricalcitol may provide a means to slow the 

progression of CKD and improve cardiovascular disease in these patients.

It is generally accepted that Klotho expression in the kidney is markedly decreased in 

uremia both in patients with CKD [24–26] and in rat models of CKD [27,28], but there are 

conflicting reports concerning the regulation of renal Klotho expression by VDRAs [7,23]. 

There are also varied and contrasting reports, in human and rodent studies, of the effect of 

uremia on Klotho expression, and its regulation by VDRAs, in parathyroid glands and the 

vasculature.

Because of the conflicting reports of Klotho expression and its regulation by VDRAs in 

uremic tissues, we examined the expression of Klotho and its regulation by paricalcitol in 

renal, vascular and parathyroid tissue of uremic rats. Human parathyroid tissue was also 

analyzed.
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Results

Analytical Determinations

Results of the chemistries for normal, uremic non-treated and paricalcitol-treated rats are 

shown in Table 1. Serum Cr, TCa, P, and the CaxP product were significantly increased in 

both groups of uremic rats compared with the normal controls. As expected, compared with 

controls (31.6 ± 7.1 pg/ml) PTH was significantly higher in the non-treated uremic rats 

(265.8 ± 62.0 pg/ml; p<0.01). Treatment with paricalcitol prevented the increase in PTH 

(16.6 ± 4.6 pg/ml; p<0.05 versus uremic control). Parathyroid gland weight was 

significantly increased 1.7-fold (p≤0.05) in the uremic rat compared with the control rats 

(0.89 ± 0.05 versus 1.52 ± .13 mg PTG/g body weight; n=4 and 6 for normal and uremic 

rats, respectively); paricalcitol blunted this increase (1.24 ± .12 mg PTG/g body weight; 

n=6). The level of FGF-23 in paricalcitol-treated uremic rats was 20-fold higher than normal 

controls (569 ± 56 versus 11,571 ± 2898 pg/ml for controls and paricalcitol treatment, 

respectively; p<0.01), and nearly 3-fold higher than non-treated uremic rats (3,998 ± 1,613 

pg/ml; p<0.05).

Klotho Immunostaining

Specificity—The specificity of the Klotho antibody was assessed by immunostaining 

sections of rat PTG, as shown in Figure 1. The strong staining obtained with the primary 

antibody (A) was blocked when the primary antibody was pre-absorbed with Klotho antigen 

(B) or was replaced with goat IgG (C).

Kidney—Klotho was detected in proximal tubules, distal tubules, and collecting ducts of 

kidney tissue, which is in agreement with the recent findings of Zhou et al., who showed that 

Klotho is ubiquitously expressed in all major tubular segments along the nephron in adult 

kidneys [5]. Klotho immunostaining in the cortex of kidney tissue of normal, uremic and 

uremic paricalcitol-treated rats is shown in Figure 2A. Quantification of the immunostaining 

is shown in Figure 2B. Klotho protein, strongly detected in the renal tubules of normal rats, 

was significantly decreased 65.5% in the uremic rats (p≤0.05); this decrease was blocked by 

treatment with paricalcitol (n=6 each). Quantification of renal Klotho mRNA (Figure 2C; 

n=6 each) also showed a significant decrease of 78.3% in Klotho expression in uremic rats 

(p≤0.05), which was blocked by paricalcitol treatment.

Aorta—Klotho immunostaining in the aorta of normal, uremic and uremic paricalcitol-

treated rats is shown in Figure 3A. Klotho protein was detected in the intimal-medial area of 

the aortic rings as well as in the adventitia, the outermost layer of the vasculature. The 

immunostaining was quantitated separately for each area. As seen in the normal tissue, 

Klotho is expressed in the vascular smooth muscle cells (VSMCs) of intimal-medial area of 

the aorta. Klotho expression in the intimal-medial area was significantly suppressed by 

69.2% in the uremic rats (p≤0.001) compared to normal and was not regulated by treatment 

with paricalcitol (Figure 3B). Of particular interest, however, immunostaining of the 

adventitia was significantly increased by 67.0% (p≤0.05) in the uremic rats; paricalcitol 

treatment blocked this increase in Klotho expression (Figure 3C).

Ritter et al. Page 3

Kidney Int. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To identify the cells responsible for the expression of Klotho in the adventitia, we examined 

the presence and localization of fibroblasts, using an antibody for vimentin, in relation to 

areas of Klotho expression. While vimentin is the most frequently found intermediate 

filament in fibroblasts, which makes it a well-accepted marker for that cell, it is also 

expressed in other cell types such as VSMCs. Vimentin immunostaining in the aorta of 

normal, uremic and uremic paricalcitol-treated rats is shown in Figure 4A, with quantitation 

of the staining shown in Figure 4B. In the intima/media, vimentin expression parallels that 

of Klotho (see Figure 3B; expression decreases in uremia and is not regulated by 

paricalcitol). Vimentin expression in the adventitia increased with uremia (paralleling 

Klotho expression), but was not regulated by paricalcitol.

To examine localization of Klotho expression with different cell types in the adventitia, 

consecutive sections of rat aorta were immunostained for Klotho, vimentin and CD-34 

(Cluster of Differentiation 34), a marker of progenitor cells often used to detect 

undifferentiated fibroblasts. The upper panels in Figure 5 shows a side-by-side comparison 

of Klotho, vimentin and CD-34 staining in normal rat aorta. To better visualize this staining, 

the color images were contrast-enhanced and then inverted so that the staining appeared 

white against a dark background (lower panels). Figure 6 shows a side-by-side comparison 

of Klotho, vimentin, CD-34 and CD-68 (a marker of macrophages) in uremic rat aorta 

(upper panels); contrast-enhanced and inverted images are shown in the lower panels. The 

areas of staining for fibroblasts (vimentin) and undifferentiated fibroblasts/stem cells 

(CD-34) were localized to the areas of Klotho expression in the adventitia, suggesting that 

fibroblasts (mature and immature fibroblasts) may be responsible for the expression of 

Klotho in the adventitia. Few macrophages were detected.

No vascular calcification was detected using Von Kossa staining (data not shown).

Parathyroid—Klotho immunostaining in the parathyroid glands of normal, uremic and 

uremic paricalcitol-treated rats is shown in Figure 7A. Both cytosolic and nuclear staining 

was observed. Quantitation of the immunostaining (Figure 7B) showed no difference in the 

expression of Klotho in normal and untreated uremic rats. However, there was a significant 

increase of 31.0% in Klotho expression in the parathyroid glands of uremic rats treated with 

paricalcitol (p≤0.05 versus UC). Archived hyperplastic parathyroid glands from 10 patients 

with secondary hyperparathyroidism and a single normal parathyroid gland were 

immunostained for Klotho. A serial section was stained with hematoxylin-eosin (H&E) to 

identify the parathyroid cell type as an oxyphil cell or chief cell. A homogeneous Klotho 

staining was seen in the reference normal parathyroid gland, which was composed mainly of 

chief cells. However, a heterogeneous expression of Klotho was observed in the hyperplastic 

parathyroid tissue, with a higher expression found in oxyphil cells compared with chief cells 

in all 10 patients. This was a consistent finding that applied to all the oxyphilic areas of the 

tissues examined. Representative images of the normal tissue and 3 of the hyperplastic 

glands (each from a different patient) are shown in Figure 8.

Validation of Klotho immunostaining—To validate the Klotho immunostaining, a 

second Klotho antibody (ABIN502138; Aviva Systems Biology Corp., San Diego, CA, 

USA) was tested in a side-by-side comparison with the antibody that used for all of the IHC 
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in the study (sc-22220; Santa Cruz Biotechnology Inc., Dallas, TX, USA). Hyperplastic 

parathyroid tissue from 3 uremic patients was subjected to H&E staining to identify the 

oxyphil and chief cells, and then serial sections were immunostained with the 2 Klotho 

antibodies. As shown in the Figure 9, the immunostaining pattern of Klotho protein was 

identical for both antibodies, confirming our findings that the oxyphil cells in human 

parathyroid glands exhibit a more intense staining compared to chief cells. Additionally, 

consecutive sections of normal rat kidney were immunostained with both antibodies and 

representative images of 2 different areas of the kidney (A and B) are shown in Figure 10. 

Staining of the renal tissue is comparable with both antibodies.

Discussion

The subject of the expression and regulation of Klotho in a variety of tissues is not without 

controversy. In the present study, we show that Klotho is differentially expressed in the 

kidney, aorta and parathyroid glands of uremic rats, and likewise is differentially regulated 

in these tissues by treatment with paricalcitol. Our investigation supports certain previous 

studies, contrasts with others, and introduces new findings.

Kidney

We found that renal Klotho expression (protein and mRNA) is markedly decreased in our 

uremic rat model, which is consistent with previous reports in patients with CKD [24–26] 

and in rat and mouse models for CKD [27,28]. Although the exact mechanism of how 

Klotho is reduced in kidney disease is not known, hyperphosphatemia, hypercalcemia, 

ischemia, oxidative stress, angiotensin II, TGF-β1, and inflammation are thought to be 

involved [2,5,27,29,30]. VDRAs have a therapeutic potential in attenuating experimentally 

induced kidney diseases [31–36]. VDRA treatment attenuates the progression of 

glomerulosclerosis and albuminuria, and decrease the podocyte loss in subtotally 

nephrectomized rats. Additionally, clinical studies have shown that VDRAs are associated 

with decreased morbidity and mortality in patients with CKD [37–39]. Upregulation or 

restoration of Klotho by paricalcitol or other VDRAs may serve to slow the progression of 

CKD and improve cardiovascular disease in these patients. Calcitriol has been shown to 

upregulate Klotho mRNA in a variety of human, murine and simian kidney cell lines [23]. 

We found that treatment of uremic rats with the VDRA paricalcitol blocked the decrease in 

renal Klotho expression. This is in contrast with a study by Lau et al. who, in a uremic 

mouse model, found that while VDRA therapy upregulated serum and urine Klotho levels, 

renal and parathyroid Klotho were not affected [7]. Since no upregulation of Klotho by 

VDRA treatment was found in a variety of tissues analyzed, the authors postulated that an 

increased expression/shedding of Klotho could account for the increase in soluble Klotho. 

Several factors may explain the different findings between our study and Lau’s study: 1) in 

our study, the dietary phosphate was 0.4% compared with 1.5% in Lau’s study; 2) 

paricalcitol decreased PTH to normal levels in our study, but neither paricalcitol nor 

calcitriol had an effect on PTH levels in Lau’s study; 3) we found no aortic calcification, 

whereas Lau found marked medial calcification in the aorta; and 4) our study was in rats and 

Lau’s study was in mice.
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Parathyroid

In the parathyroid gland, we found no difference in the expression of Klotho protein in 

normal and uremic rats. However, treatment of uremic rats with paricalcitol significantly 

increased Klotho expression. Previous reports of parathyroid Klotho expression are varied. 

In the parathyroid glands of rats with mild uremia and normal PTH levels (7/8 

nephrectomy), Klotho mRNA was not significantly different from that of control rats [40]. 

However, in parathyroid glands of rats with more severe uremia and marked 

hyperparathyroidism (adenine/high phosphate diet), Klotho expression was significantly 

increased at week 1 and 2 of uremia, but was suppressed at week 6 of uremia [41]. Hofman-

Bang et al. found that Klotho expression was increased in the parathyoid tissue of uremic 

rats on a high phosphate diet (5/6 nephrectomy), but not in uremic rats on a standard diet; 

treatment with calcitriol significantly decreased parathyroid Klotho mRNA and protein in 

the uremic rats on a high phosphate diet, but had no effect in normal rats [42]. In contrast, 

Krajisnik et al. showed that calcitriol increased Klotho expression in cultured bovine 

parathyroid cells, a model for normal parathyroid cells [43]. Thus, there appears to be no 

concensus as to the effect of uremia on Klotho expression in the parathyroid in animal 

studies, and no concensus regarding the effect of treatment with VDRAs. These highly 

variable reports in animals could be the result of a number of factors, including examination 

of mice versus rats, the type of CKD model used (i.e. different methods of nephrectomy or 

the use of an adenine diet to induce CKD), the degree of uremia examined, or the level of 

phosphate in the diet.

Klotho expression has also been examined in human parathyroid tissue. In a study of 

primary hyperparathyroid patients, expression of Klotho mRNA and protein was decreased 

or undetectable in parathyroid adenomas, and the expression was inversely correlated to 

serum calcium levels [44]. In another study, the expression of parathyroid Klotho (but not 

the FGFR) was decreased in patients with primary hyperparathyroidism compared to normal 

tissue, but there was no correlation between Klotho expression and serum calcium levels 

[45]. In uremic patients with secondary hyperparathyroidism, Klotho was detected in 

nodular parathyroid tissue, but the expression varied in every nodule [46]. Komaba et al. 

found the expression of Klotho and FGFR1 was significantly decreased in uremic 

parathyroid hyperplasia compared with normal parathyroid tissue, and the decrease was 

especially pronounced in nodular hyperplasia compared to diffuse hyperplasia [47]. 

However, Latus et al. showed that Klotho, but not FGFR-1, was decreased in patients with 

secondary hyperparathyroidism [48]. Krajisnik et al. showed that Klotho and FGFR1 

expression was decreased in hyperplastic parathyroid glands from CKD and kidney 

transplant patients compared to controls, but the decreased expression was not necessarily 

lower in nodules [43]. There was no difference in parathyroid Klotho expresssion in patients 

treated with or without calcitriol, nor did calcitriol have any effect on cultured parathyroid 

cells from a CKD patient. Consistent with these studies, we found that the chief cells of 

normal parathyroid tissue exhibited strong Klotho expression. However, we also found a 

differential expression of Klotho in the parathyroid glands of patients with secondary 

hyperparathyroidism according to cell type, with greater expression in the oxyphil cells 

compared with chief cells. Overall, previous studies in humans consistently indicate that the 

expression of parathyroid Klotho decreases in uremia compared with normal parathyroid 
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tissue. Given our results, we postulate that the decrease in parathyroid Klotho expression 

observed in uremia is due to a decrease of the protein in chief cells. The finding of the 

higher expression of Klotho in the oxyphil cells, which are increased in number in patients 

with uremia and whose function is still unknown, is intriguing. We have previously shown 

that oxyphil cells have increased expression of parathyroid-specific genes such as PTH, 

calcium-sensing receptor, glial cells missing-2, parathyroid hormone-related-protein and the 

1α-hydroxylase compared to chief cells, [49,50]. Studies that will better define the role of 

the oxyphil cell in parathroid pathophysiology are warranted. Additionally, correlation of 

Klotho expression with blood parameters, the expression Klotho in nodular versus diffuse 

hyperplasia, and regulation of Klotho by VDRAs have yet to be clarified.

It is difficult to correlate our findings in human parathyroid glands to our findings in the rat 

glands since rat parathyroids “generally” do not exhibit oxyphil cells. When parathyroid 

glands are removed from patients with CKD, the glands have usually been hyperplastic for 

years, allowing for transformation of chief cells into oxyphil cells. Would oxyphil cells 

develop in the parathyroids of rats experiencing uremia over a comparable period of time? A 

study from 1975 found that Mongolian gerbil parathyroid glands exhibited the presence of 

oxyphil cells when the glands were cultured in high calcium concentrations for 7 days, 

suggesting that chief cells can transform into oxyphil cells under these conditions [51]. In 

addition, while oxyphil cells are not commonly reported in the rat parathyroid, they have 

been documented under certain circumstances [52,53]. Therefore, rat parathyoid glands may 

have the potential to develop oxyphilic cells under the proper environment. However, 

determining whether extended periods of uremia would produce parathyroid oxyphil cells in 

rats may be problematic because of the high mortality rate seen in rats with long-term renal 

failure.

Aorta

Cardiovascular disease is responsible for an increased mortality in patients with chronic 

kidney disease, especially those with end-stage renal disease [54,55]. Arterial calcification is 

a major contributor to cardiovascular events and mortality in these patients [56–59]. The 

specific effects of Klotho on vascular calcification are not clear. Lim et al. have reported a 

high expression of Klotho protein in the arteries of healthy individuals, and this expression 

is severely decreased in arteries from patients with CKD [6]; VDRA treatment significantly 

increased Klotho expression in arterial tissue from patients with CKD but not in tissue from 

healthy individuals.

A vascular deficiency of Klotho has been reported to promote vascular calcification [6,28]. 

However, a recent report by van Venrooij et al. showed that Klotho expression was detected 

only in sections of calcified coronary arteries that were positive for FGF-23 and the 

osteogenic transcription factor DMP1 (dentin matrix protein 1) [60], which contrasts with 

other reports that Klotho is vital to normal vascular smooth muscle tissue function [6,9,28]. 

Others have not detected Klotho in vascular smooth muscle cells from uremic humans or 

mice, or in healthy or calcified mouse aorta [7,10]. Jimbo et al. detected Klotho mRNA and 

protein in normal rat aorta, but the expression was not decreased in uremia [11]. In isolated, 

cultured vascular smooth muscle cells (VSMCs), however, Klotho mRNA was detected, but 
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not Klotho protein. We previously demonstrated in uremic rats that paricalcitol ameliorates 

left ventricular hypertrophy, suppresses myocardial arterial vessel thickness, and myocardial 

and perivascular fibrosis, possibly by up-regulating the VDR; however, vascular 

calcification and vascular Klotho were not analyzed [22]. Others have shown that treatment 

with paricalcitol decreases vascular calcification, but again, either Klotho was not 

investigated or vascular tissue was analyzed for Klotho and it was not detected [7,61].

Here, we found that the expression of Klotho in uremic rats was decreased in the medial area 

of the aorta and was not regulated by treatment with paricalcitol. Klotho expression was 

found in the smooth muscle cells of the media, which corroborates the finding of Lim et.al 

[6], who was one of the first to show endogenous expression of Klotho in the human 

vasculature and vascular smooth muscle cells. In contrast, we found an increase in Klotho 

expression in the adventitia of the aorta, and treatment with paricalcitol blunted this 

increase. The pattern of Klotho expression in the aorta of uremic rats in our study is similar 

to FGF-23 expression in mouse aorta as reported by Fang et. al. [8]. They observed FGF-23 

immunostaining in the aortic media of normal mice. However, while this medial expression 

was lost with mild uremia, there was an increase in FGF-23 staining in the adventitia. The 

authors suggested this increased staining of FGF-23 in the adventitia was possibly due to 

circulating FGF-23 binding to its receptor, which co-localized to that area. The increased 

expression of adventitial Klotho in our study could be attributed to the nature of the 

adventitia itself and its involvement in vascular calcification. It is now acknowledged that 

the adventitia plays an important role in vascular function and pathophysiology. A recent 

review by Majesky et al. details the interplay of the cell types in the adventitia and their role 

in vascular wall growth, remodeling, and disease [62]. The adventitia consists mainly of 

fibroblasts in addition to perivascular nerves and microvessels embedded in a collagen 

extracellular matrix. The adventitia is a major site for immune responses, for inflammatory 

cell trafficking into and out of the vessel wall, and it is considered to be a source of 

progenitor cells. The adventitia also provides microvascularization, nutrient supply, and 

mesenchymal progenitors to the outer half of the media [63–65]. In uremic patients with 

increasing degrees of vascular calcification, it has been shown that areas of calcification 

progress concentrically from the adventitia to the intima [66]. In diabetic mice, activated 

myofibroblasts in the adventitia promote vascular calcification of the media by inducing 

paracrine Wnt signals [67,68]. It should be noted that our detection of Klotho and the 

detection of FGF-23 by Fang in the adventitia in uremic animals occurred at a stage of 

kidney failure in which there was no detection of medial calcium deposition. Since Klotho is 

generally associated with cellular protection, upregulation of Klotho in the adventitia is most 

likely a protective/compensatory response to counteract the development of calcification in 

the media. However, it is possible that Klotho upregulation is actually involved in a 

pathophysiological event, as is suggested in a study that found a link between increased 

Klotho and the process of retinal degeneration [69].

It should also be pointed out that, given the differential expression in the adventitia and 

intima/media, care should be taken when analyzing the aorta in future studies. Stripping the 

adventitia from the media when the tissue is processed could greatly alter the results of an 

experiment. This could, in part, explain some of the varied results obtained in different 

laboratories.
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Our data suggest that mature and undifferentiated fibroblasts may be responsible for the 

expression of Klotho in the adventitia. This is supported by recent studies that have 

demonstrated the expression of Klotho in: 1) normal human skin fibroblasts [70], 2) 

synovial fibroblasts [71], and 3) MRC-5 human primary fibroblast cell line [72]. Fibroblasts 

are the most abundant cells in the adventitia and upon activation secrete a number of 

cytokines, chemokines and growth factors, produce extracellular matrix, and communicate 

with neural cells and cells of hemopoietic origin. Although macrophages were detected in 

the adventitia, they were too few in number to account for the degree of Klotho expression.

In the intima/media, vimentin expression parallels that of Klotho (i.e., expression decreases 

in uremia and is not regulated by paricalcitol). However, interpretation of vimentin 

expression in the intima/media is more complicated than in the adventitia. VSMCs are 

different from other smooth muscle cells in that they express vimentin rather than desmin, 

another intermediate-sized cytoskeletal filament. It is thought that vimentin in VSMCs 

reflects a differentiation pathway separate from that of other smooth muscle cells and may 

be related to special functions and pathological disorders of blood vessels [73]. The 

association of decreased VSMC vimentin and decreased Klotho expression in the uremic 

media may be reflective of this.

In conclusion, in our model of moderate CKD and mild-to-moderate hyperphosphatemia we 

found that the differential expression of Klotho and its regulation by paricalcitol in uremia is 

tissue-dependent. Clearly, given the importance of Klotho in mineral metabolism and the 

pathogenesis of CKD, the expression of Klotho and its regulation by VDRAs in uremia 

warrants further investigation in the kidney, parathyroid, and vasculature. The varied results 

observed in the investigation of Klotho expression and regulation in recent years may be the 

result of many factors including the method of induction of uremia, the concentration of 

phosphate in the diet, the degree of uremia, the duration of uremia, the use of mice, rat or 

human tissue, in vitro or in vivo experiments, the antibody used for Klotho analysis, as well 

as how tissue is processed. A major task ahead lies in the interpretation of data obtained 

from diverse studies that utilize a range of experimental design, conditions, and analysis.

Materials and Methods

Experimental Protocol

The Animal Studies Committee at Washington University School of Medicine approved the 

experimental protocol of the current study in accordance with federal regulations. Uremia 

was induced in a group of female Sprague-Dawley rats (225–250g) by 5/6 nephrectomy and 

the rats were divided into a uremic control group (UC, no treatment) and a group that was 

treated with paricalcitol 3 times per week (UP; 200 ng/rat administered intraperitoneally). 

Treatment with paricalcitol was started 1 day after surgery. Normal rats served as controls 

(NC). All rats were fed normal rat chow containing 0.9% calcium and 0.4% phosphorus. 

The treatment lasted for 3 months. Rats were killed by exsanguination via the dorsal aorta; 

plasma and serum were collected and frozen. The remnant kidney and aorta were divided 

into several sections and either fixed in 10% buffered formalin for immunohistochemistry or 

snap frozen in liquid nitrogen and stored at 80°C until further examination. The parathyroid 
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glands were weighed (CAHN-31, Orion Instruments, Inc., Boston, MA, USA) and fixed in 

10% buffered formalin for immunohistochemical analysis.

Human Parathyroid Tissue

Archived parathyroid tissue obtained from 10 patients undergoing parathyroidectomy due to 

uremic secondary hyperparathyroidism was used for analysis of Klotho expression. 

Informed consent had been obtained for collection of the tissue. Paraffin sections were 

chosen for immunostaining based on the presence of a mixed-cell population (chief and 

oxyphil cells) as determined with H&E staining. For reference, a single normal parathyroid 

gland obtained from a patient undergoing a total thyroidectomy was immunostained.

Analytical determinations

Serum phosphorus (P) and creatinine (Cr) were measured by an autoanalyzer (COBAS-

MIRA Plus, Branchburg, NJ, USA). Total serum calcium (TCa) was measured by atomic 

absorption spectrophotometry (Perkin-Elmer, model 1100B, Norwalk, CT, USA). Ionized 

Ca (ICa) was measured using a Nova 8 electrolyte analyzer (Nova Biomedical, Woltham, 

MA, USA). Serum PTH and FGF-23 were determined using the Rat Bioactive Intact PTH 

ELISA kit and the Mouse FGF-23 (C-Term) ELISA kit, respectively, from Immutopics (San 

Clement, CA, USA).

Immunohistochemical evaluation

Formalin-fixed, paraffin sections of kidney, parathyroid and aorta tissue were 

immunostained using a Klotho antibody (goat) obtained from Santa Cruz Biotechnology, 

Inc. (sc-22220). This is an affinity purified goat polyclonal antibody raised against a peptide 

mapping within an internal region of human Klotho between amino acids 500–550. Kidney 

and aorta tissue sections were deparaffinized, rehydrated, then microwaved at high intensity 

for 10 min in 10 mM citric acid (pH 6.0) and then allowed to cool for 10 min, after which 

the sections were quenched for 10 min in 0.6% hydrogen peroxide in methanol; the 

parathyroid tissue was processed using the same protocol, with the exception that it was not 

microwaved. Sections were blocked for at least 10 min with 2.5% horse serum (Vector 

Laboratories, Burlingame, CA, USA), and were incubated overnight (4°C) with the Klotho 

antibody diluted in 2.5% horse serum (1:50 dilution for kidney and aorta tissue, 1:250 

dilution for parathyroid tissue). Incubation with goat IgG in place of the primary antibody 

(Santa Cruz Biotechnology, Inc.) was used as a negative control. The second antibody 

(peroxidase-conjugated anti-goat ImmPRESS reagent from Vector Laboratories) was 

applied for 30 min at room temperature, and the immune complexes were visualized with 3-

amino-9-ethylcarbazole substrate-chromogen (AEC) from Vector Laboratories. The 

specificity of the Klotho antibody was determined by preabsorbing the Klotho antibody with 

a 10-fold excess of Klotho peptide (Santa Cruz Biotechnology, Inc.; sc-22220-P blocking 

peptide) for 1 hour before application to the tissue sections. An additional Klotho antibody 

(Aviva Systems Biology Corp.; #ABIN502138; obtained through AntibodiesOnline.com) 

was used to validate the Klotho staining in our tissue (rat kidney, 1:250 dilution, with 

microwave treatment; human parathyroid tissue 1:500 dilution, no microwave treatment). 

This is a rabbit polyclonal antibody; the immunogen for the antibody was a synthetic peptide 

directed towards the middle region of human Klotho. Additionally, in sections of aorta, 
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fibroblasts were detected using an antibody to vimentin (mouse pre-diluted Clone V-9; 

Invitrogen Life Technologies), dedifferentiated fibroblasts (stem cells) were detected using 

an antibody to CD-34 (1:50 dilution goat polyclonal #sc-7045; Santa Cruz Biotechnology, 

Inc) and macrophages were detected using an antibody to CD-68 (1:50 dilution mouse anti-

rat #MCA341R; Serotec, Oxford, UK); microwave antigen retrieval was used, and 

antibodies were incubated on the tissue overnight at 4°C. CD-68 was visualized with or 3,3′-

diaminobenzidine (DAB) from Vector laboratories.

Quantification of Klotho immunostaining was performed as previously described [49]. 

Images of each stained tissue section were captured using a Nikon Diaphot-TMD 

microscope coupled to a camera and an image analysis system. The number of images 

captured for each tissue per rat was as follows: 5 images (200x) of the kidney cortical area 

containing glomeruli, 1 image (100x) for each parathyroid gland, and 8 images (400x) for 

each aortic ring (the areas of the intima-media and adventitia were analyzed separately). The 

images were converted to grayscale and analyzed using Image-Pro Plus software (Media 

Cybernetics, Silver Spring, MD, USA). The intensity of staining was quantified using the 

OD (optical density) function of the software; for each image, the integrated OD (IOD) and 

the area were obtained, and the IOD/area ratio was calculated to express the intensity of 

staining per unit area. When multiple images were analyzed (for the kidney and aorta), the 

IOD/area values obtained for each of the multiple images of each tissue were averaged, 

resulting in 1 value for that tissue for each rat. The IOD/area of the negative control (i.e. 

IgG) immunostaining was subtracted from the IOD/area for the antibody-stained sections to 

obtain a “corrected” IOD/area. The average of the corrected values obtained for the normal 

control animals was considered to be the baseline staining. The corrected IOD/area values 

for the uremic animals were reported as percentage of the baseline staining. Quantification 

of vimentin immunostaining was performed by analyzing 10–18 images of each aortic ring 

(400x). On each color image, an area of interest (AOI) was drawn around the adventitial 

area, and the color cube function used to highlight the staining. The highlighted areas of the 

entire adventitia were counted and expressed as a percentage of the total area of the 

adventitia. This process was then repeated on the intima/media area of each image. The 

Image-Pro software was also used to better visualize the localization of Klotho, vimentin, 

CD-34 and CD-68 staining on consecutive sections of tissue. The color images of the 

staining were contrast-enhanced and then inverted so that the staining appeared white 

against a dark background.

Formalin-fixed paraffin sections of aorta were examined for vascular calcification using a 

Von Kossa kit (Polysciences Inc, Warrington, PA, USA).

Real-time PCR

Kidney RNA samples were analyzed by real-time (RT) quantitative PCR. Total RNA was 

isolated using RNAzol Bee (Tel-Test, Friendswood, TX). Reverse transcription of the RNA 

was carried out using oligo-dT primer and SMART MMLV reverse transcriptase 

(CLONTECH Laboratories, Mountain View, CA, USA). RT-PCR was performed using Fast 

SYBR Green Master Mix (Applied Biosystems; Foster City, CA) in an Applied Biosystems 

7900HT Fast Real-Time PCR System. QuantiTect Primer Assays obtained from Qiagen 
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(Valencia, CA) were obtained for quantifying rat Klotho (Klotho; QT00185822) and the 

housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH; QT00199633). 

The ΔΔC technique was used to calculate the ratio of target gene to GAPDH with respect to 

normal control rats. The results were reported as the percent of normal control values, which 

represented 100%.

Statistical analysis

All data are expressed as mean ± s.e.m. One-way analysis of variance (ANOVA) with the 

Tukey’s post-test, unless stated otherwise, was used for comparison between uremic groups; 

p ≤ 0.05 was considered significant. GraphPad InStat 3 software was used for the statistical 

analysis (GraphPad Software; La Jolla, CA).
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Figure 1. 
The specificity of the Klotho antibody. Representative images of a rat PTG show that the 

strong staining obtained with the primary antibody (A) was blocked when the primary 

antibody was pre-absorbed with Klotho antigen (B) or was replaced with goat IgG (C), 

200x; bar represents 50 microns and applies to all figures.
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Figure 2. 
Renal Klotho. (A) Representative images of Klotho immunostaining of normal, uremic, and 

uremic paricalcitol-treated rat kidney tissue, 200x; bar represents 50 microns and applies to 

all figures. (B) Quantitation of immunostaining. (C) Quantitation of Klotho mRNA of 

kidney tissue. αp≤0.01 versus Normal, βp≤0.05 versus Uremic; (n=6 each); Average ± s.e.m.
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Figure 3. 
Vascular Klotho. (A) Representative images of Klotho immunostaining of normal, uremic, 

and uremic paricalcitol-treated rat aorta, 400x; bar represents 50 microns and applies to all 

figures. The areas of the intima-media and adventitia are indicated in the first panel. (B) 

Quantitation of immunostaining of the intimal-medial area. (C) Quantitation of 

immunostaining of the adventitia. αp≤0.001 versus Normal, βp≤0.05 versus Normal; n=6 

each; Average ± s.e.m.
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Figure 4. 
Vascular Vimentin. (A) Representative images of vimentin immunostaining of normal, 

uremic, and uremic paricalcitol-treated rat aorta, 400x. The areas of the intima-media and 

adventitia are indicated in the first panel. (B) Quantitation of immunostaining of the intimal-

medial area. (C) Quantitation of immunostaining of the adventitia. αp≤0.05 versus 

Normal, βp≤0.001 versus Normal; n=6 each; Average ± s.e.m.
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Figure 5. 
Localization of Klotho, Fibroblasts and Undifferentiated Fibroblasts in Normal Rat Aorta. 

(Upper panels) Representative images of staining for Klotho, fibroblasts (vimentin) and 

undifferentiated fibroblasts (CD-34) in normal rat aorta; 400x. (Lower panels) Images were 

contrast-enhanced and inverted to better visualize staining (seen in white).

Ritter et al. Page 21

Kidney Int. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Localization of Klotho, Fibroblasts, Undifferentiated Fibroblasts and Macrophages in 

Uremic Rat Aorta. (Upper panels) Representative images of staining for Klotho, fibroblasts 

(vimentin), undifferentiated fibroblasts (CD-34) and macrophages (CD-68) in uremic rat 

aorta; 400x. (Lower panels) Images were contrast-enhanced and inverted to better visualize 

staining (seen in white).
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Figure 7. 
Parathyroid Gland Klotho. (A) Representative images of Klotho immunostaining of normal, 

uremic, and uremic paricalcitol-treated rat parathyroid glands, 100x; bar represents 50 

microns and applies to all figures. (B) Quantitation of immunostaining, (Normal, n=4; 

Uremic and Uremic+Paricalcitol, n=6 each). αp≤0.05 versus Uremic; Average ± s.e.m.
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Figure 8. 
Human Parathyroid Gland Klotho. Representative images of H&E staining and Klotho 

immunostaining of consecutive sections of normal human parathyroid (hPTG) tissue from 1 

patient, and hyperplastic parathyroid tissue from 3 patients with secondary 

hyperparathyroidism, 200x; bar represents 50 microns and applies to all figures. Oxyphil 

cells are identified by an intense eosinophilic staining compared to chief cells, as shown in 

the upper panels. Expression of Klotho in consecutive sections of tissue for each parathyroid 

gland (lower panels) is highest in the oxyphil cells.
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Figure 9. 
Comparison of Immunostaining of 2 Klotho Antibodies in Human Parathyroid Gland 

Klotho. Representative images of H&E staining and Klotho immunostaining using 2 

different antibodies on consecutive sections of hyperplastic human parathyroid tissue, 200x; 

bar represents 50 microns and applies to all figures. The immunostaining pattern of both 

antibodies was nearly identical, with Klotho expression higher in the oxyphil cells compared 

with chief cells.
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Figure 10. 
Comparison of Immunostaining of 2 Klotho Antibodies in Rat Kidney. Representative 

images of H&E staining and Klotho immunostaining using 2 different antibodies on 

consecutive sections of cortical rat kidney tissue, 200x; bar represents 50 microns and 

applies to all figures. Staining of the tubules in the cortical areas of the sections was 

comparable with the 2 antibodies.
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