


Housekeeping

Please note, there is no fire drill planned at the hotel today.  If the fire alarm 
sounds, please walk out to the coffee area and take the stairs left of the coffee 
stations.

If you would need assistance, please fill out the fire procedure from - we will 
collect these and give these to the hotel team.



OVERVIEW OF AKU 

RESEARCH

AT THE UNIVERSITY  

OF LIVERPOOL

Dr Juliette Hughes

Lecturer in Anatomy

14th November 2024 

AKU International Patient Workshop 2024

Department of 

Musculoskeletal and 

Ageing Science



Who am I?

Background

- BSc Human Anatomy and Biology (2012-15)

- Master of Biological Science (2015-16)

- PhD Musculoskeletal Biology (2016-20)

- Lecturer of Anatomy (teaching only) (2021-23)

- Lecturer of Anatomy (teaching & research) (2023-present)

- Research into AKU continues

Lecturer of 

Anatomy
AKU researcher Cat owner

• Characterised our newest mouse 

model of AKU

• The liver is the crucial for HGD activity 

and HGA breakdown 

• Dietary restriction is effective at 

reducing serum tyrosine



University of Liverpool AKU research team Nov 2024

Prof George 

Bou-Gharios

Dr Juliette 

Hughes

Dr Brendan 

Norman

Prof Roy 

Goodacre

Prof L. 

Ranganath

Prof Jim 

Gallagher

Dr Peter Wilson

Principal 

Investigators

Post-doc 

researchers

PhD 

students

Rebecca Brown

2nd year 

Dr Hazel Sutherland

Dominic Rutland 

(just finished)

Harriet Willett

3rd year 

Daisy Quinn

1st year

Fran Congues

1st year

• Gene therapy

• Expert in mouse 

models

• Expert in cartilage 

and osteoarthritis

• AKU and 

osteoarthritis 

mouse models

• Pigmentation of 

tissues

• Metabolomics

• Tyrosinaemia

• Biological chemist

• Spectroscopy 

techniques

• Analytical 

techniques to study 

pigmentation

• Gene therapy for 

AKU

• Role of the kidney 

in AKU

• Role of the calcified 

cartilage in AKU 

and OA

• Tyrosine 

metabolism and 

oxidative stress

Many 

collaborator

s

NAC/Royal

Patient 

samples



Summary of work in AKUhttps://akusociety.org/information-and-support/history-of-aku/

Lots of success in AKU research over the years

- Nitisinone was shown to be effective at reducing serum HGA in mice and preventing pigmentation

- SONIA-1, SONIA-1, SOFIA studies

- Started to understand pigmentation of cartilage

https://akusociety.org/information-and-support/history-of-aku/


Research plans as a group

Nitisinone-induced 

tyrosinaemia
Gene therapies for AKU

Ochronosis and tissue 

degeneration
Role of oxidative stress 

in AKU

Chemical reaction of 

HGA to pigment

Short-term Long-term

New project

Effect of HGA, Tyrosine and 

Pigment on the body

Ongoing

Ongoing

Brendan Norman will 

speak about this next



AKU mouse models
• Use this for understanding biology of AKU

• Pre-clinical studies of treatment/drugs/interventions



• Have dark urine

AKU mouse 

bedding

Fresh 

bedding

AKU mouse



• Have dark urine

• Have elevated urine HGA

• Have elevated plasma HGA

Urine

Blood

AKU mouse



• Have dark urine

• Have elevated urine HGA

• Have elevated plasma HGA

• Have pigmentation of cartilage

• Very mild 

AKU mouse knee

• pigment

Non-AKU mouse 

knee

• no pigment

AKU mouse



• Have dark urine

• Have elevated urine HGA

• Have elevated plasma HGA

• Have ochronosis of cartilage

• Responds to nitisinone 

treatment
• HGA decreases

• Tyrosine increases

AKU mouse and nitisinone



- Used the new AKU mouse to show where the HGD enzyme is located 

- Liver and kidney

- Need to target the liver for future gene therapy work

AKU mouse and HGD location



Tissue pigmentation

Overview of major findings from studying AKU tissues



What do we know?
- Despite nitisinone, ochronosis and tissue degeneration is still an issue for many people with AKU.

- Ochronosis affects cartilage more than any other tissue (do not know why…).

- Ligaments, tendons and heart valves are also affected.

Questions

- What is the chemical composition of HGA-derived pigment?

- Where does pigment bind to in the tissues specifically?

- Why and how does pigmentation lead to tissue degeneration?

- Joint osteoarthritis

- Tendon and ligament rupture

- Heart valve stenosis

Can pigment be removed from tissues?

May help us to understand common degenerative disorders such as osteoarthritis.

Pigmen

tHow? ?



● AKU mice

○ Have high HGA in the blood (like human AKU)

○ Show mild pigment of cartilage – early stage

○ Do not get osteoarthritis

● STR/Ort mice

○ Gets osteoarthritis naturally

○ Early changes in cartilage in similar place to AKU

● AKU + oxidative stress mice

○ Does extra oxidative stress make the AKU condition worse? How?

● Establishing cartilage cell models of AKU

○ Can add the HGA chemical to the cells (makes them AKU) and induce them to 
pigment

● Study of human AKU tissues

How can we investigate tissue pigmentation?

Non-calcified cartilage layer

Calcified cartilage 

layer

Bone

Bone

Bone

Use a stain in mice tissue to make HGA-pigment turn blue in tissue 

slices



Research highlights from AKU tissue

Taylor et al, 2011

Dark pigment begins in deep calcified cartilage
Pigment progresses towards surface, encompassing the full 

thickness of the cartilage

Bone

Cartilage

Bone

Cartilage

Pigment begins in the deep cartilage and spreads upwards

High density mineralised protrusions identified in AKU and then in common OA

Boyde et al, 2014
Thomas et al, 2017

AKU OA



Research highlights from AKU tissue

Haematoxylin & 

eosin

Pigment begins in the deepest cartilage near the bone



Research highlights from AKU tissue
Cartilage pigmentation is not uniform across the body

Tendons and ligaments pigment at different rates

Talus

Articular cartilage

Radial head

Costal cartilage

L fibularis longus

L fibularis brevis

All these tissue are from 

one person with AKU

Thank you to the donor and 

the family



Research highlights from AKU tissue

Arteries can become pigmented, but veins do not

Heart valves can pigment, and become calcified

Aortic valve cusp



We still have a lot to learn and understand about HGA 

and pigmentation across the body

- Cartilage is a major focus

- Tissues that require more investigation include tendon 

and ligaments, heart valves and the spine

- New targeted treatments require more understanding 

of the disease mechanisms

- Opportunity to apply knowledge from AKU to other 

conditions such as osteoarthritis



Thank you

Any questions?



Brendan Slides



Controlling tyrosine without dietary restriction: 
transporting us to future therapies

Dr Brendan Norman

Research Fellow

Institute of Life Course & Medical Sciences

University of Liverpool
Email: bnorman@liv.ac.uk



My research into AKU

• 2009-2012 BSc Psychology

• 2014-2015 MSc Clinical 
Neuroscience

• 2015-2019   PhD 

• 2019-2022   Post-doc

• 2022-present   Sireau Fellowship



Analytical 
chemistry

Understandin
g tyrosine 

metabolism

Tyrosinemi
a

Ochronotic 
pigment 

chemistry

Future therapies in 
AKU: gene & mRNA

Metabolite 
biomarker 
discovery

HGA & 
oxidative 

stress
Fran 

Congues

Harriet 

Willett

Rebecca 

Brown



4-Hydroxyphenylpyruvic acid 
dioxygenase Nitisinone

Phenylalanine

Tyrosine

3-(4-Hydroxyphenyl)pyruvic acid

Homogentisic acid

Maleylacetoacetic acid

Fumarylacetoacetic acid

Fumaric acid + Acetoacetic acid

Phenylalanine hydroxylase

Tyrosine aminotransferase

Succinylacetoacetic acid

Succinylacetone
Fumarylacetoacetate 

hydrolase

Homogentisate 1,2-
dioxygenase

3-(4-Hydroxyphenyl)lactic acid

Wild 

type

AKU AKU

treated

Davison AS et al. Metabolomics. 2019;15(5):68. 

Stewart RM. 
JIMD reports. 
2014;17:1–6. 

Nitisinone-induced 

hypertyrosinaemia
Neurotransmitter dysregulation

Corneal keratopathy

Dermal toxicity

Nitisinone: an effective treatment but not a cure 

HT-1

AKU



Dietary protein to blood tyrosine: how does it work?





Blood tyrosine concentration – transport is key!

Absorption Reabsorption

Elimination Elimination





Tyrosine
(or other neutral 

amino acid)

SLC6A1

9



Tyrosine
(or other neutral 

amino acid)

SLC6A1

9

Sodium ion



Tyrosine
(or other neutral 

amino acid)



Gauthier-Coles et al. 

Nat Comm, 12, 5282.

Transporting amino 
acids: 
biology is rarely 
simple!



Amino acid 

transport in 

biology

Chaos



• Specific solute carrier gene 
mutation causes neutral 
amino aciduria: SLC6A19

• Symptoms: pallegra-like skin 
rash, cerebellar ataxia 
(tryptophan deficiency)

• Can mimicking Hartnup’s 
phenotype be 
advantageous in some 
conditions?

Hartnup’s disorder: inspiration for new tyrosinemia treatments?

Cusworth & Dent. (1960) Biochem. J. 74, 550–561. 



Looking beyond dietary protein restriction: 

can we reduce tyrosine absorption/reabsorption by 

selectively blocking the SLC6A19 transporter?



Selective SLC6A19 transport inhibitors exist!

Absorption Reabsorption

Elimination Elimination

SLC6A19 SLC6A19



“Pee the phe”



Inhibiting SLC6A19: 

does it work for 

tyrosine reduction?

Peter 

Wilson

Hazel 

Sutherland

Juliette 

Hughes

Rebecca 

Brown



Reduction in blood (plasma) tyrosine

-51%
-41%

Plasma Urine



Reduction in tissue tyrosine

Brain Quadricep muscle Heart

* P <0.05

** P <0.01

*** P <0.001

**** P <0.0001



Week 0 -1 Weeks 1-

3

Weeks 3-

6

Weeks 6-

9
Weeks 9-12

SLC6A19i diet 

(500 or 250 mg/kg)

NTBC

Sampling (plasma & urine) 

Longer-term study, tool compound #2



Missing data: 5 missing samples across dataset. Imputation performed by replacement with group mean value (per timepoint, per treatment group). 

Plasma Urine

-33%

Sustained reduction in blood (plasma) 

tyrosine



Missing data: 5 missing samples across dataset. Imputation performed by replacement with group mean value (per timepoint, per treatment group). 

Plasma
Urine

Minimal effect on blood (plasma) phe



Controls Controls

Sustained reduction in brain tyrosine
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HOMEWARD 









Coffee break + exhibition 10:15am - 11:00am

Breakout sessions at 11:00am

Pilates session, please go to Liverpool Suite 2+ 3

Parents and Children’s Workshop, please return to 
this room



Parents and Children’s Workshop

•Welcome – Jess Barnes

•Progress in Alkaptonuria – Focus on Children

- Prof Lakshminarayan Ranganath - Consultant in Clinical Biochemistry 

and Metabolic Medicine 

•Diet and AKU – Clare Soulsby - Senior Dietitian: National          

Alkaptonuria Centre

•Questionnaire



Alkaptonuria in Children



Disclaimer

• All opinions expressed and implied in this presentation are solely those of 
the presenter

• This presentation is intended to support the scientific and medical 
education of scientists and clinicians on clinical management of 
alkaptonuria

Disclosures

• Served on advisory boards for Astra Zeneca, MSD, Sanofi, Servier, 
Genzyme, Pfizer

• Received fees for consultation and lectures from Sobi, Astra Zeneca, 
MSD, Sanofi, Servier, Pfizer, Merck 



• Rare autosomal recessive 

disorder  - 1 in 250,000 

(Carriers 1 in 500)

• Lack of Homogentisate 

dioxygenase (HGD) activity

• Homogentisic acid (HGA) 

accumulates 

Alkaptonuria (AKU)

HGA

HGD



Q

P

HGD

Chromosome 3

AKU gene

Chromosone 3Q – long arm of 

chromosome 

AKU is present at birth



COLORIZED URINE

- Delayed darkening due to 
HGA

OCHRONOSIS

- Melanin-like HGA-

pigment deposits make 

tissue stiff & brittle

Pathogenesis (AKU)

OCHRONOTIC TISSUE 

DAMAGE

- Multisystem damage

- Spine & Joint 

+

NaO

H

Elbow – intact 

cartilage 

Sclera –

nasal/temporal

Spine & Joint – degraded 
cartilage 



Prevalence of traditional AKU features (NAC)

Ranganath LR et al. JIMD. 2011;34:1141–51; Rudebeck et al. JIMD Rep. 2020:53:71-9; Ranganath et al  Mol Genet Metab 2018;125:127-134

Joint replacements 
36.8% (13.6%)

Ruptures 75.3% (1%)

Aortic Sclerosis 
36.6% (43%)

Fractures 44.8% (45%)

Renal stones 25.3% 
(10%) 

Osteopenia 72.3% (45%)

Prostate stones 
61.8% (40.7%)

Ear pigment 71.4%

Eye pigment 93.5%

Aortic Stenosis 
23.2% (3%)



Is AKU reversible



Natural history of ochronosis in AKU mouse model



Disease

Burden

(%)

0

100

Lifespan (%) 100

Ochronotic phasePre-Ochronotic

Natural History of AKU

Ranganath & Cox, JIMD 2011 

0



Severity

(%)

0

100

Lifespan (%) 100

Intervention in Natural history of AKU

UNCHANGED

WORSENING

(Renal failure)

SLOWED

ARRESTED

REVERSAL

Z

Y

X

A

Ranganath & Cox, JIMD 

2011 

0



Published cases of childhood AKU

49 cases with available details, there were 9 cases under 1 year of age, 14 cases between 2 
and 5 years, 19 cases between 6 and 10 years and 7 cases over the age of 11 and less than 
18 years. 

12% of children with AKU had pigmentation (eye, ear, skin, buccal, teeth), while 4% had 
joint pain. 

There were two publications from Turkey containing data on groups of patients describing 
ochronosis and joint pain without providing individual patient details 

A Dutch series of 12 cases did not provide information on individual patients although 
described joint pain as a feature in children 

These reports suggest that the irreversible disease process of AKU such as ochronotic 
pigmentation and joint/spine features may take hold in childhood.



Clinical manifestation of AKU in relation to age (n=149)

Age (years)

≤ 1 >1-5 >5-10 >10-15 >15-20 >20-30 >30-40 >40-50 >50

Dark urine +++ +++ +++ +++ +++ +++ +++ +++ +++

Dark ear wax +++ +++ +++ +++ +++ +++ +++ +++ +++

Axillary pigmentation - - ± + ++ +++ +++ +++ +++

Ear cartilage changes ± ± + ++ +++ +++

Scleral pigmentation ± ± + ++ +++ +++

Ochronotic arthropathy ± + ++ +++

Crosses indicate the frequency of occurrence and intensity of the symptom

From Srseň S, Srseňova K, Lanyi A. Clinical manifestation of alkaptonuria in relation to Age. Bratisl. lek. Leaves,

1982;77:641-76 (REF 52).

SLOVAK NATURAL HISTORY



Demographic and clinical data of the study patients (Polish study)

Patient 
no. sex Age at 

first visit

Body 
weight

1

Dark ear wax
Eye sclera
discolorat

ion

Skin 
discolorati

on

Joint pain

2
Comorbidities

1 F 4 uwt. mitral regurgitation

2 F 4 uwt. + -

3 M 6 norm. + allergy

4 M 10 ob. + knee, ankle allergy, arachnoid cyst, 
pituitary cyst 

5 F 11 ob. + + armpits spine allergy

6 M 11 owt. + + spine, knee, 
hip, elbow epilepsy, allergy

7 F 13 norm. groin hip, knee hypothyroidism

8 F 15 norm. US renal stone

9 F 15 norm. + -

10 F 15 norm. knee -

11 M 16 norm. -

12 F 16 uwt + armpits spine, hip depression

13 M 17 norm. -

1 norm. – normal weight; ob. – obese; owt. – overweight; uwt. – underweight
2 joints pain at least once a week (40.6%)



The psychological assessment results in the Polish study 
showed that:

7.7% children presented with below average intelligence

15.4% of them presented with borderline intellectual 
disability

38.5% of them were found to need more support in the 
psychological fields of functioning. 

Cognitive deficits occur in children with AKU.

General adaptation, to everyday 

challenges, assessed by the ABAS III in 

Polish, five of 13 were found to need 

more support regarding the 

psychological fields of functioning. 

Psychological assessment results in the Polish study 



NAC Young group (demographic, metabolic & clinical data)

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10 Mean (±SD)

Age years 16 17 18 18 19 19 21 21 22 25 19.6±2.7

Sex M M F F M F M M M M 3F, 7M

Eye 

pigment
Yes None Yes None None Yes None None None Yes Yes - 4

Ear 

pigment
None None None None None None None None None None Yes - 0

Skin 

pigment
None None None None None None None Yes None None Yes - 1

Back pain
Yes (1 

y)
Yes (ys) Yes (ys) Yes (ys) None Yes Yes (15y)

Yes 

(yrs)
None Yes (2y) Yes - 8

Joint pain 

(site)

Knee (1 

y)
Wrists (ys) None None None None Yes - knees None None None Yes - 3

Cardiac None
Mitral valve 

thickening
None None None None

Mitral 

thickening
None None None Mitral - 2

Other None ADHD
Cong 

Scoliosis
None ASD Rib pain

Prostate 

stone
None

Prostate 

stone
None -



NAC – Young group (Clinical Gait Analysis)

Case 

1

Case 

2

Case 

3

Case 

4

Case 

5

Case 

6

Case 

7

Case 

8

Case 

9

Case 

10
Mean±SD

Reference 

range

Cadence 

(steps/min)
111 109 118 121 116 125 117 107 112 103 113.9±6.7 91-135

Stride length 

(metres)
1.61 1.2 1.53 1.2 1.29 1.35 1.31 1.41 1.38 1.42 1.37±0.02 1.25-1.85

Speed 

(metres/sec)
1.5 1.09 1.51 1.21 1.25 1.4 1.28 1.25 1.28 1.22 1.30±0.02 1.1-1.82



NAC – Young Group - Psychometry (WAIS-IV)

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9
Case 

10
Mean±SD

VCI 91 91 99 63 75 27 19 50 16 7 53.8±34.8

PRI 94 81 94 39 81 25 39 68 39 63 62.3±25.3

WMI 70 55 63 63 93 30 2 37 5 42 46±28.7

PSI 55 14 87 23 42 63 5 55 70 42 45.6±25.8

Values expressed as centiles (Index scores have a mean of 100 and a standard deviation of 15)

VCI – verbal comprehension index; PRI - Perceptual Reasoning index; WMI - Working Memory Index; PSI -

Processing Speed Index



Index scores increased during nitisinone in the 

NAC



Does homogentisic acid cause cognitive 

impairment? 

AKU itself may cause brain effects -

Morris water-maze testing of the HGD-/-

mice and wild-type mice showed 

significant differences in spatial learning 

and memory with impairment in the 

HGD-/- mice compared to wild type 

mice 
Lewis R (March 2018), PhD thesis, 

LJMU



Nitisinone –

efficacy as an HGA-

lowering therapy in 

AKU established

Nitisinone in AKU

HGA

HT-

1

Nitisinone

TYR

uHGA24

99.5 %



New knowledge of relevance 

(non-ochronotic effects)

Cataract prevalence is increased in untreated AKU

Increased frequency of Parkinson’s disease has 
been seen in untreated AKU

Increased oxidative stress due to HGA appears to 
be the common denominator between cataract & 
Parkinson’s disease 

Life-long HGA-exposure might be important in these 
settings. 



Pragmatic reasons for earlier treatment of 

children with AKU (nitisinone)

Case-finding has improved due to availability of nitisinone 

Late presentations of the disease are still commonplace - lack of registration 
following diagnosis, lack of interest in the disease in the paediatric field, where it is 
seen as a benign condition

Earlier treatment would prevent the main disease process ochronosis

Earlier treatment would minimise residual disease

Earlier treatment would also decrease long-term oxidative damage features such as 
cataract and Parkinson’s disease. 



Cognition in HT-1 children

Life-saving nitisinone therapy in HT-1 has been associated with cognitive 
impairment. 

Careful survey of the current literature in this area does not support the 
hypothesis that tyrosinaemia during nitisinone treatment causes cognitive deficit 
in children 

The toxic metabolites of the HT-1 disease, the molecule nitisinone itself, the 
resultant tyrosinaemia as well as the protein restriction leading to amino acid 
deficiencies (phenylalanine in particular) have all been debated 

Age-critical brain development could be influenced by the nitisinone therapy 

Because of the aggressive nature of HT-1, there are, however, no cognition data 
on untreated patients. 



Brain growth and considerations for nitisinone 

therapy in children

Human brain development is most rapid in the first few years of life but continues 
until around age 25 years

While the evidence for early nitisinone treatment of AKU is mounting, not only 
because irreversible ochronosis begins in childhood but also to decrease HGA-
related oxidant damage, safety needs to be paramount 

Psychometry testing should be carried out before and during possible nitisinone 
therapy of AKU in childhood.



Changing calculus in children with AKU



Supportive and preventative approaches in childhood

Diet/Vitamin C

Hydration 

Physical activity 

Hobbies 

Vocation

Occupation

Surveillance for disease progression

National Registration

Regular follow-up



SONIA 2 clinical study sites

Liverpool (n=41) Piešťany (n=65) Paris (n=32)

Age (y) 50 ±10.8 46.2 ±11.5 50.3 ±7.9

sHGA (uM) 35.6 ± 13.7 27.8 ± 11 34 ± 19.1

uHGA24 uM 35245 ± 10203 39706 ± 16123 29733 ± 8857

AKUSSI 98.4 ± 37.9 72.6 ± 31.2 87.8 ± 23.9

French AKU patients have more dietary restriction of protein?



uUREA 24 

mM

s
H

G
A

 2
4

 µ
M

R 0.07 (NS)

Does more dietary protein cause higher circulating HGA 

– data from NAC at baseline 

(LRL = lower reference limit; URL = upper reference limit)

LRL URL



Kidney stone (25.3% vs 10%) – hydration 

important



Those with greater disease burden have lower current physical 

activity



Summary
• Features of AKU including pain and pigment is present in later childhood

• Pigment features are not fully reversible and earlier treatment is better

• New features relevant here include cognitive impairment in children 
(Possibly due to HGA)

• Features such as cataract and Parkinson’s disease presenting later in 
adulthood is due to life-long exposure to HGA (early lowering of HGA 
beneficial)

• Increasingly, nitisinone may not be associated with cognitive decline and 
this not a reason to withhold nitisinone in children

• Timing of nitisinone is childhood should be debated possibly by age 10 
years

• Safety of nitisinone in children should be monitored (regular psychometry)



Challenges - developing nitisinone in children

Nitisinone generics 

Pharma ‘buy-in’

Funding for nitisinone childhood studies 

End points in studies of childhood AKU should be metabolic

Numbers for clinical trial (multinational)



Time for questions
&

Discussion





Children’s workshop

Clare Soulsby
AKU Dietitian

The Robert Gregory National AKU Centre 
(NAC)



DIETARY MANAGEMENT OF 
AKU IN CHILDREN



Dietary management of children with AKU in 
the UK

• Aim for a “normal” protein intake

• Nitisinone when referred to adult services

• Joint friendly exercise



HOW MUCH PROTEIN DO 
CHILDREN?









STRATEGIES TO HELP TRANSITION TO 
A CONTROLLED PROTEIN DIET



How to prepare a teenager for adult AKU 
management

1. Physiological vs psychological “right time”

2. Gain an understanding of protein in food

3. Moving away from “meat-veg-potato” 

4. Debunk the “high protein” message



How to prepare a teenager for adult AKU 
management

1. Physiological vs psychological “right time to start”



Gaining an understanding of protein content 
of food

• 7g PROTEIN SWAPS

• 25g meat/chicken

• 40g fish

• 25g cheese

• 200ml milk

• 125mls yoghurt 

• 1 egg

• 100-110g legumes

• 2g PROTEIN SWAPS

• ½ slice bread

• 30g cooked pasta

• 125g boiled potatoes

• 60g chips

• 75g cooked rice 

• 20g oats



Moving away from “meat-veg-potato” 

• 4 slices (150g) roast beef

• 160g roast potatoes

• 180g broccoli

• 200g sweet and sour 
chickpeas

• 160g boiled rice



Moving away from “meat-veg-potato” 

• 4 slices (150g) roast beef 
45g

• 160g roast potatoes 4g

• 180g broccoli not counted

• Gravy (minimal protein) 

TOTAL PROTEIN 49g

• 200g sweet & sour chickpeas 
14g

• 160g boiled rice 6g

TOTAL PROTEIN 20g



Plant based/ vegan foods
Useful

• Plant based milk

• Plant based cheese (high kcal)

• Beans, pulses, chickpeas

• Vegetable based sausages and 
burgers

• NB dairy is a good source of dietary 
calcium

Less Useful 

• “Mock meats” from soy 
based products



What are plant-based meat made 
of? 

∙ soybeans, peas, legumes,

∙ wheat and other grains, 

∙ fungus, such as mycoprotein,

∙ vegetables. 



Sausages

Thick sausage (meat) 21g protein

(3 x 7g swaps per 2sausages)

~2x regular pork sausages

(2 x 57g sausages)

Soy-based 14-18g protein

(2 – 2½ x 7g swaps per two 

sausages) 

-Tesco Plant Chef Herby 

Bangers

-Morrisons Plant Revolution 

Meat Free Sausages

Pea-based 10-18g protein

(1½ - 2½  x 7g swaps per two 

sausages)

-Beyond Meat Plant Based

Sausage

-Birds Eye Green Cuisine Vegan Sausages

Vegetable-based (veggie 

sausage)

3-7g protein

(1-3 x 2g swap per two sausages)

-Plant Based by ASDA Leek, Carrot & Sweet 

Potato Sausages



Type Protein (g) per 200ml*
Soya 7g protein (1 x 7g swap)

Oat 2g protein (1 x 2g swap)

Almond 2g protein (1 x 2g swap)

Hazelnut 1g protein (½ x 2g swap)

Cashew 1g protein (½ x 2g swap)

Rice free food

Hemp free food

Coconut free food

Dairy (full) (semi) (skimmed) 7g protein (1 x 7g swap)



Plant based: summary
Wholefood plant-based (beans, pulses, nuts, tofu):

• less protein than meat

• low in saturated fat, kcal, salt and contain other vital nutrients

Plant-based meat alternatives

• may have less protein than meat

• can be high in protein.   

• often high in salt, fat and kcal

Plant-based alternatives to dairy milk:

• contain much less protein (except soya). 

Coconut-oil-based plant-based cheese:

• virtually protein free. 



I GO TO THE GYM -
DO I NEED PROTEIN SHAKES?



Protein utilisation by muscles



Nitrogen Balance



Exercise and muscle protein synthesis
• Timing

• Quantity

• Quality 
• Branch chain amino acids (BCAA)

• Leucine, isoleucine, valine

• Dairy, meat, fish, egg and legumes are rich sources

• Especially dairy and whey protein



Really good podcast
• https://zoe.com

• ZOE Podcast: Should I eat more protein

• Professor Christopher Gardner

• Stanford University

https://zoe.com/


Questions



Lunch in the restaurant 12:30pm - 1:30pm







Aquatic Fitness for 
Arthritic Joints

Hot Tub Yoga
Jim Fish

November 14, 2024
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Looking Back to 2018…

● At 53, I was going strong without any orthopedic surgery on the horizon…

● Supportive Factors:
○ Good diet
○ Low BMI
○ Good conditioning BASELINE
○ Positive Visualizer

“Be the Oldest Person In the World with AKU to 

Never have a Joint Replaced”





Six Year Later:

●5 Joints replaced, with a #6 on the 
Horizon

●Lost four inches of spine height

●Reduced to only teaching one ‘in-
water’ aquafit classes.

●Became deeply familiar with 
Amazon Prime and Disney+ TV



“So. Maybe this Hot 
Tub Yoga Isn’t the 

Thing for You?



This can be YOU 
Four Weeks After 

Starting Aquafit!

Results May Vary…



Recent Status: 
October 2024

● Teaching Two Aquafit Classes/week

● Golfing of some sort 3-4 times/week

● Active Gardener and Landscaper

● Walking 20km+ on any given day

● Active up to the day of surgery, and had a 
quick return to normal activity



COVID and Catalysts

● Due to multiple joint issues, I had been prescribed HOURS of daily Physical Therapy!

● Worked with a local kinesiologist and Dr. Monique Perry at the NIH to consolidate my PT into a 
water-based program (I was going to the pool anyways...)

● Finished Netflix after my fourth joint replacement



Warm Water 
Therapy Through 

The Ages:



Bath, England

Dr. William Oliver said in 
1707:

“If it can’t be cured by drinking 
and bathing, it can’t be cured”



The Roman Baths

Invented the word “SPA” (Sanus Per 
Aquam - meaning “health by or through 
water)

Hydrotherapy became synonymous 
with Socialization



Hippocrates ~390 BC

●Greek Father of Modern Medicine

“The way to health is to have an aromatic bath 
and scented massage every day”



Traditional 
Asian Therapy

Around 400 BC, Asian 
medicine began to 
prescribe warm water to 
align a patients Qi flow



Ancient Egypt

In 600 BC, the King of 
Media, constructed the 
first known hot tub, which 
used red-hot stones to 
heat water in a cauldron-
like container





Key Points Before Starting Any Fitness Program

● ALWAYS Seek Medical advice before beginning any new exercise program

● Determine the lowest barrier to allow you to get started and keep going!

● It takes four weeks to affect a change in habits, so start easy to allow you to 
build into the next month

● Effective routines can be created for any situation:
○ Walking

○ Gardening

○ Watching TV

○ Lying in Bed



Let’s Jump Right In!



Pick a Location that best suits YOU

●Local Pool

●Health Club

●Outdoor Spa

●The Beach



Provide Instant access 
to group classes and 
qualified instructors

AKU Pro-Tip:  

You will always have the best stories 
relating to joint replacement surgery!

Local Pools and Health Clubs



Buoyancy Reduces the Effect 
of Gravity 



Our AKU 
Joints Love 

The 360°
Support!



Water is a Safe 
Environment to Practice 
BALANCE

AKU Pro Tip: 

Your ability to recover from stumbles in 
order to avoid serious falls is directly 
related to your level of conditioning



Physical Balance Basics

● Involves delicate coordination by our brain using inputs from our eyes, ears, 
nervous and musculoskeletal systems

● Needs to be practiced! All these senses get lazy as we age…

● Water is the ideal place to practice as the risk and severity of falling is 
greatly reduced!

● Sample In-Water Exercises:
○ Leg Lifts (to avoid stair stumbles)

○ Walking “Like a Model”

○ Soccer Style Leg Swings

○ Ballet Style Arabesque



Cardio Friendly: Boost Your Circulation



AKU can become 
a Cardiac Disease 
with a Skeletal 
Component…

● Prioritize ANY activity which raises your 
heart rate in a controlled fashion

● Everyone benefits from improving Mental 
Health, Lowering General Disease Risks, and 
Increased Longevity if we exercise regularly 

● AKU Patients need to BREATH a Little 
Deeper!

○ Mild Cardiac Activity helps maintain the 
capacity of our rib cage

○ Regular cardiac activity MAY BE beneficial 
to AKU Heart Valves

○ Endurance type exercises lead to the 
increase of synovial fluid in the joints 
(Very complicated process…)



Key Exercises for Any Aquatic 
Environment

○ Glutes
■ Squats / Donkey Kicks

○ Quad’s

■ Single Leg Squats train 
legs independently

○ Lats

■ Any swimming or 
rowing motion

• Spine
• Sitting on the “Bum 

Bone” recruits spinal 
extensors and lumbar 
flexors

• Abdominals
• Bring The Belly Button 

IN
• Shoulder Blades

• Down and In

Anything that Targets “The Big Muscles”



Form is Critical!
Remember the Five B’s:

• Blades

• Belly

• Butt

• Balance

• Breathe



Where’s the best place to 
start?

The Sumo Squat 
(Shinko)



A Cascade of 
Benefits from 

Doing Squats in 
Water!

● Holding the position at the bottom of the 
squat is incredible for increasing knee and 
hip flexibility

● Wider stance targets spine and hip 
stabilizers and balance

● Move to shallower water as you build
strength and increase range of motion

● Arms can be added in for additional 
resistance

● In the water,  Aqua Squats are an excellent 
base for performing other routines



What about our 
Shoulders?

● From the Sumo Squat, it’s easy to perform 
internal and external shoulder rotation as 
well as targeted isometrics

● Pushing up from a seat built into a pool or 
hot tub targets the arm muscles used to 
assist in rising from a chair

● AKU Pro Tip: 

No matter if it’s spine, hip, knees or 
shoulders that bothering you the most, you 
will need strong arms and shoulders to 
maintain mobility



Our Goal is 
“Functional Fitness”

● Moving the laundry from the washer to the 
dryer

● Picking up a child

● Entering a vehicle or restaurant booth

● Raking a garden

● Starting a lawnmower

● ”Stair and Chairs”



But what happens 
when things Heat 

Up?



Musculoskeletal

●Aches and Pains Reduces

●Inflammation Reduces

●Flexibility Increases



Cardiovascular

●Heart Rate Increases

●General Vasodilation 

●Blood pressure decrease

●Blood Flow Diverted to Periphery



Metabolic
● Energy burned equivalent to a light walk

● Stimulation of Heat Shock Protein 70 “The Protein Chaperone” (HSP70)

● Better control of blood sugar (McKee Medical Center Colorado / University of 
Loughborough)

● General Vasodilation enhances Amino acid and cytokine distribution



Mental Health and Relaxation



Final Thoughts:

Discipline is a Promise to 
Our Future Selves

Everything in Moderation Become the “Favorite 
Patient” of all your Doctors



Thanks For 
Listening!





History of Alkaptonuria

A Timeline

Lakshminarayan Ranganath
Inaugural Clinical Director 

National Alkaptonuria Centre

University of Liverpool



17

3



17

4

Harwa – died age early 30’s cause unknown

Custodian of a granary in Egypt 1500 BC

X-Rays revealed extensive calcification in spinal intervertebral discs

Hip and in both knee joints disease seen 

Needle biopsy of the hip was carried out for suspected AKU

Infrared studies of hip biopsy showed HGA-pigment

How common was AKU is ancient Egypt - was there consanguinity in those days?

AKU may have been present even earlier in antiquity

Ref - Stenn FF, Milgram JW, Lee SL, Weigand RJ, Veis A, Rogers F. Biochemical Discovery of Homogentisic Acid Pigment in an 

Ochronotic Egyptian Mummy. Henry Ford Hosp Med Journal. Vol 27, No 1, 1979

Simon G and Zorab PA: The radiographic changes in alkaptonuric arthritis: A report on three cases (one an Egyptian mummy). Br

J Radiol 34:384-386, 1961

Wells C and Maxwell BM: Alkaptonuria in an Egyptian mummy, Br J Radiol 35:679-682, 1962

Gray PHK: Radiography of ancient Eygptian mummies. Med Radiogr Photogr 43:34-44, 1967.



Consanguinity rates in Middle-East countries 

Country Consanguinity rate (%)

Algeria 22-34

Bahrain 39-46

Egypt 21-80

Iraq 47-60

Jordan 49-64

Kuwait 38-64

Lebanon 25-42

Libya 48

Mauritania 47

Morocco 19-25

Oman 56

Palestine 17-45

Temaj et al. Journal of Rare Diseases (2022) 1:2https://doi.org/10.1007/s44162-022-00004-5



question by charring and blackening

ink.
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G. A. Scribonius (in 1584) described a healthy schoolboy who continuously excreted black urine 

Schenck (in 1609) described a monk who exhibited a black urine

Zacutus Lusitanus, published in 1649 that a 14-year-old boy passed black urine 

Lusitanus writes ‘At the age 14 years, he was submitted bleedings, purgation, baths, a cold and watery diet, 

and drugs galore

None of these had any obvious effect - the patient resolved to let things take their natural course

None of the predicted evils ensued - he married - begat a large family, and lived a long and healthy life, always 

passing urine black as ink’

Lifespan in those times

t

Scribonius GA: De Inspectione Urinarum. Lemgo, Germany, 1584, p.50.

Schenck: Urine nigra in sanis quibusdam. Observationes Medicae. Lib. III. Frankfort, 1609, p. 558

Lusitanus: Praxis Medica Admiranda. Lib, III, 1649, cap. 134

question by charring and blackening

ink.
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Urine ‘Alkapton’

With

NaOH No

NaOH

Urines which were black when passed and became black on 

exposure to air

As the urine darkened from 'the surface’, "it took up oxygen 

gas," and this gave the substance its name

He called it for this reason 'Alkapton' (Greek word ‘to suck 

oxygen up greedily’, and the Arabic alkali), after its behaviour 

toward oxygen in alkaline solution

Before he could chemically identify the alkapton the patient 

discharged himself!

(Boedecker: Ueber das Alcapton; ein neuer Beitrag zur Frage. 

Z Rat Med 7:130, 1859)



Kirk's belief that
the "alkapton" was a disinfectant. He believed its 
presence in these children accounted
for the mildness of their illnesses during a typhoid 
epidemic when many
people on their street were dying (Kirk, 1889a)



18

1

Virchow reported the first case as a pathological curiosity

Autopsy of a sixty-seven-year-old man

Subject also had arthritis deformans

Cartilages and tendon insertions in the bones all over the body were stained black to light grey 

Under the microscope the tissues showed yellow (ochre) pigment, from which the name was 

derived 

HE DID NOT KNOW ALKAPTONURIA & OCHRONOSIS WERE THE SAME CONDITION

(Virchow R: Ein Fall von allgemeiner Ochronose der Knorpel und knorplahnlichen Theiie. Virch 

Arch Path Anat 1866;37:212-219)



Kirk's belief that
the "alkapton" was a disinfectant. He 
believed its presence in these children 
accounted
for the mildness of their illnesses during a 
typhoid epidemic when many
people on their street were dying (Kirk, 
1889a)



18

3

Identified alkapton as a compound unknown till then, 2,5-dihydroxyphenylacetic acid and named it 

homogentisic acid

Showed that HGA came from tyrosine

The series of reactions leading to homogentisic acid was determined

BUT - stated that homogentisic acid was formed by the putrefaction of protein in the gut and not by the tissue 

metabolism 

i.e. AKU was due to a gut infection with a bacterium

Adamant that only plants and not animals could make aromatic compounds from non-benzene structures

Wolkow M and Baumann E: Ueber das Wesen der Alkaptonurie. Hoppe-Seyler Z Physiol Chem 15:228, 1891



18

4

R Koch Nobel prize 
in 1905

Nobel Prize in 
1985
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Ochronosis was 

recognised 

externally for 

the first time



28 cases of AKU (Great Ormond 

Street Hosp. Barts)

Unravelled alkaptonuria, the 

prototype inborn error of 

metabolism

Uncovered mode of 

transmission of this first 

hereditary human disease

Elucidated the first intermediary 

metabolic pathway

Introduced a link between a 

specific enzyme and a specific 

Mendelian factor (now called 

genes)

Also studied albinism, 

pentosuria and cystinurla

Coined the term Inborn Error of 

Metabolism when studying 

alkaptonuria



18
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28 cases of AKU (Great Ormond Street Hosp. Barts)

Uncovered mode of transmission of this first hereditary human disease

Introduced a link between a specific enzyme and a specific Mendelian factor 

(now called genes)

Also studied albinism, pentosuria and cystinuria

Coined the term Inborn Error of Metabolism when studying alkaptonuria



18

9

Darwinists versus Garrodists



19

0

Garrod/Mendel/Bateso
n

Darwin



Albrecht 

Autopsy and 

review 

Connected 

black urine 

and 

ochronosis 

as one and 

the same 

disease

Also noted 

deforming 

arthritis

Albrecht H: 

Ueber 

Ochronose, Z 

Hez/k 

23(2);366-378, 
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Albrecht Autopsy and review 

Connected black urine and ochronosis as one and the same 

disease

Also noted deforming arthritis

Albrecht H: Ueber Ochronose, Z Hez/k 23(2);366-378, 1902



Osler W: Ochronosis: The pigmentation of 

cartilages, sclerotics, and skin in alkaptonuria. 

Lancet 1:10, 1904

Ochronosis 

was 

recognised 

externally 

for the first 

time



19
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Ochronosis was recognised externally in ear & skin for 

the first time

Osler W: Ochronosis: The pigmentation of cartilages, sclerotics, and 

skin in alkaptonuria. Lancet 1:10, 1904



Neubauer O. Intermediarer Eiweisstoffwechsel. 

Handb. Norm. Path. Physiol. 1928;5: 671-981 –

reviewed and deduced the pathway to HGA including enzymes



La Du, Zannoni, Laster and Seegmuller report that 

all of the enzymes of tyrosine metabolism were present 

in a biopsy sample of liver from an alkaptonuric subject

but that the homogentisate oxidase was inactive

LA Du, B. N., ZANNONI, V. C., LASTER, L., & SEEGMULLER, J. E. 

The Nature of the Defect in

Tyrosine Metabolism in Alcaptonuria. 

J. Biol. Chem. 1958;230:251-260.

HGA

HGD



LA Du, B. N., ZANNONI, V. C., LASTER, L., & SEEGMULLER, J. E. The Nature of the Defect in

Tyrosine Metabolism in Alcaptonuria. J Biol Chem 1958; 230: 251–260



Edward Lock (ICI) and colleagues developed nitisinone from 

leptospermone from the Australian bottlebrush plant

Lindstedt, Holme & Lock et al pioneered nitisinone use as life-

saving therapy in children with HT-1

Treatment for HT-1 was liver transplantation until then

Lindstedt et al. Lancet 1992; 340: 813–17

Prof Elisabeth 
Holme 

Prof Sven LindstedtProf Edward 
Lock
ICI & Syngenta

Karolinska 
Institute

Liverpool John Moores 
University



AKU gene identified

Chromosone 3Q – long arm of chromosome 3

Heterozygosity mapping – genes that are close 

together on a chromosome are inherited

Boston in USA 

Q

P



20

0

Nature Genetics 1996:14:19-24





20

2

Anikster, Nyhan,& 
Gahl



Orfadin (nitisinone, NTBC) was approved for 

HT-1 in the USA in 2002 and in Europe in 2005

Swedish Orphan Biovitrum (Sobi) had market 
exclusivity



An AKU patient in Liverpool along with 

a doctor founded the AKU Society in 

2003 with Nicolas Sireau as the CEO

This created an opportunity for AKU 

patients in the UK for the first time

Robert 
Gregory

Nicolas 
Sireau

Lakshminarayan
Ranganath



The postmortem study was 

due to a donation from an 

AKU patient 

Gave our research the 

needed direction



We wanted to 

be ready to 

administer 

Nitisinone to 

our UK 

patients when 

it became 

available. 

So, we began 

a population 

identification 

program 

between 2005 

and 2009.

16,000 GP 

questionnaires 

posted

Patient 

numbers 

increased from 

4 to 79 



Cell model of 

ochronosis was 

developed to

study ochronosis 

better 



NIH 3-y

Nitisinone Trial

In AKU 

Reports

inconclusive



NIH 3-y

Trial

Reports

inconclusive

Prof Jim Gallagher
Scientist In AKU mice, nitisinone was effective not just in lowering the 

HGA 

but could also modify the disease process ochronosis.



NIH 3-y
Trial

Reports
inconclusive

Off-label use of nitisinone in 

AKU

NAC operational in June 2012



NIH 3-y
Trial

Reports
inconclusive

Clinical trials of nitisinone in AKU

DevelopAKUre

Regulatory approval of nitisinone in AKU

€6 million + €4 million co-financing



The Research Consortium
Suitability of nitisinone in alkaptonuria (SONIA) 1 & 2

Subclinical ochronosis features in alkaptonuria (SOFIA)



NIH 3-y
Trial

Reports
inconclusive

Ranganath LR, Milan AM, Hughes AT, et al. Ann Rheum Dis 2016;75:362–367

8 mg dose of nitisinone was very effective 

with no safety issues 



4-y clinical trial called SONIA 2 

which began in 2014 

10 mg dose nitisinone used

138 patients – 69 on nitisinone and 

69 untreated

Largest clinical trial in the inherited 

metabolic disorder field ever

NIH 3-y
Trial

Reports
inconclusive

Nitisinone 
Clinical Trial 

SONIA 2 
begins



SOFIA (Subclinical 

Ochronosis Features in 

Alkaptonuria) study

Ochronosis could be 

present earlier than age 20 

years 

Early treatment of AKU is 

therefore needed since 

ochronosis is not fully 

reversible

NIH 3-y
Trial

Reports
inconclusive

Nitisinone 
Clinical Trial 

SONIA 2 
begins



SONIA 2 trial was 

completed 

HGA was 

lowered

Ochronosis was 

not just arrested 

but partially 

reversed 

Most importantly 

that there was 

significant 

slowing of 

disease

NIH 3-y
Trial

Reports
inconclusive

Nitisinone 
Clinical Trial 

SONIA 2 
begins



Ranganath et al. Lancet Diab Endocrinol. 

2020;8:762-772



Nitisinone 

causes high 

tyrosine

?HGD 

replacement 

therapy

Do liver and 

kidney HGD 

need to be 

corrected

Liver 

knockout of 

HGD 

produces 

AKU

Prof G Bou-Gharios





Nitisinone development for Children 

key



The future of AKU 
research in Liverpool

2023

Co-therapies & New therapy development

Tyrosine absorption inhibitors Sanofi, JNANA

HGD mRNA therapy Explorna, Philanthropy

HGD Gene therapy Vrije Universiteit Brussels, UCL

Tyrosinaemia – unwanted consequences

Corneal keratopathy (TYR) Stewart RM, et al. JIMD Rep. 2014;17:1-6

Vitiligo (TYR) Ranganath LR, et al. JIMD Rep. 2021;1-9

Cataract (HGA+TYR) Ahmad MSZ, et al. JIMD Rep. 2022;63:351-360

Parkinsonism (HGA+TYR) Ranganath et al. JIMD Rep. 2023;64:282-292

Low-protein diet Inconvenience and social consequences

Low protein diet Muscle mass and malnutrition



Garrod’s publication 

on AKU is considered 

the start of human 

genetics and he 

introduce the term 

‘inborn error of 

metabolism’8

AKU history

1500 BC

Scribonius publishes 

a case of a healthy 

schoolboy who 

excreted urine as 

black as ink

1584

Harwa – ”the 

oldest AKU 
patient”4

1859

Bödeker first named the 

new substance 

“alkapton”

Virchow names ochronosis at 

necropsy

1866

1891

Wolkow & 

Baumann: identified 

homogentisic acid 

(HGA)

Hecker and Wolf 

publish eye 

ochronosis findings

1899

1902

Albrecht confirms 

alkaptonuria and 

ochronosis – same 

disease

1902

1904

Osler –

ears and skin 

ochronosis12



UK AKU 

Population 

identification 

study begins

AKU history

1928

La du et al. 

Identifies 

homogentisat

e 1,2-

dioxygenase 

(HGD) defect 

in AKU

1958

Neubauer 

describes the 

tyrosine 

metabolism 

pathway

1990s

Lock,/Holme/Lindstedt 

develop nitisinone for 

hereditary tyrosinemia 

type 1 (HT-1)

Pollak et al. 
identify the AKU 

gene; 
chromosome 3 

(3q2)

1993

1998

Japanese study 
of NTBC in mouse 

AKU

NIH investigators 
propose NTBC as 

possible 
treatment for AKU

Orfadin® 

(nitisinone) 

approved for HT-1 

(US; 2005 EMA)

2002

2003

AKU Society 

formed in UK

Helliwell carries 

out Post-

mortem study 
in AKU

2005

2005

AKU Cell model 

of ochronosis 

established

2008



Liver HGD 

conditional knockout 

mouse model 
developed

AKU history

2008

AKU Mouse model of 

ochronosis 

established

2011

UK Natural history 

study of AKU begins

2012

NHS England Highly 

Specialised Services 

commission the Liverpool 

National Alkaptonuria 

Centre

European 

Commission fund 

DevelopAKUre

2012

2014

Suitability of 

Nitisinone 1 

(SONIA 1) – the 

dose-response 

study reports

Nitisinone 

Clinical Trial 

SONIA 2 begins

2014

2017

Sublinical 

ochronosis features 

in AKU (SOFIA) 
reports

SONIA 2 
completed

2019

2019

EMA approves 

Orfadin® (nitisinone) 

for treatment of 

adult patients with 
AKU

2020






