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Mineral regulation 
This regulation is critical. Without this precise regulation, you and I would not be sitting here. We would be in San Francisco Bay. So, our cells must maintain their calcium concentrations and their sodium concentrations and our ECF also must be maintained carefully. Now, this is not a simple regulation. We know that it is a complex regulation. This is calcium, phosphorus, PTH, and D with relation to bone. For example, we know that a low calcium stimulates PTH. The PTH stimulates the 1,25 D. As we will discuss, the 1,25 D increases the calcium absorption and raises the serum calcium. The PTH and the 1,25 D cause bone demineralization and raise the calcium - it is a self-correcting mechanism. What you have to understand is the rules – How calcium regulates PTH and D and how phosphorus regulates. If you try to memorize all the different syndromes and all the different disorders, you will fail. No one can do this. What you have to do, what I do, what I tell our fellows to do, several of whom are sitting next to you, and our residents is to understand the physiology. Once you understand the physiology, the pathophysiology becomes quite evident.
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Calcium 
Let us move on. On a daily basis, we consume about 20 mmol of calcium – we know the atomic weight of calcium is 40 - that is about 800 mg. You and I, especially the women in the group, should consume about 1000 mg – most of us do not quite get there. We excrete about 16 mmol, leading to a net absorption of about 160 mg of calcium. Note the extracellular fluid space calcium is quite small – only 35 mmol – one-thousandth of what the bone calcium concentration content is. Everyday, there is bone formation and bone resorption of about a third of the calcium that is in ECF. We filter about 270 mmol of calcium on a daily basis, reabsorb about 266 – leading to a net excretion of about 4 mmol of calcium – precisely as much calcium as is absorbed.
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Extracellular calcium-1 
The physiologic mechanisms that we are going to speak about over the next hour allow this precise physiologic regulation while maintaining the extracellular fluid calcium concentration where it is and the serum calcium concentration where it is.

Normally, you and I have about 9 to 10.6 mg/dL of calcium or 2.25 to 2.65 mmol/L of calcium. We are a little schizophrenic. Dialysis baths are in one unit. Serum levels are in another unit. When we become more advanced, we will all use millimoles but most of us are still using mg/dL in our daily clinical practice.

About 45% of this total calcium is bound to protein, another 45% is ionized, and about 10% is complexed. Only the ionized calcium is biologically active – that is all we have to be concerned about. The ultrafiltrable calcium which is that which is filtered by the kidney is the ionized calcium plus the complexed calcium. This calcium is complexed to carbonates, phosphates, other anions. This is the ultrafiltrable calcium – the biologically active calcium is only the ionized calcium – this is what we are concerned about. Most clinical laboratories can easily measure ionized calcium. It probably will serve your patients well to measure ionized calcium frequently and correct ionized calcium and not total calcium because abnormalities in protein – either too low or too high – can lead to changes in total calcium that are not reflected in changes in ionized calcium. So, measure ionized calcium.
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Extracellular calcium-2 
Total calcium about 10 mg/dL, 45% is protein bound and 1 gm/dL fall in albumin will lead to about 0.8 mg/dL fall in calcium. Your albumin falls, your calcium falls but your ionized calcium is remarkably resilient to the changes in albumin. So, again measure ionized calcium.
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Extracellular calcium-3 
The pH also has an effect. As you decrease the pH, you bind hydrogen ions, which are now more plentiful, to the receptors on albumin. The negative charges on the albumin are occupied by hydrogen ions - the ionized calcium will increase. But again, I do not even give you the numbers, because they are so bad – measure ionized calcium.
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Source: Brown EM et al. Nature. 1993;366:575. 
Calcium-sensing receptor (CaR) 
This is a calcium-sensing receptor. Some of the slides that I will use are not in your syllabus. Some of the slides I will use have been updated. I will try to point them out. Nothing in your syllabus is inaccurate – it is just a little updated on the slides. The calcium-sensing receptor, initially cloned by Ed Brown, an endocrinologist, and Steve Hebert, a card-carrying nephrologist, member of the ASN, cloned it over a decade ago – very, very impressive feat.

00:00 

[image: image11.png]Calcium Sensing Receptor - 1
Parathyroid
G protein - coupled receptor
Abundant expression
Centralrole in PTH secretion
Increase in Ca** decreases PTH secretion
Kidney
mMRNA - Present Along Entire Nephron
Protein
Proximal tubule - brush border
IMCD - brush border
CTAL - basolateral surface
MTAL - basolateral surface
DCT - basolateral surface




Calcium-sensing receptor – 1 
The calcium-sensing receptor is a G-protein-coupled receptor, abundant expression, central role in PTH secretion. Increase in calcium decreases PTH secretion – I will say that at least five more times in the next 10 minutes, very important fact to remember.

At the kidney, the messenger RNA for the CaR is present along the entire nephron. The protein is present in the proximal tubule on the brush border and the IMCD in the brush order and importantly on the basolateral surface of the medullary thick ascending limb and the DCT – we will talk about these later. It is important that the calcium receptor is there.
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Parathyroid hormone (PTH) – 1 
Parathyroid hormone – our first important hormone. Its secretion is regulated principally by calcium via this calcium receptor. Low calcium stimulates secretion. It is also regulated to some extent by 1,25 D. As you know, in your dialysis patients if you give them 1,25 D or the analogs, there is an inhibition of PTH secretion. It is also regulated by phosphate. The high phosphate in our dialysis patients stimulates secretion, but the regulation is clearly principally by calcium through the calcium receptor. These are secondary regulators of PTH secretion.
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Ca regulates PTH – through CaR 
In this nice slide by Bill Goodman, you see the set point for calcium in relation to PTH secretion. At high ionized calcium, there is very little secretion. At low ionized calcium, there is maximal secretion. The set point is where 50% of the PTH that can be secreted is secreted. It is approximately 1.21 in most of us.

Important points – this is a very steep curve - small changes in ionized calcium will cause large changes in PTH secretion. The other important point is that every parathyroid gland cell has some unregulated secretion of PTH. As your glands get larger and larger and larger, especially in patients with ESRD, there is some basal PTH secretion that cannot be turned off. So this is not quite at 0, it is a little higher than 0 in many of our dialysis patients.
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Parathyroid hormone (PTH) – 2 
Parathyroid hormone has actions on the kidney, the bone, and not the intestine. At the level of the kidney, it stimulates reabsorption of calcium and inhibits reabsorption of phosphate. So, PTH is a phosphaturic hormone. When you have patients in stage 3 or 4 CKD whose PTH is high, that PTH is helping them excrete phosphate. It also stimulates reabsorption of calcium, and PTH increases the activity of 1a-hydroxylase – that converts the 25 OHD3 to the 1,25 (OH)2D3. PTH stimulates the 1a-hydroxylase. 

At the level of the bone, PTH stimulates the resorption of calcium. Like we absorb calcium, you reabsorb it at the level of the kidney and you resorb at the level of the bone. So, PTH stimulates resorption of calcium and resorption of phosphorus. We know that intermittent doses of PTH now can stimulate bone formation. In our ESRD patients - many of them have very high levels of PTH - there is net bone resorption. We now know that if we give PTH intermittently in patients with osteoporosis, you can actually stimulate bone formation.

Importantly, there is no direct effect of PTH on the intestine – only through the increase of 1,25 D. Very important point - on the boards, there is always a question - does PTH work on the intestine? Only indirectly, not directly.
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Effects of PTH on bone, kidney, and intestine 
This for those of you who like graphic form of what I just put in text - calcium regulates PTH. A low calcium stimulates PTH. PTH causes bone resorption with increase of calcium and phosphorus, causes a phosphaturia – so there is decreased phosphorus reabsorption, increased calcium reabsorption. PTH does not act on the kidney but stimulates production of 1,25-dihydroxy D3 through the 1-hydroxylase, which increases calcium and phosphorus absorption – all three things raise the serum calcium and turn off the PTH secretion – very nice feedback loop. Understand the feedback loops for calcium, phosphorus, PTH, and 1,25 D, you will be able to understand the pathophysiology.
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Vitamin D 
This is vitamin D – 7-dehydrocholesterol. UVB rays or high-skin temperatures – the skin actually makes vitamin D. Older people, especially in Northern climates where there is not that much sun, can actually be vitamin D deficient. Many of your dialysis patients are vitamin D deficient – it behooves you to check it, but you will hear about it a lot just a bit later. D2comes from yeast and plants and D3 from fatty fish and the cod liver oil your mother told you to take when you were younger – she was right. At the level of the liver, the 25-hydroxylase puts the first hydroxyl group on the vitamin D, either the D2 or D3. This is stimulated by PTH. So, now you have 25-hydroxy D3 at the level of the kidney. The 25(OH) D-1--hydroxylase puts the 1 on it, puts the second hydroxyl group on it. It is regulated by PTH – very important point. More PTH – more 1,25 D. It is inhibited by phosphorus and inhibited by calcium. So, a high phosphorus inhibits the production of 1,25 D as does a high calcium. If you think about it, it makes physiologic sense. If both of these are high, you do not want to increase your vitamin D to absorb more calcium and phosphorus. The other point is all this physiology makes great intuitive sense – just think about it a little bit.
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1,25(OH)2D3 
The actions of 1,25(OH)2D3 at the level of the kidney – there is no clear evidence that 1,25 D3 affects calcium and phosphorus reabsorption. It is simply not clear. There are a number of studies by excellent investigators that are somewhat contradictory. If 1,25 D has an effect on the tubule to alter calcium and phosphorus reabsorption, it is small and probably not significant. So, PTH does not work on the intestine, 1,25 D does not work on the kidney – remember that. At the bone, 1,25 D is necessary to maintain serum calcium and phosphorus for proper mineralization. Your osteoblasts make the osteoid that must be mineralized. You need a sufficient driving force of calcium and phosphorus to make that initial solid phase. If you do not have adequate calcium and phosphorus, you cannot make bone. So, you need 1,25 D to cause the absorption of calcium and phosphorus for proper mineralization. However, excessive 1,25 D has clearly been shown to mobilize calcium and phosphorus from the bone. At the intestine, 1,25 D increases calcium and phosphorus absorption in the small intestine.
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Calcium – Hormonal actions – 1 
So, what are our hormonal actions?
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Calcium – Hormonal actions – 2 
1,25 D causes the absorption of calcium.

00:00 

[image: image20.png]Intestine

Calcium

Hormonal Actlons

1,25(CH},D,

ECF,

— ca

Bre, Bfg,
1,25(0H),D,

rea

_IL
Fl,

Kidney

C\/—_/—_\/f V.




Calcium – Hormonal actions – 3 
1,25 D is necessary for bone formation but in too high doses can cause bone resorption.
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Calcium – Hormonal actions – 4 
PTH in intermittent, small doses can cause bone formation. The endocrinologists are using this to treat osteoporosis now – it is approved – it works very well but in the high doses that we generally see in our dialysis patients, causes net bone resorption.
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Calcium – Hormonal actions – 5 
PTH causes the increased fractional reabsorption of calcium – stimulates it. Remember approximately 98% of that calcium that is filtered must be reabsorbed. PTH increases that proportion just a little bit and causes intestinal calcium absorption to equal urine calcium excretion.
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Ingested calcium and intestinal net absorption 
Important slide – daily calcium intake – net calcium absorption. Looks like a simple slide. It is very complex and very important. In this more vertical area, this is where 1,25 D is very active. If you do not take in enough calcium, you can actually have negative net absorption, which is secretion - you can lose calcium from your body. Teenage women who do not take in enough calcium in the growing bones can actually lose calcium. It is important to build up that skeleton – they have to take in calcium. Some of the older women in the audience – it is important to take calcium because if you do not, you can have net secretion of calcium. 1,25 D regulates it. Once you get to a calcium intake - this is 10 mg/kg or about 700 mg of calcium in the average 72-year-old female - it is about where vitamin D stops its active regulation. Did I make a faux pas? 72-year-old female? When we write chapters now, we use females instead of 72-year-old males.

So, as we add more calcium to our diet, we absorb more calcium. It never stops. The more calcium we take in, the more calcium you absorb. Likely, a vitamin D regulation is nonexistent, but this absorption of calcium is non-D mediated. So if you take in more and more calcium, you will absorb more and more calcium.
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Calcium absorption – small intestine – 1 
How is the calcium absorbed? In the small intestine, calcium goes through calcium channels. In your notes, I have written EcaC. We are now calling it TRPV5 and TRPV6 - everyone sort of agreed on that. So, just change it in your syllabus. Calcium goes through the calcium channel, binds to a calcium-binding protein and gets shuttled across the cytosol. If the calcium did not bind to a calcium-binding protein, it would wreak havoc in the cell. You know that calcium is a principal regulator of signal transduction. If the calcium was not binding to the calbindin, all the signal transduction pathways would be activated. So calcium binds to calbindin, is shuttled across the cell to the plasma membrane calcium ATPase where it is shuttled out into the blood. There is also some evidence for sodium-calcium exchange here, but it is less dramatic in the intestine.
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Calcium absorption – small intestine – 2 
Calbindin D9k is induced by 1,25 D. So, as you increase your vitamin D, you not only open the channel TRPV5 and TRPV6 but you also increase the capacity of the calbindin and increase the amount of calbindin to shuttle the calcium across into the basolateral membrane. The calcium ATPase is probably not regulated by vitamin D. There are one or two studies that say it is. The bulk of the literature says it probably is not - that there is adequate capacity here, that regulation is at this level, not at that level.
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Source: Favus et al. AJP 240:G350, 1981. 
Ussing Chamber – Rat ileum 
This shows how important vitamin D is to regulate calcium transport. This is an Ussing chamber study of the lower intestine and local calcium transport. This is the serosa to mucosa or the secretion of calcium. This is the mucosa to serosa in control. You see, as you raise the median calcium, which is the blood side, you actually get secretion of calcium in the control group. But look at what vitamin D does – a marked increase in the mucosa to serosa, the net absorption of calcium, with no change in the secretion of calcium. 1,25 D is a powerful stimulator of intestinal calcium absorption.
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Source: Favus et al. AJP 248:G147, 1985. 
Calcium absorption – Rat intestine. 
This again is done in a rat - hard to do in people - but you can see that the calcium transport is mostly in the duodenum, a little bit maybe in the jejunum. In the ileum, it is regulated by 1,25 D and in the rat cecum - but maybe not in humans, we just do not know - there is a lot of calcium absorption a little further on. Most of the calcium absorption in humans appears to be in the duodenum - probably the rats have a huge cecum; we do not have such a huge cecum in relation to our body size – the duodenum quite, quite is where the calcium is regulated.
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Bone calcium – Accretion and absorption 
Let us talk about bone. We have talked about the intestine - we are going to talk about the bone, we are going to talk about the kidney, then we will have a good sense of how calcium is handled through the body.
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Osteoblasts laying down osteoid 
These are the osteoblasts - they are laying down osteoid. These osteoblasts are moving in this direction, laying down osteoid, which subsequently becomes mineralized, that is the blue. On the mineralization front, every year you and I turn over about 15% of our skeletons. These osteoblasts are pretty busy. In that repair process, you are fixing microfractures, you are fixing abnormalities of the skeleton - moving in this direction, laying down osteoid, which subsequently becomes mineralized.
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Osteoclasts 
The osteoclasts, which are these large multinucleated giant cells, cause secretion of proton into this microenvironment between the cell and the mineral. Protons are secreted, proteases are secreted, and the bone is broken down – and you and I, we have these resorption cones.
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Osteoblasts and osteoclasts 
The osteoclasts are moving in this direction. The osteoblasts are following up in that direction. The osteoclasts are resorbing the bone. The osteoblasts are laying down new osteoid which subsequently becomes mineralized. These resorption cones are moving through our body as we are sitting here now.
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Source: Bushinsky et al. AJP 269: C1364, 1995. 
Calcium Efflux 
We are going to show a little bit of experimental data. We know that acidosis in bone culture causes calcium release. We know that PTH causes net calcium release in the higher doses. The combination of acidosis and PTH that we see in our dialysis patients causes greater calcium release than either acidosis alone or PTH alone.
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Source: Khosla. Endocrinology 142:5050, 2001. 
RANKL interaction 
This is a complicated slide. I am going to walk through it, but this is very important because therapy in coming years will depend on the facts that you learn on this slide. You have osteoblasts, which were preosteoblasts, which are in yellow. Osteoclast precursors are in this orange. The preosteoblasts or the osteoblasts make RANKL – receptor activated NF-kappa B ligand. They make the ligand. They also make a soluble RANKL. So, they make RANKL attach to the osteoblast. They make RANKL that is soluble. They also make OPG - more about OPG later. The RANKL interacts with the RANK on the osteoclast precursor and causes the osteoclast precursor to become a mature bone-resorbing osteoclast. Osteoblasts make RANKL, interact with RANK – osteoclasts are made. The osteoblasts, however, also make OPG or osteoprotegerin, which is a decoy receptor. The more osteoprotegerin that is made, the more it itself interacts with the RANKL, both attached to the cell and soluble, and prevents the RANKL interacting with the osteoclast precursor. So, you have a receptor, RANK, and a decoy receptor, OPG. The more RANKL that you make in relation to the OPG, the more osteoclasts that you will make. The less RANKL that you make in relation to the OPG, the less osteoclasts that you will make – very nice scenario. Why is it important? Because the pharmaceutical companies, one of which you have heard about in the highest level – gold, platinum, titanium whatever - makes a substance that is a decoy receptor for RANKL and will inhibit bone resorption. It is under phase III clinical trials now. So, while it is not yet available, in the coming years, you will probably use it in your patients – very impressive medication. So, we understand this.
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Source: Frick et al. J Bone Min Res 18:1317, 2003 
Metabolic acidosis stimulates RANKL RNA expression 
We know that acidosis causes RANKL to be stimulated, both at 24 and 48 hours. So, acidosis is causing a stimulation of RANKL as is PTH causing some of the bone resorption that we see in our dialysis patients.
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Renal tubular calcium reabsorption 
We are nephrologists - let us talk about renal tubular calcium reabsorption.

00:00 

[image: image37.png]



Calcium reabsorption in the kidney 
Proximal convoluted tubule reabsorbs most of the calcium – 50% to 60%, but its regulation is not very good. The thick ascending limb reabsorbs 20% to 25% of the filtered calcium – very nice regulation. DCT, another 5% to 10% of the calcium – finer regulation. The further you get along the tubule, the less actual calcium is reabsorbed but the better the regulation is. So, proximally, you absorb tons of calcium, but you are doing it with a big shovel. At the end, you are doing it with a teaspoon to precisely regulate calcium.
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Proximal tubule 
Let us go through the segments of the kidney. In the proximal tubule, where you reabsorb a lot of calcium, much of the calcium is reabsorbed through just solvent drag. You have a river going down – the _____Schuylkill river close to Dr. Narins' home. Going down, leaves are falling in the _____Schuylkill, they are carried along with the river – that is solvent drag. The concentration gradient just drives calcium down from the lumen side to the blood side - the same with the potential difference. Most of it is solvent drag. As you get further along in the proximal tubule, there is some active transport.
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Thick ascending limb 
This is the thick ascending limb. Let us go through this carefully. We are going to think about divalent cations instead of the sodium and potassium you always think about. You absorb the sodium and potassium through the Na-K-2Cl cotransporter called NKCC2. Potassium, sodium, chloride goes into the cell. Sodium leaves via the sodium-potassium ATPase. Potassium back-diffuses through the potassium channel called ROMK into the lumen, creating a positive lumen, and that positive lumen drives calcium between the cells into the blood side. High voltage here, high positive charge, drives the calcium, and - as Dr. Goldfarb will tell you - the magnesium between the cells, paracellular, into the blood side. This is paracellin1, which regulates this transport. Now, as you pump more and more sodium, chloride, and potassium and more and more K comes out, you drive more and more calcium through. The chloride leaves through CLC-Kb or the chloride channel. Now, the calcium receptor here is very important. As your blood calcium goes up, that stimulates the calcium receptor, which principally modulates the potassium channel. The higher the serum calcium, the tighter that channel becomes, the less potassium can be pushed into the lumen, the less driving force for calcium and magnesium there is. Does everybody understand that? This is critical for calcium reabsorption. It also probably modulates NKCC2 but the principal effect of the high calcium is on ROMK. High calcium also modulates paracellin1. The higher the calcium in the blood side, the tighter this junction becomes, less calcium moves through.
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Source: Friedman et al. AJP 240:F558, 1981 
Voltage driven calcium transport in the TALH 
This is Peter Friedman’s study - Jim Bourdeau also did a very similar study - showing that the higher voltage drives more calcium absorption. I have to throw in a little science - the basis for all we are talking about.
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Bartter syndrome 
You have heard a lot about Bartter syndrome. We know that Bartter syndrome is a hypokalemic-hypochloremic metabolic alkalosis because of inadequate sodium reabsorption in the thick ascending limb. These patients often have severe hypercalciuria and nephrocalcinosis. There are probably five types of Bartter syndrome - I left room on this slide for types 4 and 5 - though 4 and 5 are not quite as clear as types 1, 2, and 3, which is mutation of NKCC2 that was first described. You can imagine if you have mutation of this sodium/potassium/2 chloride channel, so that you do not reabsorb as much sodium, potassium, and chloride, you have less potassium to leak back into the cell on its own and create the driving force. The other types are mutation of the ROMK potassium channel and mutation of the chloride channel. These are types 1, 2, and 3. There is also an abnormality of paracellin, which is type 4 and there might be another abnormality, but we will not go into that. Most people agree on these 3 types. Next year when you come back, we will know more about types 4 and 5.
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Distal convoluted tubule 
In the distal convoluted tubule again, we do not call it an epithelial calcium channel anymore, we call it TRPV5 and TRPV6, so change your notes. Calcium goes through the channel, binds to calbindin D28k. It is a different calbindin in the kidney - it is not regulated here by 1,25 D; in the intestine, it is regulated by 1,25 D, but we have calbindin here that shuttles calcium across. You have the plasma membrane calcium ATPase, which pumps the calcium out from the blood side. You have the sodium-calcium exchanger here, which is about a third and two thirds of the calcium appears to leave the cell and pumps calcium out and exchanges calcium for sodium. So that is how calcium is regulated.
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Calcium-sensing receptor – 2 
Calcium-sensing receptor - In the thick ascending limb, the increased peritubular calcium decreases tubular calcium reabsorption – we talked about this. The increased calcium reduces the activity of the potassium channel, decreases the positive potential gradient, decreases the calcium reabsorption.

Interestingly, in the collecting duct, the calcium inhibits the vasopressin-elicited transepithelial water flow through the calcium receptor. So your hypercalcemic patients are also polyuric – this is why. For years, we did not know that but now we know that the activation of the calcium receptor inhibits this water flow. You do not reabsorb as much water. Your hypercalcemic patients are polyuric. Once you really understand the calcium and phosphorus abnormalities and the physiology, you will get all the calcium consults in the hospital!
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Factors influencing calcium excretion – 1 
I added to the next few slides, a lot of text. So, just you can write it in. Glomerular filtration. Increased: Hypercalcemia increases the ultrafiltrable calcium obviously, but it also decreases the ultrafiltration coefficient.

Decreased calcium: Hypocalcemia decreases glomerular filtration rate due to the decreased UFCa and increased Kf. Obviously, renal insufficiency will decrease the glomerular filtration of calcium because you are just simply filtering less.
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Factors influencing calcium excretion – 2 
Complex slide. Tubular reabsorption of calcium is increased with ECF volume depletion. Increased proximal tubule sodium reabsorption carries the calcium with it.

Hypocalcemia – you have increased PTH, right? A low calcium will drive an increase in PTH, decrease calcium receptor activation, and increase paracellin permeability. Hypocalcemia then will increase tubular calcium reabsorption.

Phosphate administration – you give phosphate, you are going to decrease ionized calcium, you will increase PTH. The PTH will obviously increase tubule calcium reabsorption.

Alkalosis has a direct effect on the tubule – metabolic alkalosis greater than respiratory alkalosis.

PTH – the effect on the distal convoluted tubule is the greatest.

PTH-related protein is same as PTH. In certain malignancies, there is a PTH-related protein, very similar to PTH, a few amino acids different, acts just like PTH. The highest concentrations are in breast milk, acts just like PTH. It is not present, will not be detected on the standard PTH assays. So if you are worried about a malignancy causing hypercalcemia, you might have to measure PTH-related protein.

Thiazide diuretics, in the distal convoluted tubule, inhibits sodium chloride transport – you know that – but also causes a hyperpolarization of the cell membrane and remember we said that calcium channel is how the calcium gets into the cell. So, you get increased calcium entry. So, the thiazide diuretics while they cause an increased sodium excretion, cause increased tubule calcium reabsorption. We use that for lots of treatment, especially kidney stones. Differentiates the thiazide diuretics from the furosemide, which we will talk about in a few moments.
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Factors influencing calcium excretion –3 
ECF volume expansion decreases sodium and calcium reabsorption.

Hypercalcemia decreases the PTH secretion, increased calcium-sensing receptor activation, which we talked about through ROMK, and decreases paracellin permeability.

Phosphate depletion. If you are phosphate depleted, your calcium goes up a little bit, your PTH goes down a little bit - your tubular reabsorption is decreased.

Metabolic acidosis has a direct tubular effect. Acidosis affects the tubule directly. Metabolic is much, much, much (that is why there are three arrows) greater than respiratory.

The loop diuretics again – critically important - inhibit the sodium/potassium/2 chloride transporter. So, you do not reabsorb the potassium. It can be secreted into the lumen, causing driving of calcium and phosphorus into the cell. Loop diuretics – you have an increased sodium, increased calcium - contrast that with thiazide diuretics.
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Calcium-sensing receptor – 3 
Inactivating mutations – you have decreased calcium inhibition of PTH secretion, hypercalcemia, hypocalciuria, elevation of PTH, FHH – you will see it – familial hypocalciuric hypercalcemia – that is if you have one copy. If you have 2 copies of the inactivating mutation, you have neonatal severe primary hyperparathyroidism – these kids usually die. But you will see FHH if you look for it.

Activating mutation – increased calcium inhibition of PTH secretion, hypocalcemia, hypercalciuria, inappropriately normal levels of PTH – makes sense. Low calcium, your activating mutation – it is more sensitive. The calcium-sensing receptor in the parathyroids is more sensitive to calcium - you get gross secretion of PTH – that is autosomal dominant hypocalcemia.
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Source: Adapted from Goodman WG et al. Kidney Int. 1996;50:1834-1844. 
Effects of calcimimetic agents on the PTH-calcium relationship 
You know one other thing that causes a shift in the curve, which is the calcimimetic agents – critical now because we are using them, they have been approved. The calcimimetics increase the sensitivity of the receptor for calcium. All they do is move this curve to the left – that is all they do. So before at 1.21, you secreted 50% of your PTH, here at 1.21, you are secreting about 5% to 10% of your PTH – very effective drugs in reducing PTH secretion.
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Increased dietary calcium 
Increased dietary calcium, remember we said that, will cause increased calcium absorption. Even though the 1,25 D goes down, the higher ECF calcium will cause the PTH to go down. The filtered load of calcium is elevated because the ECF calcium, the ultrafiltrable calcium, goes up. But the fractional reabsorption of calcium goes down. Why? Because the PTH is low. So, if you have a lower fractional reabsorption of calcium, your urine calcium goes up. Very nice physiology – easy to understand.
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Continuous excess PTH 
If you have continuous excess PTH – from an adenoma for example – high PTH causes an increased 1,25 D. You absorb too much calcium. Your ECF calcium goes up. The high 1,25 D is going to cause increased bone formation, but greater increased bone resorption, causing more ECF calcium. Your filtered load goes way up – but because your PTH goes up, you reabsorb more calcium but even though you reabsorb more calcium, much more calcium is filtered than is being reabsorbed and your urine calcium goes up. But look at what is happening to the bone – you are getting really high turnover of bone tissues.
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Source: Peacock et al. Lancet 591:384, 1969. 
Calcium excretion versus total serum calcium 
This is a great slide done by Peacock over 35 to 40 years ago. The open circles are hypoparathyroid individuals. The closed circles are hyperparathyroid individuals. If you are hypoparathyroid at a level - let us say of calcium of 9 - you have lots of urinary calcium. That shows how important PTH is in calcium reabsorption. If you are hyperparathyroid, you have to go up to 11 or 12 to get a similar amount of urine calcium excretion. This is obviously the normal with the 95% confidence interval.
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Parathyroid hormone (PTH) - 3 
But no, many of the hypoparathyroid patients have much higher calcium excretion than most of the normal folks. Why? Because their increased filtered load of calcium exceeds the increased tubular reabsorption of calcium caused by PTH, and the urine calcium goes up – you have to remember that. With excess PTH, blood calcium increases, phosphate decreases. PTH is phosphaturic. Urine calcium increases, but the increase in filtered load exceeds the increase in tubular reabsorption. So your hyperparathyroid patients are hypercalciuric and can form stones. Intuitively, it does not make a lot of sense until you get past the first level of understanding to the second level – then it makes perfect sense.
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Calcium – excess 1,25 D 
So, calcium – excess 1,25 D – what happens? This is easy. You absorb too much calcium, your ECF calcium goes up causing your PTH to go down. You said excess 1,25 D will cause an increased bone resorption. You are going to have a higher filtered load of calcium, your fractional reabsorption will go down because your PTH goes down, and urine calcium goes up. Pregnancy - that case you just heard. Pregnant women have high 1,25 Ds. They have high _____ of calcium.
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Calcium – GHS rats 
We will talk about our hypercalciuric rats tomorrow.
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Phosphorus – muscle and other 
On a daily basis, we take in about 40 mmol of phosphorus. The atomic weight of phosphorus is 31 – that is about 1200 mg of phosphorus. We get much lower than 1 gm of phosphorus – you do not get adequate protein. So be careful when you counsel your dialysis patients about phosphorus restriction - you do not go too far. Absorb 25 mmol. ECF is only 17 mmol. Most of your phosphorus is in your bone apatite calcium- phosphate complex. Another large part is in your muscle and other cells. You filter 210 mmol of phosphorus, you reabsorb 185, and you excrete 25 mmol of phosphorus – again perfect balance.
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Extracellular phosphorus 
Let us talk about phosphorus quickly. Only 10% of inorganic phosphorus is protein bound. You filter 90% of your phosphorus – 5% complexed and 85% ionized. So as your phosphorus goes up, your filtered load just goes up.
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Intestinal phosphorus absorption 
Intestinal phosphorus absorption – linear nonsaturable function of intake. An important sentence – the more phosphorus you eat, the more you are going to absorb. So in your dialysis patients, the more phosphorus they eat, the more they absorb because it is a nonsaturable function of intake. Approximately 60% to 75% of the phosphorus is absorbed primarily in the small intestine and 1,25 D stimulates phosphorus absorption as it does calcium absorption.
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FGF-23 – A phosphate regulating hormone 
We now know about FGF-23, which is a phosphate-regulating hormone. We did not know about this a few years ago. We now know about it. It is important. If you give FGF-23 to mice, they become hypophosphatemic because they excrete large amounts of phosphorus. Importantly, tumors causing renal phosphate wasting and osteomalacia, have increased amounts of circulating 1,25 D – many tumors, not all – but many have increased levels of FGF-23, which is fibroblast growth factor 23. If we abolish the gene in the mice, the mice become hyperphosphatemic, and they do not express the 1 - hydroxylase, which converts the 25 to 1,25 D3. FGF is present in you and me, but its role in normal phosphate regulation is not clear. If I go on a low-phosphate diet, my urine phosphate responds within hours. Is that due to FGF-23 or not – we have to come back next year because we do not know yet. PHEX is an endopeptidase which metabolizes FGF-23.
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Phosphorus – hormonal actions – 1 
So, what are the hormonal actions of phosphorus?
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Phosphorus – hormonal actions – 2 
1,25 D increases absorption.

00:00 

[image: image61.png]Phosphorus

Hormonal Actions

Dros Muscle and Other
1,25(0H),D; T l frooy
Gos | ECFu, | L %
Floos
[: L Bfoo, Kidney
Intastine ] J/

(;ﬁ Upas

Bone




Phosphorus – hormonal actions – 3 
PTH causes bone resorption.
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Phosphorus – hormonal actions – 4 
1,25 D is necessary for bone to be made as we talked about for calcium but in excessive doses causes resorption.
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Phosphorus – hormonal actions – 5 
PTH is a phosphaturic hormone. The more PTH I give you and me, the more phosphorus we will put out. In our stage 3 and 4 CKD, they are phosphaturic because of their elevated PTH.
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Phosphorus – hormonal actions – 6 
And we add FGF-23 to the list. There is also frizzle-related protein 4, which is another phosphaturic hormone.
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Source: Suki et al. Brenner and Rector 499, 1996
Renal Phosphorus absorption 
Where it filters out. We are about 10 years behind in phosphorus where we are in calcium. So, we know a lot more about calcium than phosphorus. We know about FGF- 23. We know about frizzle-related protein 4. Phosphorus reabsorption - you see where most of it occurs.
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Source: from muror AJP 277 :f676, 1999
Apical/basolateral 
Important slide. On the apical side of the intestine and the kidney, this is regulated as you will see by the next slide and causes most of our phosphorus absorption.
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Sodium/Phosphate cotransporter 
Type IIA in the brush border – it is regulated by phosphate, FGF-23, PTH, pH, also other phosphotonins such as frizzle-related protein.
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Sodium/Phosphate - Knockout mice 
If we look at the sodium/phosphate knockout mice, they have low blood phosphate. Right? Makes sense. They cannot absorb phosphate. They waste phosphate because they cannot reabsorb the phosphate that is filtered - this is added. We now know they make kidney stones. They have decreased renal proximal phosphate transport. Low- phosphate diet does not increase the phosphorus transport and PTH does not alter the renal phosphate transport. So the sodium/phosphate cotransporter is where the action is.
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Urine phosphate – 1 
One more thing about phosphorus.
By the Henderson-Hasselbach equation pH = pK + log[HPO4=]/H2PO4-].At a pH of 7.4, 7.4 = 6.8, the ratio of HPO4 to H2PO4 is 4:1. Most of it is a nonproteinated form of phosphate at a pH of 7.4.

00:00 

[image: image70.png]Urine Phosphate - 2

at pH of 4.8
4.8 = 6.8 + log [HPO,7] / [H,PO,]
-2 =log [HPO,]/ [H,PO,]
0.01 =[HPO,7] / [H,PO,]
As [HPO,"] adds H* and becomes [H,PO,]

in acidic urine, net acid is excreted.




Urine phosphate – 2 
In the renal tubule, you have a great tubule getting the pH down to 4.8. You do the arithmetic – the ratio is now 0.01 of the HPO4 to H2PO4. You are excreting a lot of hydrogen ions with that phosphate. This is your titratable acid. In acidic urine, net acid is excreted as a TA (titratable acid) of phosphate. So phosphate is not only important for mineral metabolism, but in excreting that great dinner you had last night, all the methionine and all that acid that generated protons are excreted with the phosphate that you had with your milk this morning.
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Factors influencing phosphorus excretion – 1 
Hyperphosphatemia – obviously increased filtered load.
Mild hypercalcemia increases the filtration – we are not quite sure why.
Decreased: Hypophosphatemia – obviously decreased filtered load.
Renal insufficiency – you do not filter very much phosphorus.
Moderate hypercalcemia – due to a decreased Kf, has a decreased filtered load.
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Factors influencing phosphorus excretion – 2 
Phosphorus depletion regulates the sodium/phosphate cotransporter within minutes to hours. We do not know if this is due to FGF-23. The old assays for FGF-23 were carboxy-terminal assays. Then they had amino-terminal assays. We now have good assays for FGF-23, which are immunoradiometric assays, and we will know more about this in the coming months as we have better assays.

Hypercalcemia decreases PTH. ECF causing obviously a decreased PTH. PTH is phosphaturic. We will get an increased tubular reabsorption of phosphorus. ECF volume depletion - with increased sodium reabsorption, you will increase more phosphorus. Metabolic alkalosis increases tubular reabsorption through Npt2.

00:00 

[image: image73.png]Factors Influencing Phosphorus Excretion - 3

Tubular reabsorption

Decreased

Phosphorus excess — regulation of Npt2 in min to hrs, 7 role
of FGF-23

Hypocalcernia — increased PTH
ECF volume expansion — decrease Na reabsorption
Acute metabolic alkalosis — through Npt2

Chronic metabolic acidosis through Npt2
Parathyroid hormone — through Npt2

Parathyroid hormone-related protein - as with PTH
Thiazide diuretics

Loop diuretics




Factors influencing phosphorus excretion – 3 
Tubular reabsorption is decreased. Phosphorus excess – regulation of Npt2 in minutes to hours. Again, we still do not know the role of FGF-23. Most of these other regulators are through the sodium-phosphate cotransport. Both thiazides and loop diuretics decrease phosphorus reabsorption. Different than calcium. You have to understand how calcium and thiazides cause increased tubular calcium reabsorption. Furosemide, bumetanide, ethacrynic acid cause decreased calcium reabsorption. With phosphorus, both of them decrease tubular calcium reabsorption. 

